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    Chapter 8   
 Noncoding RNAs in Tumor Angiogenesis                     

     Azam     Khorshidi    ,     Preet     Dhaliwal    , and     Burton     B.     Yang    

    Abstract     Solid tumors require angiogenesis to grow beyond 2 mm in size. In most 
cases, tumor cells undergo angiogenic switch and secrete substances that are 
required for generation of new capillary sprouting from existing blood vessels. 
Tumor angiogenesis is driven by a complex interplay between pro-angiogenic 
(VEGF/VEGFR, PDGF/PDGFR) and anti-angiogenic factors (TSP-1/TSP-2) 
within the tumor microenvironment. In addition, control of tissue remodeling and 
degradation by matrix metalloproteinases (MMPs) and tissue inhibitor of metallo-
proteinases (TIMPs) contribute to tumor angiogenesis. Furthermore, tumor sup-
pressors or oncogenes that control cellular motility and maintain or promote hypoxia 
(HIFs and MYC) are also actively playing roles in tumor angiogenesis. Noncoding 
RNAs (ncRNAs), including microRNAs, are a novel class of regulatory molecules 
that control the gene expression in a posttranscriptional manner. MicroRNAs regu-
late important physiological processes, such as proliferation, apoptosis, and differ-
entiation, as well as pathological conditions including oncogenesis. Accumulating 
evidence suggests that microRNAs directly modulate the process of angiogenesis 
by targeting important angiogenic factors and signaling molecules. Understanding 
the molecular mechanism behind the regulation of angiogenesis by microRNAs is 
important due to their therapeutic potential which may lead to improving outcome 
for cancer patients. Besides, ncRNAs with a regulatory role in angiogenesis, such as 
long noncoding RNAs (lncRNAs), have been identifi ed in the genome. However, 
the mechanisms of the vast majority of lncRNAs are currently unknown. For the few 
lncRNAs characterized at the functional level, accumulating evidence shows that 
they play important roles in malignant diseases. The function and mechanism in 
angiogenesis will be described in this chapter.  
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8.1       Introduction 

 Angiogenesis occurs through a highly organized series of events by which new 
blood vessels form through the growth of existing blood vessels. During 
angiogenesis, quiescent endothelial cells, which cover the luminal side of all blood 
vessels, are activated in response to environmental triggers and start to proliferate, 
migrate, and organize themselves in tubular structures. The term angiogenesis can 
be distinguished from vasculogenesis, which refers to de novo production of 
endothelial cells from endothelial precursor cells (angioblast) during embryonic 
development. Vasculogenesis is typically followed by classical angiogenesis during 
prenatal development which leads to the growth and remodeling of the primitive 
vascular network into a complex network. In the adult body, the vascular endothelium 
acquires essentially a quiescent, non-angiogenic state and serves mainly as a 
nonthrombogenic surface to conduct nutritive blood fl ow to organs. These cells, 
however, retain considerable growth potential and are responsive to pro- and anti- 
angiogenic factors, which is essential for vascular remodeling during physiological 
conditions, like wound healing, infl ammation, and pregnancy [ 1 ]. The same 
angiogenic pathways have also been adapted during pathological conditions such as 
disease as diverse as cancer, macular degeneration, psoriasis, diabetic retinopathy, 
and infl ammatory disorders like arthritis and atherosclerosis [ 2 ]. Therefore, the 
control of reversing dormant endothelial cells and restoring their proliferative state 
must be regulated by a complex milieu of stimulatory and inhibitory signals and 
requires a number of molecular and cellular events to be temporarily and spatially 
orchestrated [ 3 ].  

8.2     Tumor Angiogenesis 

 During tumorigenesis, malignant cells acquire multiple characteristics that provide 
a growth advantage over normal cells. Tumor angiogenesis is one of the hallmarks 
of cancer that drive tumor growth beyond a diffusion limit size and enhance metas-
tasis [ 4 ]. In response to hypoxia, tumor cells tilt the balance toward stimulatory 
angiogenic factors, like vascular endothelial growth factor (VEGF) and angiopoi-
etin, to facilitate neovascularization [ 5 – 7 ]. This process is called “angiogenic 
switch” and leads to activation of endothelial cells in nearby vessels. Subsequently, 
degradation of the extracellular matrix in activated endothelial cells by different 
proteolytic enzymes results in migration of endothelial cells toward chemotactic 
clues that come from the tumor tissue and the formation of vessel-like structures [ 8 ]. 
These newly formed vessels are premature and fragile. Subsequent inhibition of 
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endothelial cell growth and the recruitment of pericytes and smooth muscle cells to 
form capillary tubes lead to maturation of vessels. Even though these vessels are 
disorganized and irregular in structure, they can still provide the growing tumor 
mass with required nutrients and metabolites [ 9 ]. 

 Despite the wealth of data on pathological angiogenesis, it is still not clear what 
molecular mechanisms govern angiogenic switch in tumor angiogenesis. Recently, 
new opportunities for better understanding of tumor biology have come with the 
discovery of noncoding RNAs as a novel class of gene regulatory molecules [ 10 ]. 
These noncoding RNAs exert their gene regulatory function at many different 
levels, including posttranscriptional and posttranslational level. Here, we will 
review the functions and mechanisms of noncoding RNAs, mainly microRNAs and 
long noncoding RNAs, in angiogenesis and vasculature remodeling in cancer, as 
well as their signifi cance in cancer development.  

8.3     Importance of MicroRNAs in Regulation of Tumor 
Angiogenesis 

 MicroRNAs (miRNAs) are a class of small noncoding RNAs (~22 nucleotides) 
which play an important role in all biological pathways in multicellular organisms 
including mammals [ 11 ,  12 ]. MiRNAs regulate gene expression by binding to a 
target messenger RNA (mRNA), leading to either degradation or translational 
repression [ 13 ]. MiRNAs are generated by the act of two RNAse III endonucleases, 
Dicer and Drosha, in a two-step processing pathway [ 14 ]. The fi rst evidence showing 
the role of microRNAs in the regulation of vascular development and angiogenesis 
came from studies on Dicer-defi cient homozygous mice. Knockout mice die 
between 12.5 and 14.5 days of gestation due to lack of angiogenesis [ 15 ]. In 
addition, hypomorphic Dicer1 allele (Dicer d/d) mouse models are found to be 
infertile due to corpus luteum insuffi ciency resulted from impaired vascular 
formation in the ovary [ 16 ]. Similarly, Dicer mutants of zebra fi sh show disrupted 
blood circulations [ 17 ]. These data have been confi rmed in vitro using short 
interfering RNA (siRNA) against Dicer in endothelial cells. Genetic silencing of 
Dicer in endothelial cells leads to downregulation of several key regulators of 
angiogenic phenotype, including reduced endothelial cell migration, capillary 
sprouting, and tube formation in vitro and in vivo. Experiments with cultured 
endothelial cells have revealed the important role of Dicer in several angiogenic 
pathways, including EC migration, proliferation, and capillary tube formation 
[ 18 – 20 ]. 

 In contrast to Dicer, knockdown of Drosha does not lead to any major problem 
in angiogenesis in vivo. Even though knockdown of Drosha in cultured endothelial 
cells with siRNA results in signifi cant reduction in tube formation and capillary 
sprouting, no signifi cant blockade of angiogenesis has been observed in vivo [ 19 ]. 
This difference might be due to the presence of an alternative Drosha-independent 
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miRNA processing pathway that compensates for the lack of Drosha [ 21 – 23 ] or the 
involvement of Dicer in other cellular pathways including the regulation of 
heterochromatin formation [ 24 ,  25 ]. 

8.3.1     Important miRNAs in Angiogenesis 

 Expression of miRNAs is strictly regulated in a tissue- and organ- specifi c manner. 
Three studies have been performed in an attempt to identify miRNAs involved in 
control of endothelial cell functions. Eight miRNAs, including let-7b, miR-16, 
miR-21, miR-23a, miR-29, miR-100, and miR-221, and miR-222, are shown to be 
highly expressed in human umbilical cord endothelial cells by all three sets of data. 
Meanwhile, only two out of the three studies fi nd that let-7a, let-7d, miR-20, miR- 
99a, miR-126, miR-181a, and miR-320 are highly expressed in endothelial cells 
[ 18 ,  19 ,  26 ]. Only a few highly expressed miRNAs in endothelial cells have been 
functionally characterized in angiogenesis (see Table  8.1 ), which we will discuss in 
this section.

8.3.1.1       MicroRNA-17 Gene Family 

 The miR-17 ~ 92 cluster, also named oncomiR-1, is the fi rst identifi ed tumor- 
promoting miRNA [ 27 ]. This cluster consists of seven miRNAs, including miR-17, 
miR-5p/miR-3p, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1 that 

   Table 8.1    MiRNAs with known functions in angiogenesis   

 MiRNAs  Targets  Molecular mechanism  Reference 

 MiR-17 
family 

 TSP-1, CTGF, 
TIMP-1, ITGB-8, 
LATS2,  β -TRCP2, 
STAT3, HIF-1 α  

 Endothelial cell proliferation/
migration, pro-angiogenic molecules 

 [ 27 – 29 , 
 36 – 40 ] 

 MiR-378  Sufu, Fus-1  VEGF, Ang-1, and Ang-2  [ 41 ] 
 MiR-98  –  Anti-angiogenic mechanisms  [ 48 ,  49 ] 
 MiR-126  SPRED1, PIK3R2  VEGF level, endothelial cell 

proliferation 
 [ 50 ,  52 ,  53 , 
 55 ,  56 ] 

 MiR-221/
miR-222 

 c-kit, cyclin G1, p27, 
p57 

 Endothelial cell proliferation/ 
migration 

 [ 16 ,  18 ,  19 , 
 58 ] 

 MiR-15b/
miR-16 

 Bcl-2  VEGF level, cell proliferation/survival  [ 59 ] 

 MiR-130a  HOXA5, GAX  Endothelial cell proliferation/
migration, tube formation 

 [ 60 ] 

 MiR-210  Ephrin-A3  Endothelial cell proliferation/
migration 

 [ 64 ] 

 MiR-296  HGS  VEGFR2 and PDGFR- β   [ 73 ] 
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originate from the intronic region of c13orf25 on chromosome 13. Two paralogs of 
miR-17 ~ 92, miR-106a ~ 363 and miR-106b ~ 25, also exist in mammals. It has been 
shown that a higher degree of tumor vascularization is observed in vivo after over-
expression of miR-17 ~ 92 cluster in ras-positive tumor cells, which provides the 
fi rst clue to the importance of the member of this family in tumor angiogenesis [ 28 ], 
while inhibition of miR-17 ~ 92 in vitro represses EC sprouting and tube formation 
in Matrigel [ 29 ]. The angiogenic role of miR-17 confers this miRNA to play an 
important role in tumorigenesis [ 30 – 34 ]. One mechanism by which this cluster con-
trols neovascularization is through modulating the production of angiogenic factors. 
For example, miR-18 and miR-19 preferentially suppress the expression of connec-
tive tissue growth factor (CTGF) and thrombospondin-1 (TSP- 1), respectively, both 
of which inhibit angiogenesis. Meanwhile, knockdown of miR-17 ~ 92 cluster can 
partially restore the expression of TSP-1 and CTGF. Another member of this family, 
miR-17, targets tissue inhibitor of metalloproteinase 3 (TIMP-3) to modulate migra-
tion and proliferation of endothelial cells [ 35 ]. In fact, lack of angiogenesis in the 
corpus luteum in the hypomorphic Dicer allele (Dicer d/d) mice is attributed to the 
lack of miR-17-5p and let-7b [ 16 ]. 

 Another microRNA in the microRNA-17 gene family with pro-angiogenic 
activity is miR-93 which belongs to the miR-106b ~ 25 cluster. The miRNA- 
106b ~ 25 cluster is composed of the highly conserved miRNA-106b, miRNA-93, 
and miRNA-25. Different studies have shown different molecular pathways through 
which miR-93 modulates angiogenesis. It has been demonstrated that overexpression 
of miR-93 in U87 glioblastoma cell line increases proliferation, migration, and tube 
formation of cocultured endothelial cells in vitro and enhances angiogenesis in vivo 
by modulating integrin signaling pathway through downregulation of integrin beta 
8 (ITGB-8) [ 36 ]. Similarly, miR-93 increases tumor angiogenesis and metastasis in 
MT-1 breast carcinoma cell line by targeting large tumor suppressor, homology 2 
(LATS2), which is involved in Hippo tumor suppressor pathway [ 37 ]. Hazarika 
et al. have reported enhanced proliferation and tube formation in ECs following 
miR-93 overexpression, which is caused by the downregulation of P21 and E2F1, 
the regulators of cell cycle pathway [ 38 ]. In addition, overexpression of miR-93 in 
non-small cell lung cancer H1299 cell line favors tube formation in endothelial cells 
in coculture studies. It is suggested that miR-93 can modulate angiogenesis in lung 
cancer cells by targeting beta-transducin repeat containing protein 2 ( β -TRCP2) in 
ubiquitin proteasome pathway [ 39 ]. 

 MiR-20b, a member of the miR-106a ~ 363 cluster, appears to have anti- 
angiogenic activity by modulating signals within tumor microenvironment. Mir-20b 
targets signal transducer and activator of transcription 3 (STAT3) and hypoxia- 
inducible factor-1 alpha (HIF-1 α ), leading to reduction in vascular endothelial 
growth factor A (VEGF-A) expression [ 40 ].  
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8.3.1.2     MiR-378 

 Mir-378 is an oncogene that enhances tumor growth, survival, and angiogenesis 
through targeting tumor suppressor genes, suppressor of fused (Sufu), and tumor 
suppressor candidate 2 (TUSC2), Sox2, fi bronectin, and Nodal [ 41 – 45 ]. Sufu is a 
negative regulator of Sonic hedgehog (Shh) signaling, whose level of expression is 
inversely related to miR-378 expression in many cell lines tested. It has been known 
that Shh induces large blood vessel formation by promoting the expression of 
angiogenic cytokines including VEGF and angiopoietin-1 (Ang-1) and angiopoi-
etin-2 (Ang-2) [ 46 ]. Thus, miR-378 enhances tumor angiogenesis by targeting Sufu 
and TUSC2 which are repressors of angiogenic cytokine production. Injection of 
miR-378 overexpressing cancer cells to nude mice results in much larger tumors 
with more blood vessels compared to control cells [ 41 ]. This data is consistent with 
a report that miR-378 enhances VEGF expression by competing with miR-125a for 
the same seed region in the 3’-UTR of the VEGF gene [ 41 ,  47 ]. Conversely, when 
cells are transfected with a construct expressing an antisense sequence against miR-
378, the function of miR-378 in cell survival and angiogenesis will be reversed 
[ 41 ].  

8.3.1.3     MiR-98 

 MiR-98 belongs to the let-7 family and has been shown to have anti-angiogenic 
function. Overexpression of miR-98 in highly invasive breast carcinoma cell lines 
inhibits tumor angiogenesis and invasion in vitro and in vivo by targeting active 
receptor-like kinase 4 (ALK4) and matrix metalloproteinase-11 (MMP11). 
Repressed ALK4 and MMP11 expression affect endothelial cell activity and prevent 
them from proliferation, spreading, and tube formation [ 48 ]. These results are 
consistent with a study that shows ectopic expression of miR-98 inhibits B16-F1 
cell migration as well as in vivo metastasis and tumor angiogenesis by reducing 
interleukin-6 (IL-6) level [ 49 ].  

8.3.1.4     MiR-126 

 MiR-126 is one of the best studied microRNAs in angiogenesis which is highly and 
exclusively expressed in endothelial cells (ECs) [ 50 ]. In both mouse and zebra fi sh, 
miR-126 is enriched in organs with high density of vascular component, like the 
heart and lung. It is encoded by intron 7 of the epidermal growth factor-like domain 
7 (Egfl 7), which encodes an EC-specifi c secreted peptide as an inhibitor and 
chemoattractant of smooth muscle cells [ 51 ]. MiR-126 regulates many aspects of 
EC biology, including, migration, sprouting, cytoskeleton organization, and 
capillary network stability. Even though reduction of miR-126 in zebra fi sh does not 
affect vascular patterning, it compromises the integrity of blood vessels as is shown 
by increased hemorrhage and vessel collapse [ 52 ]. Similarly, disruption of 
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miR-126 in mice causes leaky vessels and hemorrhage leading to 50 % embryonic 
lethality [ 53 ]. Of the mutant embryos that survive birth, impaired angiogenesis is 
displayed during both physiological and pathologic process, indicating the unique 
role of miR-126 in neoangiogenesis of adult tissues in response to injury [ 53 ]. In 
line with these data, mice treated with high dose of antagomir against miR-126 have 
shown signifi cant impaired angiogenic responses [ 54 ]. Different groups have 
proposed different mechanisms underlying the angiogenic activity of miR-126. For 
instance, Fish et al. have identifi ed and validated three targets for miR-126 with 
respect to endothelial biology, including Sprouty-related EVH domain-containing 
protein (SPRED1), PI3 kinase regulatory subunit 2 (PIK3R2), and vascular cell 
adhesion molecule 1 (VCAM1). The fi rst two mRNAs are negative regulators of 
VEGF signaling, and the latter gene helps recruit leukocyte to the vessel walls. 
VCAM1 and SPRED1 have been validated by Wang’s research team through their 
microarray analysis [ 50 ], while PIK3R2 has been described as a target for miR-126 
by another team [ 53 ,  55 ]. However, the role of miR-126 in tumor angiogenesis is 
somewhat controversial. It has been observed that downregulation of miR-126 
inversely correlates with an increased microvessel density (MVD) and vascular 
endothelial growth factor A (VEGF-A) expression in gastric cancer tissues [ 56 ]. 
Similarly, miR-126 has been reported to be downregulated in oral cancer which 
induces angiogenesis and lymphangiogenesis by restoration of VEGF-A level [ 55 ]. 
Nevertheless, others have found that miR-126 signifi cantly enhances lung tumor 
angiogenesis, including increased EC proliferation and migration, by targeting 
VEGF-A (restoration of miR-126 downregulates VEGF and inhibits the growth of 
lung cancer cell lines).  

8.3.1.5     MiR-221 and MiR-222 

 MiR-221 and miR-222 are located in close proximity on chromosome X11.3 which 
has been detected in endothelial cell by many miRNA profi ling studies [ 18 ]. 
However, their expressions are not restricted to the endothelium. These two 
microRNAs belong to the same family and have common targets. Prediction 
algorithm suggests that miR-221 and miR-222 target c-kit mRNA in ECs. C-kit is a 
tyrosine kinase receptor for stem cell factor (SCF), which is a growth factor shown 
to be involved in angiogenesis by promoting survival, proliferation, migration, and 
tube formation in human umbilical vein cells (HUVECs). Interestingly, 
overexpression of miR-221 and miR-222 in HUVECs decreases cell proliferation, 
migration, and wound healing in response to SCF. In addition, high glucose 
treatment of HUVECs reduces c-kit expression by inducing the expression of miR- 
221, which impairs cell migratory response to SCF. These fi nding suggests that 
miR-221 can be an important regulator of diabetes-associated vascular dysfunction. 
It has also been shown that miR-221 and miR-222 overexpression in Dicer 
knockdown ECs restores the elevated level of endothelial nitric oxide synthase 
(eNOS), which is essential for endothelial cell function and vascular integrity. Since 
the 3’-UTR of eNOS has no target site for miR-221 and miR-222, it is proposed that 
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the regulation of eNOS protein level by these miRNAs is likely to be indirect. All in 
all, miR-221 and miR-222 appear to function as anti-angiogenic factors in 
endothelial cells [ 57 ,  58 ]. 

 Even though the overexpression of miR-221 and miR-222 has been shown to 
inhibit proliferation of endothelial cells, it promotes proliferation in cancer cells by 
targeting p27, a member of the cyclin-dependent kinase inhibitor, indicating cell 
type-specifi c function of these miRNAs.  

8.3.1.6     MiR-15b and MiR-16 

 MiR-15b and miR-16 are located in the same cluster on chromosome 3. Although 
the role of these two miRNAs has not been investigated in endothelial cells, they 
might be involved in angiogenesis. It has been shown that hypoxia represses the 
expression of miR-15b and miR-16 in CNE cells from human nasopharyngeal 
carcinoma cell line [ 47 ]. Moreover, transfection of cells with miR-15b and miR-16 
results in reduced VEGF protein expression. Therefore, hypoxia-induced 
downregulation of miR-15b and miR-16 contributes to VEGF expression which is a 
fundamental regulator of normal and abnormal angiogenesis. Meanwhile, miR-15b 
and miR-16 can target antiapoptotic protein, Bcl-2, to induce apoptosis in leukemic 
cells. Thus, overexpression of miR-15b and miR-16 can be a fascinating therapeutic 
approach to target tumor cell death and block VEGF-mediated angiogenesis [ 59 ].  

8.3.1.7     MiR-130a 

 MiR-130a is one of the microRNAs frequently detected in ECs but has limited 
available data on its function. Upon exposure of ECs to serum, the level of miR-130 
is found to rapidly increase [ 60 ]. MiR-130 has been shown to target two anti- 
angiogenic proteins, growth arrest-specifi c homeobox (GAX) and homeobox A5 
(HOXA5). GAX is an important regulator of EC phenotype in response to pro- or 
anti-angiogenic factors and is expressed both in ECs and smooth muscle cells. 
Therefore, miR-130a is a pro-angiogenic microRNA, whose overexpression can 
antagonize the inhibitory effect of GAX on EC proliferation, migration, and tube 
formation and the inhibitory effect of HOXA5 on tube formation [ 60 ].  

8.3.1.8     MiR-210 

 Hypoxia occurs during pathological condition, where cancer triggers an adaptive 
response to low oxygen by upregulation of genes that are essential for new blood 
vessel formation. It has been shown that the expression of miR-210 is induced under 
low-oxygen environment which drives the angiogenic response in endothelial cells. 
It is believed that miR-210 stimulates migration, proliferation, and the formation of 
capillary-like structure in ECs, whereas downregulation of miR-210 blocks cell 
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migration and tube formation in response to VEGF [ 61 ]. In fact, upregulation of 
miR-210 is an essential element in response to hypoxia in ECs, affecting migration, 
survival, and differentiation. MiR-210 regulates angiogenesis mainly by targeting 
hypoxia-induced factor-1 alpha (HIF-1 α ) and ephrin-A3 (Eph-A3). Ephrin 
molecules have been known for their essential roles in vasculature and lymphatic 
vessel remodeling as well as EC, pericyte, and smooth muscle cell function [ 62 ]. It 
has been shown that HIF-1 α  induces the expression of miR-210 which leads to 
downregulation of Eph-A3 [ 63 ]. Repression of Eph-A3 is necessary and suffi cient 
to induce tubelike structure and chemotactic migration of ECs in response to VEGF 
[ 64 ], while expression of Eph-A3 allele that is not targeted by miR-210 blocks the 
pro-angiogenic effect of miR-210 in ECs. 

 In addition to Eph-A3, miR-210 can target protein-tyrosine phosphatase 1B 
(PTP1B) [ 65 ,  66 ] which is a negative regulator of VEGF signaling. PTP1B can 
dephosphorylate VEGF receptor 2 (VEGFR2) in endothelial cells. Downregulation 
of PTP1B by miR-210 allows for activation of VEGF signaling under hypoxic 
condition [ 67 ].  

8.3.1.9     Let-7 Family 

 Let-7 and its family members are highly conserved microRNAs across species 
which have been found highly expressed in HUVECs [ 18 ,  19 ]. The role of the let-7 
family in angiogenesis was fi rst revealed by the observation that let-7a, let-7b, let-
7c, let-7f, and let-7g were reduced by more than 30 % after Drosha and Dicer 
knockdown [ 16 ,  18 ,  19 ]. This inhibition of let-7 family members leads to signifi cant 
sprout formation in vitro [ 68 ]. Many angiogenesis-related genes are predicted to be 
the targets of let-7 family members, including thrombospondin-1 [ 16 ,  18 ], 
thrombospondin-2 [ 69 ], TIMP-1 [ 16 ], Nrp-2 and c-Met [ 26 ], TEK/Tie-2, KDR/
VEGFR2, and Tie-1 [ 18 ]. One study has showed that let-7 can be involved in 
hypoxia-inducible factor-1 α  (HIF-1 α )/let-7/argonaute 1(AGO1)/VEGF signal 
pathway in hypoxia-induced angiogenesis. HIF-1 α , as a transcription factor, 
upregulates let-7 expression which in turn decreases the expression of AGO1. This 
will lead to a desupression of VEGF translation and an increase in angiogenesis 
[ 70 ].  

8.3.1.10     MiR-296 

 MiR-296, also called angiomiR, is one of the important regulators of the angiogenic 
process [ 71 ,  72 ]. The knockdown and the overexpression of miR-296 inhibit and 
promote morphologic characteristics associated with angiogenesis of human ECs, 
respectively. Possible role for miR-296 in tumor angiogenesis is supported by the 
experiments showing reduced angiogenesis in tumor xenograft after inhibition of 
miR-296 using antagomirs. MiR-296 functions as a pro-angiogenic factor by 
inducing the expression of VEGF receptor (VEGFR2) and platelet-derived growth 
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factor receptor (PDGFR) in angiogenic blood vessels. It also targets the hepatocyte 
growth factor-regulated tyrosine kinase substrate (HGS) which is involved in the 
degradative sorting of PDGFR, EGFR, and VEGFR. An expression analysis also 
shows that when HUVECs are cocultured with U87 glioma cells, the expression of 
miR-296 is upregulated. Moreover, miR-296 upregulation has been detected in ECs 
isolated from human brain tumors compared to ECs isolated from normal brain. 
Consistently, the expression of HGS is downregulated, while VEGFR2 and PDGFR 
are upregulated in these glioma blood vessel samples [ 73 ]. Altogether, these fi ndings 
support a pro-angiogenic role for miR-296 in tumors.   

8.3.2     Other miRNAs Related to Angiogenesis 

 It has been shown that miR-9 can regulate tumor angiogenesis by targeting 
VEGF-A. In breast cancer cells, MYC and MYCN transcription factors induce the 
expression of miR-9, which targets E-cadherin and hence increases cell motility and 
invasiveness. Downregulation of E-cadherin will activate  β -catenin signaling, which 
in turn upregulates VEGF-A expression and increases in tumor angiogenesis [ 74 ]. 
The miR-143-145 cluster is highly expressed in smooth muscle cells (SMCs). Not 
only can this cluster regulate the vascular homeostasis but also play a role in 
neighboring endothelial cells. It has been shown that miR-143/miR-145 improves 
the angiogenic and vessel stabilization properties of ECs by regulating angiotensin- 
converting enzyme (ACE) and tropomyosin 4 (Tpm4) [ 75 ]. Another microRNA, 
miR-132, is highly expressed in human tumors and hemangiomas, which promote 
angiogenesis in endothelial cells by suppressing p120RasGAP, a molecular brake 
for RAS [ 71 ,  76 ]. MiR-29 is another functionally characterized microRNA with the 
role in regulating cell cycle and angiogenic phenotype of endothelial cells. This 
microRNA is upregulated in response to hypoxic stimuli in HUVECs. It has been 
shown that miR-29 promotes the proliferation and tube formation of HUVECs by 
targeting HBP1, a suppressor transcription factor [ 77 ]. Another study shows that 
miR-29 is regulated by TGF- β /Smad4 signaling in human and mice endothelial 
cells. Overexpression of miR-29 by TGF- β  leads to downregulation of the 
phosphatase and tensin homolog (PTEN) in endothelial cells, which is a target of 
miR-29, and activates the AKT pathway, which will eventually lead to enhancement 
of angiogenesis [ 78 ].  

8.3.3     Tumor-Specifi c MicroRNAs 

 Another area which has not been thoroughly looked into is tumor-specifi c expression 
of microRNAs [ 79 ]. This particular area can uncover the mechanisms and functions 
of different microRNAs, especially those that behave differently in different cell 
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types. Below we will discuss some microRNAs that have been shown to have spe-
cifi c and differential expressions in certain cancer cell types. 

8.3.3.1     In Colorectal Cancer Cells 

 Analysis of microRNAs in colorectal cancer has showed a signifi cant decrease of 
three specifi c microRNAs, which include miR-145 [ 80 ,  81 ], miR-22 [ 82 ], and miR- 
126 [ 80 ,  82 ,  83 ]. All of these miRNAs share the same target protein p70S6K1 
kinase, which activates HIF-1 α  and VEGF downstream, both strong promoters of 
angiogenesis [ 80 ]. The decrease in these microRNAs allows for an increase in the 
target mRNAs, which are sp70S6K1, HIF-1 α , and VEGF, and increases angiogen-
esis in colorectal cancer cells.  

8.3.3.2     In Glioblastoma Cells 

 The levels of miR-218 are signifi cantly decreased in necrotic mesenchymal 
glioblastoma cells [ 80 ,  84 ]. MicroRNA-218 targets several mRNAs that are involved 
in the receptor tyrosine kinase (RTK) pathway. Thus, a decrease in miR-218 causes 
an increase in target RTK pathway-associated mRNA, which then leads to an 
increase in downstream targets, mainly HIF-2 α . HIF-2 α  is responsible for promoting 
cell survival and tumor angiogenesis [ 80 ,  84 ].  

8.3.3.3     In Human Gastric Cells 

 In human gastric cells, there is a signifi cant upregulation of miR-382 and miR-18a 
[ 80 ,  85 ,  86 ]. Both of these microRNAs act to inhibit tumor angiogenesis, albeit 
through different mechanisms. MiR-382 has sequences matching to the 3’-UTR of 
PTEN mRNA, and this similarity leads to the inhibition of tumor angiogenesis [ 85 ]. 
On the other side, miR-18a binds to and inactivates targets in the mTOR signaling 
pathway [ 86 ]. Both of these miRNAs work to inhibit angiogenesis and stunt tube 
formation.  

8.3.3.4     In Prostatic Cancer Cells 

 In prostatic cancer cells, it has been reported that there is a signifi cant upregulation 
of miR-21, which targets PTEN mRNA. The increase in miR-21 leads to an increase 
in the AKT and ERK1/ERK2 signaling pathways, which increases the levels of 
HIF-1 α  and VEGF expression downstream. This cascade leads to tumor progression 
and angiogenesis [ 87 ].   
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8.3.4     Conclusion 

 More than 700 miRNAs have been identifi ed in the human genome so far. However, 
the functions of a few specifi c miRNAs have been validated in regulating the 
functions of endothelial cells and angiogenesis. Moreover, miRNAs that have so far 
been studied are those highly expressed in endothelial cells. However, miRNAs that 
are expressed in smaller amounts under physiological conditions might have equally 
important functions in maintenance of the physiological state of endothelial cells. A 
single miRNA can target multiple mRNAs, whereas a single gene may be regulated 
by multiple miRNAs. Understanding the complex interaction between miRNAs and 
their targets will be an important area of investigation for the future, since it will 
lead us toward the development of miRNA drugs designed against specifi c molecular 
targets for clinical application.   

8.4     Role of Long Noncoding RNAs in Regulation of Tumor 
Angiogenesis 

 Long noncoding RNAs (lncRNAs) are a class of noncoding RNAs that are over 200 
nucleotides in size [ 88 ]. They are generally found in both the nucleus and the 
cytoplasm and have an array of effects on the cells. Studies have shown that lncRNA 
are involved in a plethora of cellular events, which include chromatin remodeling, 
protein scaffolding, translational control, splicing regulation, and microRNA 
sponges. However, recent studies have indicated that lncRNAs also have a noticeable 
impact on tumor progression through angiogenesis – a hallmark of cancer. LncRNAs 
can be found as natural antisense transcripts (NATs) that regulate their sense 
proteins, or they can be found between protein-coding genes [ 89 ,  90 ]. Evidence has 
shown that the downregulation of different lncRNAs leads to an abnormal gene 
expression that will promote tumor progression in various types of cancers [ 91 ]. 
However, the most convincing data shows that lncRNA interacts with critical 
angiogenesis regulators such as the VEGF pathway [ 92 – 97 ]. They also interact with 
other angiogenesis regulators such as phosphoglycerate kinase 1 (PGK1) [ 93 ]. 
Below, we will look further into some lncRNAs that have been associated with 
tumor angiogenesis. 

8.4.1     Long Noncoding RNA MALAT1 

 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is an lncRNA 
that has been associated with tumor angiogenesis [ 88 ]. The function of this lncRNA 
is to sustain endothelial cell proliferation. It is interesting to know that it is one of 
the few lncRNAs that are relatively well conserved between mice and humans [ 90 ]. 
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MALAT1 is found in high amounts in the nucleus of the cell whose expression has 
been shown to increase under hypoxic conditions (in vitro). It has also been shown 
that MALAT1 is upregulated in many human tumors and promotes tumor cell 
invasion and metastasis [ 89 ,  91 – 95 ]. 

 Recent studies have examined the effect of knocking down MALAT1 in cancer 
cell lines. It is found that decreased MALAT1 leads to a decrease in cell number 
with increased apoptosis, while MALAT1-defi cient cells show increased sprouting 
and migration of endothelial cells. However, these sprouts do not have complete 
extensions, which show an ability defect of the cells to form new vascular networks 
[ 88 ,  89 ]. Additionally, when these cells have been treated with VEGF, no 
improvements in the outgrowth of the sprouts are observed [ 89 ]. Such indicates that 
MALAT1-defi cient cells have a decreased ability to react to VEGF and undergo 
angiogenesis. Furthermore, MALAT1 knockout models have been tested in the 
developing mouse retina, where MALAT1-defi cient cells show decreased vascular 
proliferation that leads to a reduced vascular network compared to wild-type mice 
retinas. Further in vivo experiments have shown decreased neovascularization and 
blood fl ow recovery in MALAT1-defi cient mice [ 89 ]. In general, the loss of 
MALAT1 decreases the proliferative potential of a cell and increases its migratory 
behavior, which in turn decreases the cell’s ability to undergo angiogenesis. The 
mechanism of how MALAT1 works is through the deregulation of cell cycle-related 
factors. This lncRNA lowers the expression of endothelial cyclins CCNA2 and 
CCNB1/CCNB2, which are important factors in S-phase of the cell cycle, while the 
inhibitory factors of S-phase including the kinase p21 and kinase inhibitor p27Kip1 
are upregulated [ 89 ]. 

 Studies with pancreatic cancer cells have also found another mechanism for the 
function of MALAT1, which is inducing angiogenesis. Increased levels of MALAT1 
promote cells to undergo epithelial to mesenchymal transitions (EMT), which may 
cause cancer cells to obtain stem cell-like properties. Since MALAT1 is 
overexpressed in many tumors, it has been shown to increase the number of cancer 
stem cells (CSCs), which very closely interact with angiogenesis [ 95 ]. Other 
fi ndings show that upregulated MALAT1 causes an increased endothelial tube 
formation, an increased cell migration, and an increased amount of VEGF. These all 
lead to an enhanced amount of vascularization occurring. Another increased factor 
is the amount of CD31, which is another important indicator of tumor angiogenesis 
[ 49 ]. It has been hypothesized that the CSCs express many pro-angiogenic factors 
such as VEGF, which lead to the increased amount of angiogenesis in tumor cells. 
An increase in angiogenesis allows for further growth of CSCs, thus forming its 
positive feedback loop. There is also evidence that sex-determining region Y-box 2 
(SOX2) may play a role in this mechanism because in MALAT1 knockdown studies, 
there is a large decrease in SOX2, which is important for cells to maintain their 
stemness. So by extension, if cells lose their stemness due to the loss of SOX2, we 
will also see a decrease in the amount of angiogenesis because of the decrease in 
cancer stem cells releasing pro-angiogenic factors [ 95 ]. 

 Overall, decreasing MALAT1 in endothelial cells disrupts mechanisms linked to 
endothelial cell cycle progression and increased migratory behavior, which in turn 
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negatively impacts the ability for these cells to form new vasculature. Moreover, 
there is a decrease in the number of CSCs. However, more studies are needed to 
clarify the function of MALAT1. Inhibition of MALAT1 is proposed as a treatment 
to prevent tumor growth and metastasis due to its pro-angiogenic properties.  

8.4.2     Long Noncoding RNA MVIH 

 Hepatocellular carcinoma (HCC) is the fi fth most common solid cancer in the world 
and the most common form of liver cancer. Unfortunately, it only has a 50 % survival 
rate after 5 years in for groups aging from 17 to 69 [ 91 – 93 ]. It is clearly a very 
deadly cancer mainly for its rapid growth caused in part by very active angiogenesis, 
which unavoidably leads to metastasis. 

 The cause of the increased angiogenesis has been linked to the long noncoding 
RNA associated with microvascular invasion in HCC (lncRNA MVIH). This 
lncRNA is located within the intron of the RPS24 gene, which is a ribosomal protein 
[ 90 ,  91 ,  94 ]. Using tissue samples from patients with HCC, it has been determined 
that lncRNA MVIH is overexpressed in HCC tumor cells, compared to non-tumor 
cells. Using RNA pull-down methods, it has been found that lncRNA MVIH is 
associated with phosphoglycerate kinase 1 (PGK1) [ 91 ]. PGK1 is an enzyme 
encoded by the PGK1 gene, which can be secreted by tumor cells. However, PGK1 
acts to suppress angiogenesis. Therefore, it is imperative for a tumor cell to inhibit 
this anti-angiogenic factor in order to grow. LncRNA MVIH overexpressed by 
tumor cells will bind to PGK1, affectively reducing its function. Without PGK1’s 
presence to prevent angiogenesis, tumor cells in HCC will gain increased microvessel 
density, leading to rapid growth of tumors [ 91 ,  93 ,  98 ]. This downward spiral 
continues because the increased angiogenesis leads to increased microvascular 
invasion or metastasis – in particular intrahepatic metastasis [ 91 ]. This makes HCC 
very deadly. 

 In all, the lncRNA MVIH plays a crucial role in the tumorigenesis of hepatocellular 
carcinomas. These tumor cells upregulate lncRNA MVIH in order to increase 
angiogenesis and to eventually achieve metastasis. With this knowledge, the focus 
can be shifted to create a novel medicine that down regulates lncRNA MVIH, which 
may be able to reduce angiogenesis, thus decreasing cancer growth and metastasis.  

8.4.3     The Long Noncoding RNA HOXD-AS1 

 LncRNA HOXD-AS1 is encoded in the HOXD gene cluster and can be found 
equally in the nucleus and cytoplasm. It has recently been shown that lncRNA 
HOXD-AS1 is a marker of neuroblastoma (NB) progression. Many lncRNAs have 
been studied to determine their differential expression in aggressive NB vs. 
noncancerous tissues, when treated with retinoic acid (RA). Of the many noncoding 

A. Khorshidi et al.



231

RNAs tested, lncRNA HOXD-AS1 is the only one upregulated substantially. RA is 
the fi rst-line drug used to battle NB and works as a differentiating agent that typically 
arrests the growth of NB cells, making them more vulnerable to chemotherapeutic 
drugs [ 92 ,  93 ,  98 ]. This lncRNA is located between the HOXD1 and the HOXD3 
genes, but it is antisense to both of these (hence being called the AS1). It is also 
highly conserved within hominids, but not so much with other primates [ 92 ]. 

 Studies have indicated that the expression level of lncRNA HOXD-AS1 increases 
with progressing stage/aggressiveness of neuroblastoma, thus possibly playing a 
factor in its increased tumorigenesis [ 92 ]. The function of HOXD-AS1 has been 
assessed through knockdown experiments via siRNA. Many genes have been 
observed and found differential expressions involved with infl ammation and 
angiogenesis. To be specifi c, the increased expressions of many cytokines, such as, 
CX311, CCL20, TNF, and GD15, have been found to be important for extracellular 
matrix communication. There is also a change in the expression of matrix remodeling 
genes LOX and ADAMTS3 and key regulators of angiogenesis and 
lymphangiogenesis ANG and PROX1 [ 92 ]. This shows that lncRNA HOXD-AS1 
affects in some way angiogenesis in tumor cells, adding to the aggressiveness of the 
cancer. There is a signifi cant increase in the JAK/STAT pathway, which is related to 
infl ammation and angiogenesis. However, the PI3K/AKT pathway is found to be 
the main regulator of expression of HOXD-AS1. Furthermore, the expression of 
HOXD-AS1 is correlated to the expression of HOXD1 and HOXD2 genes, which 
implies common regulatory mechanisms. This is also another indicator of 
malignancy because the aberrant expression of HOX genes in tumor cells has been 
linked to malignancy [ 92 ]. 

 Overall, the lncRNA HOXD-AS1 has many implications in the tumorigenicity of 
neuroblastoma. Although the mechanisms are not completely clear, it is evident that 
this lncRNA affects many regulators of angiogenesis. Thus, the increased amount of 
lncRNA HOXD-AS1 in increasing aggressiveness of tumors can be caused due to 
the increased expression of angiogenic factors, leading increased growth and 
metastasis of cancers. More studies need to be done in order to uncover the exact 
mechanisms of action of this lncRNA, which may enlighten its use as a target of a 
therapeutic drug. For now, lncRNA HOXD-AS1 remains a reliable biomarker of 
neuroblastoma.  

8.4.4     The Long Noncoding RNA HIF-1A-AS2 

 Hypoxia-inducible factor-1 alpha subunit antisense RNA 2 (lncRNA HIF-1A-AS1) 
is an lncRNA that is involved in tumor angiogenesis. LncRNA HIF-1A-AS2 is 
upregulated in non-papillary clear cell renal carcinomas and is a marker of poor 
prognosis in breast cancer [ 4 ,  94 – 97 ]. 

 This lncRNA has been shown to be involved in angiogenic regulatory pathways, 
which may be the reason for its impact on tumor progression. LncRNA HIF-1A-AS2 
has been shown to negatively regulate hypoxia-inducible factor-1 alpha (HIF-1 α ), 
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which is a critical regulator of angiogenesis [ 4 ]. HIF-1 α  is increased in response to 
hypoxia and activates many genes that increase the amount of angiogenesis, which 
is vital for growing tumors to obtain suffi cient nutrients and oxygen, while also 
excreting waste. However, in some cancers, the level of lncRNA HIF-1A-AS2 also 
increases and works by binding and causing the degradation of HIF-1 α  mRNA [ 4 ]. 
The lncRNA acts in a negative feedback manner to decrease the amount of 
angiogenesis. This is a prime example of a NAT regulating the expression of its 
sense protein. 

 In general, lncRNA HIF-1A-AS2 is involved in angiogenic pathways. However, 
the exact mechanisms and its true purpose have not yet been uncovered. It is 
overexpressed in some cancers, yet seems to act to counter angiogenesis by 
downregulating HIF-1 α . This could be a possible reaction to the increase in 
angiogenesis caused by HIF-1 α . More studies are needed to look into this particular 
lncRNA.  

8.4.5     The Long Noncoding RNA MEG3 

 Maternally expressed gene 3 (MEG3) is an lncRNA that is expressed in many cells 
and tissues. MEG3 expression is lost in many different tumors, whether it is through 
gene deletion or hypermethylation of the promoter or other regions of the gene [ 4 , 
 96 ]. Studies have shown that the re-expression of MEG3 in tumors causes inhibition 
of tumor cell proliferation through the accumulation of p53 and downstream 
activation of p53 genes. P53 acts as a transcription factor for many tumor suppressor 
genes. Therefore, when MEG3 function is lost, cells also lose the function of p53, 
leading to aggressive cancers. The lncRNA MEG3 may function as a novel tumor 
suppressor since its downregulation and/or deletion is largely associated with 
aggressive cancers [ 4 ]. 

 Furthermore, the loss of MEG3 coincides with an increase in the expression of 
pro-angiogenic genes, which may be a main cause in the increased aggressiveness 
of these tumors. Studies using the mouse ortholog Meg3 have shown that several 
genes affecting angiogenesis are upregulated when Meg3 is knocked out. It has also 
been observed that VEGF-A and its receptor VEGFR1, which are bona fi de primary 
regulators of angiogenesis, are signifi cantly increased. Thus, when Meg3 is lost, 
angiogenesis increases dramatically [ 4 ,  96 ]. Since new blood vessels are vital for 
tumor growth, the inactivation of MEG3 is one way by which tumors can continue 
to develop. 

 In addition to VEGF pathway genes, there is also an increase in genes encoding 
for adherens junctions, which are critical for endothelial cell-to-cell interactions and 
interactions with the cell matrix. These allow for stable vessel formation [ 4 ,  97 ]. In 
addition, there is an increase in hemophilic cell adhesion, GTPase activator activity, 
and actin cytoskeleton organization and biogenesis, all of which relate to an 
increased vessel formation and angiogenesis. Moreover, there is an increase in 
Notch signaling, which also aids in vessel stability [ 4 ,  97 ]. 
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 All in all, the lncRNA MEG3 is a tumor suppressor, as its presence greatly 
decreases tumor cell proliferation and its downregulation is a fundamental step in 
tumor growth. MEG3 is heavily linked to angiogenesis, and in its absence, 
angiogenesis occurs undeterred. Consequently, in normal cells, it may be that 
MEG3 acts to suppress aberrant angiogenesis from occurring. There are many 
possibilities in using MEG3 in therapeutic settings to suppress tumor growth. More 
studies are needed to determine how MEG3 is exactly downregulated or deleted and 
how it can be used to battle tumor growth.  

8.4.6     Other Long Noncoding RNAs 

 Besides the lncRNAs previously mentioned, there are a few other lncRNAs that 
may show some promise in uncovering more information about lncRNA association 
with angiogenesis. 

 One such lncRNA is sONE or NOS3AS, which happens to be another natural 
antisense transcript (NAT), much like lncRNA HIF-1A-AS2. This lncRNA regulates 
the expression of endothelial nitric oxide synthase (eNOS), under normal oxygen 
conditions and hypoxic conditions. Not much else is known about this molecule, 
and it has not been completely determined whether it acts as RNA or a protein, 
despite a possible protein product has been discovered [ 52 ]. However, there is 
potential link to angiogenesis due to its effect on endothelial cells involved in blood 
vessels. More studies are needed to determine whether this molecule acts as RNA 
or if it in fact codes for a functional protein and then to test its function on 
angiogenesis. Another NAT lncRNA is Tie-1-AS, which is the antisense transcript 
for tyrosine kinase containing immunoglobulin and epidermal growth factor 
homology domain 1 (tie-1). This lncRNA is highly conserved in humans, mice, and 
zebra fi sh [ 52 ]. It acts by binding to tie-1 mRNA transcripts and decreasing its 
levels. The decrease in tie-1 causes defects in endothelial cell junctions, which lead 
to poor vessel formation and angiogenesis [ 4 ,  99 ,  100 ]. This lncRNA is a very good 
candidate for further studies involving tumor angiogenesis. One large class of 
noncoding RNAs is pseudogenes. Pseudogenes can play important roles in 
angiogenesis and tumorigenesis [ 106 ,  107 ]. In some mRNAs, there are long 
fragments of 3’-untranslated regions (3’-UTRs), which may interact with miRNAs 
and function similarly to the long noncoding RNAs [ 101 – 105 ,  108 ].   
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8.5     Interactions Between MicroRNAs and Long 
Noncoding RNAs 

 Up to this point, we have discussed how different miRNAs and lncRNAs affect 
tumor angiogenesis. However, the interplay between noncoding RNAs and 
angiogenesis are more complicated when we realize the large amount of interactions 
that exist between different noncoding RNAs. These interactions add another layer 
of complexity, where the activity of a specifi c miRNA can alter the effect of an 
lncRNA and vice versa. This allows for certain noncoding RNA to affect tumor 
angiogenesis indirectly. There are many ways in which miRNA and lncRNA can 
affect each other. For instance, (1) miRNA can trigger the decay of lncRNA, (2) 
lncRNA can act as miRNA sponges, (3) miRNA and lncRNA can compete for the 
same mRNA, and (4) some lncRNA can generate miRNA. Regardless of the 
mechanism used, it is clear that there are signifi cant interactions between these 
noncoding RNAs, thus offering a greater potential for control of tumor angiogenesis. 
Although this area is relatively new, there are some interactions discovered that are 
relevant to tumor angiogenesis. 

8.5.1     MicroRNA Interactions with LncRNA MALAT1 

 Long noncoding RNA MALAT1 has been previously discussed and determined to 
be a pro-angiogenic factor. An increase of lncRNA MALAT1 causes a signifi cant 
increase in the number of CSCs which induce pro-angiogenic effects, whereas 
MALAT1 defi ciency leads to reduced levels of angiogenesis. Studies have shown 
that MALAT1 may also function as an miRNA sponge for miR-200c and miR-145. 
By decreasing the effects of the miRNAs (miR-200c and miR-145), their target 
gene Sox2 is upregulated, leading to an increase in stem cell-like properties. This is 
another mechanism for MALAT1 to elicit pro-angiogenic effects through miRNA 
interactions. Furthermore, other studies have shown that the overexpression of 
miR-9 decreases the levels of MALAT1, through which miRNA triggers lncRNA 
decay. More specifi cally, this occurs through miR-9 binding to MALAT1 and 
targeting it for AGO2-mediated degradation, which has been demonstrated in the 
Hodgkin lymphoma cell line L428 and glioblastoma cell line U87MG [ 87 ,  109 ]. 
Moreover, miR-9 also affects angiogenesis through other mechanisms, such as 
targeting VEGF-A, which has been discussed earlier. This example shows clear 
cross talk between two noncoding RNAs that have both been implicated in affecting 
tumor angiogenesis.  

A. Khorshidi et al.



235

8.5.2     MicroRNA Let-7 Interactions with LncRNA 

 MicroRNAs in the let-7 family have been shown to be important in regulating 
angiogenesis with their anti-angiogenic effects. Let-7 miRNA targets many 
angiogenic genes, and their inhibition may promote tumor progression and 
angiogenesis. In addition, let-7 miRNA also interacts with many different lncRNAs 
which may affect the overall activity of let-7, thus affecting its function to regulate 
tumor angiogenesis. 

 Moreover, lncRNA-p21 inhibits translation, unlike most known lncRNAs. It is 
activated by the tumor suppressor protein p53. It has been shown to be negatively 
regulated in human cervical cancer cells by HuR, AGO2, and microRNA let-7b. 
Let-7b overexpression causes lncRNA-p21 degradation [ 87 ,  109 ,  110 ], and lncRNA 
HOTAIR is also impacted by let-7 miRNA in a similar fashion to lncRNA-p21 [ 87 , 
 109 – 111 ]. 

 Furthermore, long noncoding Nras functional RNA (ncNRFR) is an lncRNA that 
promotes tumorigenesis. Studies have shown that this lncRNA has a 22 nt sequence 
that perfectly matches the sequence of miRNA let-7a. Moreover, this sequence only 
differs from other members of the let-7 family by a few nucleotides, which includes 
let-7b to -7 g, let-7i, and miR-98. Studies have showed that increasing lncRNA 
ncNRFR leads to a decrease in let-7 miRNA function, which consequently increases 
let-7 target mRNAs [ 112 ]. Overall, this interaction leads to tumor promotion 
through suppression of let-7 microRNA, which is important in reducing tumor 
angiogenesis.  

8.5.3     MicroRNA Interactions with LncRNA-RoR 

 The long noncoding RNA regulator of reprogramming (lncRNA-RoR) is found to 
be in high concentrations in embryonic stem cells. It is interesting to note that many 
miRNAs that are involved in angiogenesis interact with this particular lncRNA by 
binding and decreasing its function. MicroRNA-145 is known to interact with 
lncRNA-RoR, and previous studies have shown that this miRNA is involved in the 
stabilization of vessels in endothelial cells [ 113 ,  114 ]. Furthermore, miR-99 and 
miR-181 have also been shown to be important in angiogenesis and are both 
implicated in interacting with lncRNA-RoR [ 114 ]. 

 The above examples show the complexity and many possible interactions that 
can occur between different noncoding RNAs. The involvement of microRNA and 
long noncoding RNA in tumor angiogenesis becomes much more complicated 
when they readily interact with each other. This means that some miRNAs that are 
very important in tumor angiogenesis may be infl uenced signifi cantly by lncRNA 
and vice versa. These interactions need to be delved into for a discovery of new 
mechanisms and potential novel ways to combat tumor progression.   
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8.6     Conclusion 

 So far, researches into lncRNAs and their association to tumor angiogenesis have 
been promising. LncRNAs such as MALAT1, MVIH, HIF-A-AS2, and MEG3 have 
all shown large involvement in tumor progression through affecting angiogenesis. 
There are many other lncRNAs that have been indicated in affecting tumor 
progression, and more researches are justifi ed to uncover novel lncRNAs and the 
mechanisms of their action. The study of lncRNA in tumor progression and 
specifi cally angiogenesis is still relatively new, which gives a potential for a wealth 
of new information. One area that can be further explored is the interactions between 
lncRNAs and microRNAs. LncRNAs generally function as microRNA sponges, 
and there are many microRNAs found affecting tumor angiogenesis [ 115 – 117 ]. 
Thus, there may be lncRNAs that affect angiogenesis by extension through 
microRNAs. Given that lncRNA interactions are complex and cover many biological 
pathways, it offers great potential for further therapeutic discoveries.     
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