Functional Long Non-coding RNAs
in Vascular Smooth Muscle Cells

Amy Leung, Kenneth Stapleton and Rama Natarajan

Abstract Increasing evidence shows that long non-coding RNAs (IncRNAs) are
not “transcriptional noise” but function in a myriad of biological processes. As
such, this rapidly growing class of RNAs is important in both development and
disease. Vascular smooth muscle cells are integral cells of the blood vessel wall.
They are responsible for relaxation and contraction of the blood vessel and respond
to hemodynamic as well as environmental signals to regulate blood pressure.
Pathophysiological changes to these cells such as hyperproliferation, hypertrophy,
migration, and inflammation contribute to cardiovascular diseases (CVDs) such as
restenosis, hypertension, and atherosclerosis. Understanding the molecular mech-
anisms involved in these pathophysiological changes to VSMCs is paramount to
developing therapeutic treatments for various cardiovascular disorders. Recent
studies have shown that IncRNAs are key players in the regulation of VSMC
functions and phenotype and, perhaps also, in the development of VSMC-related
diseases. This chapter describes our current understanding of the functions of
IncRNAs in VSMCs. It highlights the emerging role of IncRNAs in VSMC pro-
liferation and apoptosis, their role in contractile and migratory phenotype of
VSMCs, and their potential role in VSMC disease states.

Abbreviations
VSMCs Vascular smooth muscle cells
Ang 11 Angiotensin II

IncRNA Long non-coding RNA

miRNA microRNA

CVDs Cardiovascular diseases

HCASMCs Human coronary artery smooth muscle cells.
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1 Introduction

Vascular smooth muscle cells (VSMCs) are integral components of the blood vessel
wall. These highly specialized cells are responsible for contraction and relaxation of
the vasculature in response to many signals and cues, including hemodynamic
alterations, mechanical injury, growth factors, and ligand-receptor signaling
(Owens 1995; Mack 2011; Lacolley et al. 2012). VSMCs are important for
maintaining normal blood pressure, vessel integrity and function, and perturbations
of their fully differentiated contractile states can contribute to the development and
onset of vascular diseases. Specifically, inappropriate VSMC proliferation, cell
growth, migration, and inflammatory signaling contribute to cardiovascular diseases
(CVDs). For example, hyperproliferation and migration of VSMCs have been
shown to lead to lesion formation in restenosis, atherosclerosis, and hypertension
(Brasier et al. 2002).

Early work on VSMCs uncovered many protein signaling pathways, including
classical G protein-mediated pathways and receptor tyrosine kinases, which reg-
ulate the response of VSMCs to environmental cues and growth factors. These
include angiotensin II (Ang II) and platelet-derived growth factor (PDGF) (Mehta
and Griendling 2007; Berk and Corson 1997). In recent years, it has become clear
that non-protein mechanisms and post-transcriptional mechanisms, such as those
mediated by small non-coding RNAs called microRNAs (miRNAs) (Maegdefessel
et al. 2015) and long non-coding RNAs (IncRNAs), also function in normal and
diseased VSMCs (Leung et al. 2013; Bell et al. 2014; Leung and Natarajan 2014).
Non-coding RNAs have been at the forefront of research due to increasing evi-
dence of their involvement in several cellular processes, their dysregulation
in diseased states, and their potential to be novel therapeutic targets in the treat-
ment of various diseases. In this chapter, we will briefly discuss the known roles
of IncRNAs and then cover the recent literature that uncovers functions of
IncRNA in VSMCs.
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2 Non-coding RNAs

Since the discovery of miRNAs, it has become clear that non-coding RNAs can
function in post-transcriptional regulation of gene expression (Arasu et al. 1991;
Wightman et al. 1991; Lee et al. 1993; Bartel 2009). miRNAs are 20-25 nucleotide
non-coding RNAs which regulate the stability and/or translation of specific target
mRNAs based upon sequence specificity with the target 3' UTR. These small RNAs
have been shown to be important for normal development and act as fine-tuners of
gene expression. Abnormal levels of miRNAs have been associated with numerous
diseases including CVDs (Small and Olson 2011; Kataoka and Wang 2014). In
VSMCs, miRNAs are important for many processes and phenotypes. For example,
miR-143 and miR-145 have been shown to regulate normal VSMC differentiation
and contractility (Cordes et al. 2009). The upregulation of miR-221 and miR-222,
which target mRNAs of two key cyclin-dependent kinase inhibitors, p27Kipl and
p57Kip2, results in the migration and proliferation of VSMCs and reduces the
expression of contractile genes (Liu et al. 2009).

miRNAs can also function as part of the response to VSMC growth and
inflammatory cues such as Ang II signaling. Ang II is a small polypeptide hormone
that regulates many processes in the vessel wall including vasoconstriction,
inflammation, fibrosis, and cellular states (Mehta and Griendling 2007). Ang II
signaling mediated by its type 1 and type 2 receptors results in the activation of
signaling cascades which rapidly result in gene expression changes and ultimately
physiological, as well as pathophysiological responses in VSMCs, including pro-
liferation, fibrosis, and inflammation (Berk and Corson 1997). Recently, non-cod-
ing RNAs have been shown to mediate this Ang II response in VSMCs.
Specifically, Ang II signaling induces upregulation of miR-132 and miR-212,
which target PTEN (phosphatase and tensin homolog) mRNA (Jin et al. 2012). This
repression of PTEN in VSMCs furthermore causes induction of pro-inflammatory
monocyte chemoattractant protein-1 (MCP-1). In addition, increase in miR-132
enhances activation of CREB (cyclic AMP-responsive element binding protein)
through increased phosphorylation (Jin et al. 2012).

Dysregulation of certain miRNAs in VSMCs can also contribute to increased
inflammation related to the development and progression of diabetic vascular
complications. Under diabetic conditions, miR-125b upregulates the pro-inflam-
matory response of VSMCs by targeting and downregulating key repressive histone
methyltransferases (Villeneuve et al. 2010). These data also highlight crosstalk
between non-coding RNAs and epigenetic mechanisms in chromatin. Similarly,
miR-200 family members upregulated in VSMCs of diabetic mice also enhance the
expression of inflammatory genes by targeting the E-box repressor Zebl1 to relieve
repression (Reddy et al. 2012). Clearly, non-protein-coding RNAs are emerging as
important regulators in VSMC functions, and the dysregulation of miRNAs can
contribute to VSMC dysfunction leading to development of disease. Since miRNAs
are usually highly conserved, are well preserved in biological fluids and formalin-
fixed sections, and can be targeted by various antisense strategies, they are
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increasingly exploited as novel biomarkers or therapeutic targets for various
diseases, including CVDs and diabetic vascular complications (Kato and Natarajan
2014; Kataoka and Wang 2014).

2.1 Long Non-coding RNAs

After the discovery of miRNAs, additional high-throughput sequencing efforts
characterized thousands of more non-protein-coding RNAs that are longer than 200
nucleotides and are subsequently classified as IncRNAs. Some members of this
class of RNAs are similar to protein-coding RNAs as they are processed by RNA
polymerase II, 5’ capped, and can be also 3’ polyadenylated, but lack distinct open
reading frames (Cabili et al. 2011; Guttman et al. 2010; Khalil et al. 2009).
LncRNAs are generally expressed at much lower levels than protein-coding RNAs
(Khalil et al. 2009). In contrast to miRNAs that have a distinct role in targeting
mRNAs, members of this class of RNA have many diverse molecular and bio-
logical functions (Fig. 1) (Wapinski and Chang 2011; Moran et al. 2012) and are
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Fig. 1 Molecular roles of IncRNAs. LncRNAs have myriad of molecular functions. Known roles
include the following: a host transcripts for miRNAs, b molecular scaffolds for protein complexes
known as ribonucleoproteins and chromatin remodeling complexes, ¢ regulators of mRNA
stability, d competitors of mRNAs targeted by miRNAs, and e cis regulators of gene expression
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important for many if not all aspects of cell biology. The earliest known function of
this class of RNAs is in the regulation of transcription of local genes. Xist, tran-
scribed on the X chromosome in mouse and humans, functions to regulate the
expression of genes on the X chromosomes in the process of X inactivation (Brown
et al 1991; Penny et al. 1996). Xist RNAs, which are highly expressed from one of
the two X chromosome copies, coat the local inactivated X and interact with
Polycomb Repressive Complex 2 (PRC2) silencing complex to silence local gene
transcription (Froberg et al. 2013; Zhao et al. 2008). Since the characterization of
Xist, additional IncRNAs have been identified using high-throughput sequencing
technologies and were found to be important for the regulation of gene
transcription.

The first two IncRNAs found to regulate gene transcription include p/5AS and
p21 antisense (Morris et al. 2008; Yu et al. 2008). The former was shown to
regulate the transcription of the overlapping pl5 and the latter to regulate the
transcription of p21, both by suppressing promoter activity. Other IncRNAs have
also been found to interact with chromatin modifying complexes. One of these is
HOTAIR transcript which interacts with both the PRC2 complex and the lysine-
specific 1A/REST corepressor/REl-silencing transcription factor (LSD1/REST/
CoREST) (Tsai et al. 2010). Additional IncRNAs, such as linc-p21, have also been
found to act as scaffolds for other types of proteins including hnRNPs (Huarte et al.
2010). Some IncRNAs were found to regulate local gene regulation through cis-
acting function. In particular, enhancer-like RNAs were classified as IncRNAs
which affect local transcription of nearby genes (Orom et al. 2010). One such RNA,
ncRNA-a7, regulates a neighboring gene, Snail, which is an important gene in
cellular migration and the development of cancer (Orom et al. 2010). Further
investigations have also described a set of IncRNAs called enhancer RNAs
(eRNAs) which affect many biological processes including macrophage biology,
pS3-targeted gene expression, and estrogen receptor alpha-targeted gene expression
(Melo et al. 2013; Li et al. 2013; Lam et al. 2013). These IncRNAs can interact with
a variety of regulators involved in the control of local transcription including
chromatin-modifying complexes and transcriptional activators (Fig. 1). One key
molecular function of these IncRNAs is interacting and recruiting key protein
complexes to local DNA.

It has also been demonstrated that IncRNAs affect gene expression via several
post-transcriptional regulatory mechanisms (Fig. 1). They can function as com-
peting RNAs which can deplete miRNAs from their target RNAs. For example, in
muscle differentiation linc-MDI, RNA competes with two miRNAs, miR-135 and
miR-133, which target MEF2C and MAMLI mRNAs, respectively. With the
expression of linc-MDI1, miR-135 and miR-133 are titrated from MEF2C and
MAMLI mRNAs and prevented from inducing mRNA degradation (Cesana et al.
2011). Aberrant expression of linc-MD1 has been found in patients with Duchenne
muscular dystrophy, highlighting the importance of IncRNAs in muscular disor-
ders. In addition to modulating levels of miRNAs, IncRNAs can also serve as host
genes of miRNAs (Fig. 1). It is estimated that 10 % of IncRNAs host miRNAs
(Consortium et al. 2007; Kapranov et al. 2007). Transcription of IncRNAs can thus
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directly alter the level of miRNAs. There is also evidence that IncRNAs can directly
interact with mRNAs to affect their stabilization. For example, TINCR (Terminal
differentiation-induced ncRNA) binds to target RNAs through a 25-nucleotide
motif sequence and regulates the stability of its targets. Lack of this interaction
results in abnormal epidermal differentiation (Kretz et al. 2013). In recent years,
IncRNAs have been increasingly implicated in various disease states and hence
evaluated as potential therapeutic targets (Kataoka and Wang 2014; Kato and
Natarajan 2014).

3 LncRNAs in Vascular Smooth Muscle Cells

The study of IncRNAs in VSMCs has been relatively underexplored compared to
other tissues types. Since VSMC growth and differentiation is critical for normal
and pathophysiological states of the vessel wall, a study of IncRNAs could shed
new insights into their roles in VSMC biology and functions. Here, we describe
recent studies which have just begun to uncover the role of IncRNAs in these very
important cell types and their potential role in human disease (Fig. 2).
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Fig. 2 VSMC processes regulated by LncRNAs. LncRNAs reported to date (in red) that function
in VSMC proliferation, apoptosis, contraction, and migration. Lnc-Ang362, regulated by Ang II, is
the host gene for miR-221 and miR-222, which regulate VSMC proliferation. BRG1 regulates
HIF-ASI inducing apoptosis and reducing cell proliferation. p53 and lincRNA-p21 regulate each
other to promote or reduce cell proliferation and apoptosis. SENCR transcripts promote VSMC
contraction and reduce VSMC migration. HAS2-AS1 regulates HAS2 transcription to promote
extracellular matrix remodeling in VSMCs
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3.1 Rats

One of the first studies to investigate IncRNAs in VSMCs described IncRNA
mediation of Ang II signaling in rat VSMCs (Leung et al. 2013). In this study, we
performed genome-wide chromatin profiling of two post-translational histone
modifications associated with active transcription, histone H3 lysine 4 trimethyla-
tion (H3K4me3), and histone H3 lysine 36 trimethylation (H3K4me36), along with
transcriptome profiling. These parallel experiments allowed us to comprehensively
characterize IncRNAs that are expressed in rat VSMCs as well as those that are
differentially expressed under Ang II treatment. In total, 466 IncRNAs were found
to be expressed in control and/or Ang Il-treated VSMCs, and of those, 29 IncRNAs
were significantly regulated by Ang II. We further investigated the role of one novel
IncRNA, Lnc-Ang362, which is located in proximity to miR-221 and miR-222.
These two proximal miRNAs are co-expressed and have been shown to be involved
in the response of VSMC to Ang II. Two key features led us to hypothesize that this
IncRNA and two miRNAs are co-regulated as follows: (1) Lnc-Ang362 is upreg-
ulated in response to Ang II which is concordant with the expression of the
two miRNAs and (2) the chromatin profile for this locus indicated one RNA
polymerase II initiation site for the IncRNA and the miRNAs (i.e., one H3K4me3-
enriched locus at the 5" end of Lnc-Ang362 locus and continuous H3K36me3
enrichment across the locus including the miR-221 and miR-222 loci). To investi-
gate the potential of these RNAs to be co-regulated, short interfering RNAs
(siRNAs) were employed to reduce the levels of Lnc-Ang362. In response to the
siRNA-mediated reduction of Lnc-Ang362, the two miRNAs were downregulated.
Lnc-Ang362 was therefore classified as the host transcript for the two miRNAs, and
these investigations uncovered a novel mechanism by which Ang II regulates the
expression of these two miRNA. The siRNA-mediated reduction of the Lnc-
Ang362 was also able to reduce VSMC proliferation which is likely to occur
through the downstream action of the two miRNAs. As noted earlier, these
miRNAs have been shown to be involved in VSMC proliferation and the devel-
opment of neointimal lesions (Liu et al. 2009).

These data highlight the importance of key IncRNAs in VSMC biology and the
influence of IncRNAs in the response of VSMCs to environmental cues.
Furthermore, Lnc-Ang362 is just one of the many IncRNAs that are regulated by
Ang II in rat VSMCs (Leung et al. 2013) which indicates that several other
unidentified IncRNAs may also be important for Ang II biology, other related
growth factor actions, and ultimately the regulation of VSMC functions pertinent to
CVD. Unlike miRNAs, IncRNAs display lesser conservation across species. Hence,
the IncRNAs expressed in rat VSMCs must be further examined for similar
expression profiles and actions in human VSMC:s to determine relevance to human
CVD.
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3.2 Humans

Since the first study with rat VSMCs, a few studies have been performed to
investigate the role of IncRNAs in human VSMCs and their potential influence on
VSMC differentiation as well as the development of human vascular disease. Initial
studies focused on roles of previously identified IncRNAs, including H19 (Han
et al. 1996) and ANRIL (Congrains et al. 2012), on human VSMC function and
atherosclerosis development. Recently, it was discovered that expression of the
non-coding natural antisense transcript for hyaluronan (HA) synthase 2 (HAS2-
AS1) in human atherectomy specimens correlates directly with lesion severity
(Vigetti et al. 2014). HAS2-AS]1 partially overlaps with HAS2 exon 1 and promoter
regions, was initially identified in several tumor cell lines (Chao and Spicer 2005),
and has previously been shown to stabilize HAS2 mRNA in renal proximal tubular
epithelial cells (Michael et al. 2011). HAS2 is responsible for HA synthesis, and
previous studies have implicated HA vascular deposition with extracellular matrix
remodeling, vessel wall thickening, and neointima formation (Riessen et al. 1996;
Chai et al. 2005). Because HAS?2 is upregulated by O-GlcNAcylation (Vigetti et al.
2012), Vigetti et al. sought to identify a possible role for HAS2-AS1 in CVD.
Interestingly, they found that HAS1-AS1 enrichment was required for HAS2
upregulation in human aortic smooth muscle cells upon O-GlcNAcylation, but not
through mRNA stability as previously identified in other cell types. Rather,
induction of O-GlcNAcylation caused NFxB-dependent accumulation of HAS-AS1
transcripts, which induced chromatin opening at the promoter of HAS2 allowing
increased HAS?2 transcription. This novel mechanism of HAS2-AS1 function in
VSMCs highlights the varying physiological roles IncRNAs can have are depen-
dent on tissues in which they are expressed.

Only within the past year have researchers forayed into the subject of human
VSMC-selective IncRNAs. Bell and colleagues investigated novel IncRNAs with
potential functions in human VSMCs (Bell et al. 2014). Using RNA sequencing,
they first identified IncRNAs that were enriched in human coronary artery smooth
muscle cells (HCASMCs). One of these IncRNAs, a multi-exonic IncRNA named
SENCR, resides within the first intron of FLI in an antisense orientation. There are
two distinct isoforms of SENCR, with SENCR_VI exhibiting much broader
expression than SENCR_V2. Further analyses using high-resolution RNA FISH
revealed that the transcript is cytoplasmic and depicts low levels of expression in
human umbilical vein endothelial cells (HUVECs). To investigate the potential
function of SENCR, Bell and colleagues knocked down the transcript using
siRNAs. This knockdown of SENCR did not influence the expression of FLI,
indicating that the IncRNA, unlike Lnc-Ang362, does not act in cis. To identify the
function of SENCR in an unbiased manner, the investigators performed RNA
sequencing of HCASMCs after SENCR knockdown. They discovered that with the
reduction in SENCR transcripts, many contractile genes, including those associated
with regulation of MYOCD, an important transcriptional regulator of VSMC con-
tractile gene expression, were downregulated and cell migration genes were
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upregulated. Phenotypically, HCASMCs with reduced expression of SENCR
displayed increase in cell migration in scratch wound and Boyden chamber assays.
Therefore, these studies demonstrated that SENCR is likely to be involved in
maintaining a normal, non-motile contractile phenotype in SMCs, thereby uncov-
ering a novel IncRNA-mediated mechanism in regulating VSMC contractility.

Whereas IncRNAs can mediate normal functions including contractile gene
expression in VSMCs, it is also becoming clear that aberrant levels of IncRNAs are
associated with aberrant cell growth and disease progression in human cells. Below
are recent examples of VSMC-expressed IncRNAs related to human vascular
disease.

Apoptosis of VSMCs in the aortic media can lead to thoracic aortic aneurysms
(TAA). Wang and colleagues therefore examined the expression of Brahma-related
gene 1 (BRG1), a component of the SWI/SNF chromatin remodeling complex and a
mediator of apoptosis in VSMC, in aortic specimens from TAA patients and found
that BRG1 was expressed at significantly higher levels in TAA specimens com-
pared to control (Wang et al. 2014). Further, overexpression of BRG1 in cultured
VSMCs caused an increased rate of apoptosis, higher levels of apoptosis-promoting
gene caspase 3, downregulation of anti-apoptotic gene Bcl2, and concomitant
decrease in VSMC proliferation. Since BRG1 controls gene expression by altering
chromatin remodeling and structure, the researchers investigated the potential that
IncRNAs were serving as regulators of chromatin remodeling through BRG1. 95
apoptosis-related IncRNAs were screened for expression changes upon modulation
of BRGI levels. LncRNA HIFI-ASI expression was modulated by changes in
BRG1 levels. Knockdown of HIFIA-ASI in VSMCs caused lower caspase 3 levels
and increased Bcl2 expression, as well as increased cell proliferation rate. These
data suggest that HIF1-AS1 may play a role in the pathology of TAA and VSMC
dysfunction.

In addition to aneurysms, IncRNAs expressed in VSMCs can function in the
development of atherosclerosis. In investigating the role of p53, Wu and colleagues
characterized the potential role of a IncRNA named lincRNA-p21, a member of the
p53 pathway which is known to interact with p53 repressive complex hnRNP-K to
cause reduction of many p53 targets (Huarte et al. 2010; Wu et al. 2014). The
authors initially examined atherosclerotic plaques from ApoE-/- mice fed a high fat
diet and found reduced levels of lincRNA-p21 transcripts when compared to wild-
type mice. Further, inhibition of /incRNA-p21 transcript expression increased cell
proliferation, improved viability, and decreased apoptosis in both RAW264.7
mouse macrophage cell line and human VSMCs (HVSMC). Global gene expres-
sion analysis after lincRNA-p21 transcript knockdown revealed downregulation of
many p53 targets, indicating a role for this IncRNA in regulating p53 activity.
Indeed, RNA immunopreciptation experiments show a direct interaction between
lincRNA-p21 and the p53 antagonist MDM?2. Furthermore, p53-specific ChIP-seq
revealed lincRNA-p21 negatively affects the recruitment of p53 to its target pro-
moters and enhancers. Interestingly, given that lincRNA-p21 is a transcriptional
target of p53 itself, these data suggest a negative feedback loop in the lincRNA-p21/
p53 axis. In vivo experiments using the murine carotid artery injury model showed
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that injection of lincRNA-p21 siRNA-expressing vector can cause a dramatic
increase in the severity of neointima formation, including intima-media thickness,
increased Ki67+ prevalence, and decreased apoptosis. Consistent with in vitro
studies, p300/p53 interaction was reduced, while MDM?2/p53 interaction increased,
causing repression of p53 target genes. The expression of lincRNA-p21 was found
to be reduced by 50 % in human coronary artery tissues collected from patients
suffering from coronary artery disease and atherosclerosis demonstrating relevance
to human disease (Wu et al. 2014).

4 Conclusions

LncRNAs have been in the forefront of molecular biology in recent years due to
their numerous biological functions and potential as novel therapeutic targets. As
such, we have begun to understand their molecular functions and how these pro-
cesses affect the development of disease. VSMCs are important cells that mediate
normal vascular processes as well as the development of vascular diseases such as
restenosis, hypertension, and atherosclerosis. As highlighted in this review,
IncRNAs are novel mediators of normal VSMC processes such as contraction and
migration, as well as in VSMC dysfunction in response to pathophysiological
stimuli such as Ang II. We are also beginning to learn that abnormal IncRNA
expression can be associated with human vascular disease, implying that IncRNAs
are perhaps mediating the development and onset of CVDs. There is a flurry of
recent reports demonstrating the involvement of several IncRNAs in cardiac
hypertrophy, heart failure, and heart functions (Klattenhoff et al. 2013; Grote et al.
2013; Ishii et al. 2006; Han et al. 2014) which are not discussed in this review.

Future investigations into the role of IncRNAs expressed in human diseased
vascular tissue biopsies have the potential to illuminate new VSMC-specific,
IncRNA-based biomarkers and mechanisms that could someday be translated into
new treatment options for CVD. Furthermore, examination of single nucleotide
polymorphisms (SNPs) within or near IncRNA genomic sites can potentially pro-
vide important genetic information to complement data emanating from genome-
wide association studies of human CVDs. This is because such SNPs can alter the
biological and epigenetic mechanisms of actions of these non-coding RNAs to
influence the expression of disease-related genes.

The study of IncRNAs in VSMC:s is still in its infancy, and many questions
remain as to the degree by which these transcripts affect VSMC function and
whether they can be effective therapeutic targets in the treatment of diseases
associated with Ang II or growth factors, VSMC dysfunction, and CVDs. However,
with the characterization of additional IncRNAs in VSMCs and those related to
CVDs, at the very least, they may be used as biomarkers for clinical diagnosis and
prognosis. Recently, there have been approaches to effectively modulate IncRNA
levels by various chemical approaches in vitro that can be extrapolated to in vivo
models (Kato and Natarajan 2014; Kataoka and Wang 2014). Some antisense
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oligonucleotide-based techniques have been able to modulate IncRNA levels in
mouse models (Wheeler et al. 2012), pointing toward a potential therapeutic
strategy or experimental technique for studying IncRNAs in vivo. Overall, IncRNA
research, while still in the early stages, represents a fast moving and novel area of
investigation, and future studies will further illuminate our understanding of VSMC
biology that could in turn help exploit these intriguing molecules for therapeutic
purposes.
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