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Aortic aneurysms are defined as an irreversible increase in arterial diameter by more

than 50% relative to the normal vessel diameter. The incidence of aneurysm rupture is

about 10 in 100,000 persons per year and ruptured arterial aneurysms inevitably results

in serious complications, which are fatal in about 40% of cases. There is also a hereditary

component of the disease and dilation of the ascending thoracic aorta is often associated

with congenital heart disease such as bicuspid aortic valves (BAV). Furthermore, specific

mutations that have been linked to aneurysm affect polymerization of actin filaments.

Polymerization of actin is important to maintain a contractile phenotype of smooth muscle

cells enabling these cells to resist mechanical stress on the vascular wall caused by the

blood pressure according to the law of Laplace. Interestingly, polymerization of actin also

promotes smooth muscle specific gene expression via the transcriptional co-activator

MRTF, which is translocated to the nucleus when released from monomeric actin. In

addition to genes encoding for proteins involved in the contractile machinery, recent

studies have revealed that several non-coding microRNAs (miRNAs) are regulated by

this mechanism. The importance of these miRNAs for aneurysm development is only

beginning to be understood. This review will summarize our current understanding about

the influence of smooth muscle miRNAs and actin polymerization for the development

of arterial aneurysms.

Keywords: microRNA, aneurysm, BAV, actin polymerization, myocardin related transcription factors

INTRODUCTION

Aneurysms are caused by a weakening in the arterial wall resulting in a local distension of the
affected vessel. Although aneurysms can occur at various sites of the vasculature, aortic aneurysms
are the most common and typically classified in terms of their anatomical location: thoracic aortic
aneurysms (TAA) and abdominal aortic aneurysms (AAA). A study from the Global Burden of
Disease lists aortic aneurysm among the 10 most common causes of cardiovascular disease-related
death (Roth et al., 2015).

Aneurysm pathology is characterized by endothelial dysfunction, reduced contractile function
due to altered actin dynamics and/or changes in smooth muscle phenotype, and degradation
of elastic fibers and collagen. Although the etiology of aneurysms may differ depending on the
affected site, certain mechanisms involved in the progressive weakening of the vascular wall are
likely general for multiple forms of aneurysms. In most cases, aneurysms develop slowly and cause
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no noticeable symptoms until rupture occurs, hampering early
intervention. There are currently no therapeutic drugs available
and current treatment options are limited to open surgery or
endovascular repair. Consequently, there is an acute need for
additional therapeutic approaches.

According to the National Heart, Lung, and Blood Institute,
environmental risk factors for aortic aneurysms include age,
male gender, smoking, and high blood pressure. In addition,
genetic factors play a role in the cause of aortic aneurysms, albeit
stronger for TAA than AAA (Biddinger et al., 1997; Morisaki and
Morisaki, 2016). TAA is a common finding in conditions such as
Marfan and Loeys-Dietz syndrome (Dietz et al., 1991; Loeys et al.,
2006), and bicuspid aortic valve (BAV) (Prakash et al., 2014). BAV
is present in 0.5–2% of the population and is the most common
congenital heart anomaly although symptoms, including TAA,
typically develop in adulthood (Hoffman and Kaplan, 2002;
Siu and Silversides, 2010). It is clinically heterogenous and the
exact cause is unclear. Unlike Marfan syndrome and Loeys-
Dietz syndrome, which is caused by mutations in the FBN1 and
TGFBR1/TGFBR2 genes, respectively, no gene causing BAV has
been identified.

Inherited predisposition to thoracic aortic disease in the
absence of syndromic features has also been reported. Recent
studies demonstrate that mutations in ACTA2 and MYH11,
encoding the contractile proteins smooth muscle cell α-actin and
β-myosin heavy chain, respectively, can cause thoracic aortic
aneurysms and dissections (TAAD) (Zhu et al., 2006; Guo et al.,
2007). Importantly, mutations in ACTA2 are the most prevalent
genetic cause of TAAD and to date more than 40 ACTA2
mutations have been identified (Guo et al., 2007; Morisaki et al.,
2009; Regalado et al., 2015). Some of the ACTA2 mutations
have been shown to interfere with actin polymerization (Guo
et al., 2007; Malloy et al., 2012; Lu et al., 2015). As such, ACTA2
mutations may lead to a defective contractile function and
reduced ability of vascular smooth muscle cells (SMCs) to resist
mechanical stress on the arterial wall and consequently increasing
the susceptibility for aneurysm and dissection. The first part
of this Review focuses on actin polymerization in formation
of aneurysms and its potential role for the regulation of gene
expression via the myocardin related transcription factor, MRTF.

Recently, microRNAs (miRNAs) have been associated with
the formation of both aortic and intracranial aneurysms.
MiRNAs are small, single-stranded non-coding RNAs. They
are ∼22 nucleotides in length and regulate gene expression
post-transcriptionally by binding to complementary target sites
in mRNA molecules. A number of miRNAs are differentially
expressed in aortic aneurysms, including miR-29 (Boon et al.,
2011), members of the miR-15 family (Zampetaki et al., 2014),
miR-21 (Maegdefessel et al., 2012a), miR-26 (Leeper et al., 2011),
and miR-143/145 (Elia et al., 2009). Moreover, we have identified
a group ofmiRNAs regulated by actin polymerization andMRTF.
Several of these miRNAs are downregulated in dilated aorta
suggesting that they may play a role in the development of
aneurysms (Alajbegovic et al., 2016). In the second part of
this Review, we focus on the importance of miRNAs for the
formation of arterial aneurysms. Taken together, identification
and characterization of both coding and non-coding genes

associated with actin polymerization may aid in the development
of much needed new therapeutic strategies against aneurysms
formation. These may not be specifically involved in BAV-
associated aortopathy, but it is clear that common mechanisms
are involved in various forms of arterial aneurysms, which can
improve our understanding of the cause of this disease.

THE ROLE OF ACTIN POLYMERIZATION IN
THE DEVELOPMENT OF ARTERIAL
ANEURYSM

Mutations that have been linked to arterial aneurysm involve
dynamic changes in polymerization of actin filaments
(Guo et al., 2009; Lu et al., 2015). Actins constitute a family
of highly conserved proteins that polymerizes into filaments and
play a number of important roles in various biological processes
including force generation, cellular mechanosensing, regulation
of cell differentiation, and in the maintenance of vascular wall
integrity. In mammals, actin exists in six isoforms expressed in
a tissue-specific manner (Perrin and Ervasti, 2010). In vascular
SMCs, α-actin (ACTA2) is the predominantly expressed actin
isoform and the most abundant protein accounting for ∼40% of
the total cellular protein load (Fatigati and Murphy, 1984).

In humans, heterozygous ACTA2 mutations predispose
individuals to aortic aneurysm (Table 1). To date,∼40 mutations
have been identified in the ACTA2 gene. Missense mutations
in ACTA2 are the predominant genetic component of familial
TAAD, accounting for 12–21% of all cases (Guo et al., 2007;
Morisaki et al., 2009; Disabella et al., 2011; Renard et al., 2013).
In most families the disease segregates as an autosomal dominant
trait with variable penetrance and high clinical heterogeneity.
Aortic tissue from patients carrying ACTA2 mutations show an
abnormal medial layer of the vessel wall with a disorganized
structure indicating actin filament instability and/or abnormal
filament assembly (Regalado et al., 2015) (Guo et al., 2007;
Morisaki et al., 2009). Several studies have addressed these
mutations to get an insight into how ACTA2 mutations can
cause TAAD. Carriers of R258C mutation show high penetrance
and poor prognosis with a median life expectancy of ∼35 years
of age (Regalado et al., 2015). Using a baculoviral system Lu
et al. could show that the R285C mutation in α-actin resulted
in a less stable filament with increased sensitivity to cleavage
by cofilin, a decreased rate of polymerization and a slower
interaction with smooth muscle myosin leading to reduced force
generation (Lu et al., 2015). In a later study by the same group,
similar biochemical properties on actin function were obtained
studying ACTA2 mutation R179H (Lu et al., 2016). Carriers of
this mutation show early onset of disease with high penetrance
and poor patient prognosis causingmultisystemic smoothmuscle
dysfunction (Milewicz et al., 2010b;Munot et al., 2012; Georgescu
et al., 2015; Regalado et al., 2015). More recently, Liu et al.
developed a model system to study R258C-induced effects in
a cellular context. Using patient-derived dermal fibroblasts the
authors could demonstrate that mutated smooth muscle α-
actin abrogated multiple cytoskeletal functions attributed to
induction of wild type smooth muscle α-actin, including stress

Frontiers in Physiology | www.frontiersin.org 2 August 2017 | Volume 8 | Article 569

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Alajbegovic et al. Molecular Regulation of Arterial Aneurysms

TABLE 1 | List of identified ACTA2 mutations with clinical and pathological characteristics.

ACTA2 gene mutation Actin polymerization Vascular pathology Clinical characteristics

p.R149C Aortic tissue: proteoglycan accumulation, loss

and fragmentation of elastic fibers, focal loss of

SMCs, SMC disarray, SMC hyperplasia in vasa

vasorum (Guo et al., 2007; Disabella et al.,

2011)

TAAD, Stroke, premature CAD (Guo et al.,

2009), Livedo reticularis (Guo et al., 2007),

iris cysts (Morisaki et al., 2009), iris flocculi

(Guo et al., 2007; Disabella et al., 2011;

Chamney et al., 2015)

p.R118Q Perturbs ACTA2 filament assembly or stability

(Guo et al., 2007), causes filament instability

with faster disassembly rates and increased

critical concentrations, hypersensitive to cofilin

severing (Bergeron et al., 2011)

Coronary and epicardial artery: Stenosis of the

vessel with increased SMC proliferation (Guo

et al., 2009)

TAAD, Stroke, premature CAD (Guo et al.,

2007, 2009)

p.T353N Perturbs ACTA2 filament assembly or stability

(Guo et al., 2007)

Aortic tissue: SMC hyperplasia in vasa vasorum

(Guo et al., 2007)

TAAD (Guo et al., 2007, 2009)

p.R258C/H Causes actin filament instability, increased

susceptibility to severing by cofilin, higher

affinity binding to profilin, perturbed interaction

with smooth muscle myosin, decreased rate of

polymerization (Malloy et al., 2012; Lu et al.,

2015)

Aortic tissue: proteoglycan accumulation, loss

and fragmentation of elastic fibers, areas with

SMC loss, SMC disarray (Guo et al., 2007)

TAAD, premature stroke including

Moyamoya disease (Guo et al., 2009),

PDA (Guo et al., 2007)

p.R39H TAAD, premature stroke, CAD (Guo et al.,

2009)

p.R39C TAAD (Hoffjan et al., 2011; Renard et al.,

2013)

p.P72Q TAAD (Guo et al., 2009)

p.N117T Causes filament instability, with faster

disassembly rates and increased critical

concentrations, hyposensitive to severing by

cofilin (Bergeron et al., 2011)

TAAD, Stroke (Guo et al., 2009)

p.Y135H TAAD (Guo et al., 2009)

p.V154A TAAD (Guo et al., 2009)

p.G160D TAAD (Guo et al., 2009)

p.R185Q TAAD, CAD (Guo et al., 2009)

p.R212Q TAAD (Guo et al., 2009; Morisaki et al.,

2009), premature stroke, CAD (Guo et al.,

2009)

p.P245H TAAD, Stroke (Guo et al., 2009)

p.I250L TAAD, Stroke (Guo et al., 2009)

p.R292G Stenosis of epicardial arteries, increased SMC

proliferation (Guo et al., 2009)

TAAD (Guo et al., 2009)

p.T326N TAAD, Stroke, CAD (Guo et al., 2009)

p.T353N TAAD, Stroke, CAD (Guo et al., 2009)

p.R179H Increased susceptibility to severing by cofilin,

higher affinity binding to profilin, perturbed

interaction with smooth muscle myosin,

increased disassembly rate, binds less

cooperatively to MRTFA (Lu et al., 2016)

Aortic tissue: fibroproliferative lesions in the

intima, medial SMC proliferation and

fragmentation of elastic fiber, proteoglycan

accumulation, stenosis of vasa vasorum

(Milewicz et al., 2010a) (Georgescu et al., 2015)

Cerebral arteries: Intimal thickening, medial

fibrosis, fragmented and thickened elastic

laminae, SMC proliferation (Munot et al., 2012)

(Georgescu et al., 2015)

Ascending aortic aneurysm, PDA

cerebrovascular disease, fixed dilated

pupils, hypotonic bladder, malrotation,

hypoperistalsis of the gut and pulmonary

hypertension,congenital mydriasis

(Milewicz et al., 2010a; Al-Mohaissen

et al., 2012; Munot et al., 2012;

Logeswaran et al., 2017)

p.D82E Aortic wall: Loss of SMCs (Disabella et al.,

2011)

TAAD, Myopia (n = 2/2) (Disabella et al.,

2011)

p.E243K Aortic wall: Loss of SMCs (Disabella et al.,

2011)

TAAD, Myopia (n = 2/2) (Disabella et al.,

2011)

p.V45L TAAD (Disabella et al., 2011)

IVS4+1G>A Aortic wall: SMC hyperplasia in vasa vasorum,

disarray of medial SMC (Disabella et al., 2011)

TAAD, Scoliosis (n = 5/8), Pes planus (n =

5/8), Livedo reticularis (n = 1/8), Iris

flocculi (n = 1/8), Myopia (n = 2/8)

(Disabella et al., 2011)

(Continued)
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TABLE 1 | Continued

ACTA2 gene mutation Actin polymerization Vascular pathology Clinical characteristics

p.M49V TAAD (Hoffjan et al., 2011; Renard et al.,

2013)

p.G340R TAAD (Hoffjan et al., 2011)

p.G152_T205del TAAD (Morisaki et al., 2009)

p.Y145C (sporadic case) TAAD (Morisaki et al., 2009)

p.D26Y Aortic tissue: medial degeneration with loss

and fragmentation of elastic fibers, disarray and

loss of SMCs, accumulation of proteoglycan,

SMCs hyperplasia of vasa vasorum (n = 2)

(Yoo et al., 2010)

TAAD (Yoo et al., 2010)

p.R314X TAAD (Renard et al., 2013)

p.S340CfxX25 TAAD (Renard et al., 2013)

p.G38R TAAD (Renard et al., 2013)

p.H42N TAAD (Renard et al., 2013)

p.Q61R TAAD (Renard et al., 2013)

p.N117I TAAD (Ke et al., 2016)

p.L348R TAAD (Ke et al., 2016)

p.Y168N (sporadic case) TAAD, BAV (n = 1/1) (Ke et al., 2016)

p.K328N Aortic tissue: elastic fiber fragmentation, SMC

disarray, adventitial fibrosis (Ware et al., 2014)

TAAD, congenital mydriasis (n = 2/2)

(Ware et al., 2014)

CAD, coronary artery disease; BAV, bicuspid valve; PDA, patent ductus arteriosus; p, protein reference sequence.

fiber formation, focal adhesions, matrix contraction, cellular
migration, and filamentous to soluble actin ratio (Liu et al.,
2017). Similar findings have been obtained by mutating the same
arginine residue to a histidine, R285H. Using budding yeast as
a model system, Malloy et al. showed that the yeast R258H
actin produced abnormal cytoskeletal morphology and filament
instability (Malloy et al., 2012). Moreover, a study on human
ACTA2 mutations N117T and R118Q revealed mutation-specific
effects on actin behavior suggesting that several individual
mechanisms may contribute to the pathogenesis of familial
TAAD (Bergeron et al., 2011).

It seems that various types of arteries respond differently to
the underlying mutation contributing to a diverse pathology
(Guo et al., 2009). ACTA2 mutations lead to dilation of larger
vessels such as the aorta but occlusion of smaller arteries. The
different response arteries display to a single gene mutation
has been attributed to several factors including vascular SMCs
lineage diversity, elastic vs. muscular arteries, and differences in
mechanical forces on the vascular wall (Guo et al., 2009; Milewicz
et al., 2010a).

In addition to aortic aneurysms, other features associated with
subset of families with ACTA2mutations include cases with BAV
and a predisposition for occlusive vascular diseases, including
thrombotic stroke and coronary artery disease (Guo et al., 2007,
2009; Ke et al., 2016). The association of BAV with TAAD has
been reported frequently suggesting that a common gene defect
underlies this association (Edwards et al., 1978; Loscalzo et al.,
2007). Included in the occlusive vascular diseases were cases
with livedo reticularis, a skin rash caused by occlusion of dermal
arteries and Moyamoya, a cerebrovascular disease characterized
by progressive stenosis (Guo et al., 2007, 2009; Bergeron et al.,

2011). Studies on tissue from affected individuals demonstrate an
excessive proliferation of SMCs and myofibroblasts contributing
to vascular occlusion (Guo et al., 2009; Milewicz et al., 2010a).
This increase in SMC proliferation has been attributed to the
role α-actin plays in regulating smooth muscle phenotype by
shifting the F/G-actin ratio. It is well-established that when F-
actin polymerization is inhibited the monomeric pool of G-
actin is increased. The downstream effects of an increased pool
of G-actin include retention of the actin-binding transcription
factor, myocardin-related transcription factor (MRTF-A/B), in
the cytosol. MRTF is a transcriptional co-factor that complexes
with serum response factor (SRF) to drive expression of SMC-
specific genes. As a consequence, an increase in G-actin may
alter the phenotype of SMCs, from a highly contractile phenotype
to a more proliferative phenotype. In a recent study, we have
demonstrated that polymerization of actin filaments, and MRTF-
dependent gene expression, is reduced in mildly dilated aortas
from patients with stenotic tricuspid aortic valve (TAV) or BAV
(Alajbegovic et al., 2016). This result suggests that altered actin
polymerization may be an early event in the development of
ascending aortic aneurysm and that the effect is not specific for
BAV-associated disease.

Knockout ofMRTF-B results in embryonic lethality associated
with a spectrum of cardiovascular defects including aortic
aneurysms (Oh et al., 2005; Li et al., 2012). The importance
of MRTF-A/B for aneurysm formation in adult mice using
smooth muscle-specific inducible double knockout has to our
knowledge not been investigated. However, tamoxifen inducible,
SMC-specific deletion of myocardin in mice leads to dilation
of the thoracic aorta, dissection and rupture mimicking the
pathology seen in TAADpatients (Huang et al., 2015).Myocardin
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is a muscle-restricted transcription factor, part of the myocardin
family of transcriptional coactivators that, similar to MRTFs,
promotes the expression of smooth muscle specific genes.

Further support of an important role of myocardin family co-
activators for aneurysm formation is suggested by studies using
smooth muscle specific knockout mice of intergrin-linked kinase
(ILK) (Shen et al., 2011). ILK is a serine/threonine kinase with the
main function to link extracellular matrix (ECM) via integrins to
the actin cytoskeleton (Qian et al., 2005). SMC-conditional ILK
mutant mice die around the perinatal period exhibiting defective
morphogenetic development of the greater arteries including
aneurysmal dilation of the thoracic aorta. Histological analysis
revealed a profound vascular pathology of the arterial tunica
media with changes in SMC phenotype, disruption of elastic
lamellae, and a decreased actin polymerization (Shen et al., 2011).
In agreement with a role of actin for nuclear translocation of
MRTF, ILK deletion caused cytoplasmic retention of MRTF-A in
aortic SMCs. In support of this study, conditional deletion of Ilk
in neural crest cells results in aortic aneurysm and embryonic
lethality (Arnold et al., 2013). Ilk mutant mice show defective
differentiation of neural crest cells into SMCs and disorganization
of actin stress fibers. Thus, these studies suggest that ILK
regulates a signaling pathway involving actin polymerization that
protects against aortic aneurysm. As such, Ilk mutant mice may
prove helpful as animal models for additional insight into the
pathogenesis of arterial aneurysms.

ROLE OF MICRORNAS IN ANEURYSM
DEVELOPMENT

MicroRNAs (miRNAs) are small (∼22 nt) non-coding
RNAs that are involved in post-transcriptional regulation
of protein synthesis (Bartel, 2004). The biogenesis of miRNAs
involve transcription by RNA polymerases, cleavage by
endoribonucleases Drosha and Dicer, and incorporation into
the RNA-induced silencing complex (RISC). The miRNAs
then target 3′-UTR of mRNAs by binding with partial
complementarity to the mRNA sequence. Perfect base pairing of
the seed region (nucleotides 2–7 of the miRNA) to the mRNA
is necessary for miRNA-dependent regulation. Binding of the
RISC complex to mRNAs results in translational inhibition
and in some cases mRNA degradation. In recent years, several
miRNAs have been shown to be involved in the development
of vascular disease states including aneurysms (Albinsson and
Sward, 2013; Duggirala et al., 2015). Altered composition of
ECM proteins in the vascular wall is one of the hallmarks of
aortic aneurysms. Both fibroblasts and SMCs play important
roles in matrix deposition and several studies have focused on
the potential involvement of miRNAs in the regulation of ECM
synthesis in these cell types.

The miR-29 family (miR-29a/b/c) stands out in its ability to
target mRNAs encoding for ECM proteins, including collagens,
elastin, and fibrillin-1 (van Rooij et al., 2008; Ekman et al.,
2013; Maegdefessel et al., 2014). Pioneering work by Boon
et al. demonstrated increased expression of miR-29b in two
mouse models of aortic aneurysm (AngII-treated aged mice and

Fibulin4(R/R) mice) and in early aortic dilation associated with
BAV and TAV in humans (Boon et al., 2011). Importantly, AngII
mediated dilation of mouse aorta was prevented using LNA-
modified antisense oligonucleotide-mediated silencing of miR-29
(Boon et al., 2011). The therapeutic effect of miR-29 inhibition
is consistent in other animal models of aneurysm formation
(Maegdefessel et al., 2012b) (Zampetaki et al., 2014). However,
in contrast with the study by Boon et al., additional studies have
demonstrated reduced expression of miR-29 family members
in human aortic aneurysms (Jones et al., 2011; Maegdefessel
et al., 2012b). This discrepancy may depend on several factors
including differences in tissue sampling (as discussed below)
and the characteristics of the aortic dilation (Maegdefessel et al.,
2014).

In a recently published study, we investigated differential
miRNA expression in the convexity and concavity of the aortic
arch of patients with mildly dilated aortae associated with either
BAV or TAV. These samples were compared with biopsies from
healthy donors. The convexity of the aortic wall is more disease-
prone than the concavity, which may depend on differences in
wall shear stress on the endothelial cells (Atkins et al., 2014).
Comparison of these two regions may thus be important to
understand the role of flow dynamics for the development of
ascending aortic wall remodeling. We found that miR-29a/c was
upregulated in the aortic concavity of dilated aorta associated
with BAV (Albinsson et al., 2017). Further analysis revealed that
miR-29a/c expression was reduced in the convexity compared
to the concavity in BAV. A two-fold threshold was used which
excluded minor changes in miRNA expression. However, it is
interesting to note that both miR-29a (fold change: −1.96) and
miR-29c (fold change: −1.43) were reduced in the convexity of
BAV aorta compared to donor controls. Only minor differences
were observed in miR-29b expression in either setting. These
results propose that the discrepancy in miR-29 expression in
biopsies from patients with BAV associated aortic dilation may
depend on the localization of the obtained tissue sample. Similar
to miR-29, miR-15 family members (miR-15, miR-16, miR-195,
and miR-497) targets several ECM components (Ott et al., 2011).
However, while in vivo administration of miR-195 inhibitor
increases ECM production, this effect is not sufficient to prevent
aneurysm formation (Zampetaki et al., 2014).

Although miR-29 appears to be particularly promising
for therapeutic intervention, additional miRNAs have been
demonstrated to be dysregulated in aortic aneurysms, including
miR-21 (Maegdefessel et al., 2012a), miR-26 (Leeper et al., 2011),
and the miR-143/145 cluster (Elia et al., 2009). In a recent
study, we demonstrated that a group of smooth muscle miRNAs,
including miR-143/145, miR-1, miR-378a, and miR-22, are
regulated by actin dynamics via the actin sensitive transcription
factor MRTF-A (Alajbegovic et al., 2016). With the exception
of miR-22, these miRNAs were found to be highly enriched in
muscle-containing tissues and downregulated in phenotypically
modified SMCs. Interestingly, the levels of polymerized actin
were reduced in biopsies of mildly dilated aorta (<4.5 cm) from
patients with either stenotic TAV or BAV. Accordingly, the
expression of the actin-regulated miRNAs was reduced in dilated
aorta. These results point toward a role of actin polymerization
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and actin-sensitive transcription factors for the transcriptional
control of miRNA expression in aortic aneurysm development
(Figure 1). In support of this notion, miR-145 overexpression
reduces the formation of AngII-induced AAA (Wu et al., 2016).
The study byWu et al. suggests that the effect of miR-145 involves
reduced MMP2 activation. However, it is interesting to note that
miR-145 has been shown to promote actin polymerization in
smooth muscle cells (Xin et al., 2009; Albinsson et al., 2010),
which may offer additional protection against aortic dilation.

Downregulation of miR-143/145 in the vascular wall has also
been demonstrated in intracranial aneurysms (Jiang et al., 2013;
Liu et al., 2014; Bekelis et al., 2016), suggesting that down-
regulation of this miRNA cluster may be a general mechanism
of aneurysm formation. Moreover, miR-21 is upregulated in
both aortic (Maegdefessel et al., 2012a) and cerebral aneurysms
(Bekelis et al., 2016). The increase in miR-21 and decrease in
miR-143/145 clearly indicates reduced contractile differentiation

of SMCs in the aneurysmal vascular wall. Although, phenotypic
modulation of SMCs is likely to contribute to various vascular
disease states, it is primarily an evolutionary conserved repair
mechanism in response to vascular injury. Therefore, reversing
this process can result in loss of endogenous protection against
factors that promote aneurysm development. This is evident
from results demonstrating that inhibition of miR-21 augments
aortic dilation, while overexpression of miR-21 significantly
reduced aortic dilation in an elastase-induced model of aortic
aneurysm (Maegdefessel et al., 2012a). The effect of miR-
21 overexpression is likely due to increased smooth muscle
proliferation via decreased PTEN and increased Akt activation.
This effect increases wall thickness and maintains wall stress at
relatively low levels according to the Law of Laplace.

In summary, miRNAs are promising therapeutic targets
against aneurysm formation. A common mechanism for the
therapeutic effect of miRNAs appears to be to strengthen

FIGURE 1 | Schematic illustration of MRTF-dependent transcriptional regulation of miRNAs in dilated aorta. An increase in cytosolic or nuclear G-actin due to

mutations in actin, mechanical injury, or other factors involved in aneurysm formation, results in decreased nuclear accumulation of MRTF and reduced transcription of

miRNAs associated with contractile smooth muscle cells. In addition to other mechanisms, this can result in reduced smooth muscle contractility and increased aortic

wall stress and distension. MRTF, myocardin related transcription factor; SRF, serum response factor. Adapted from Alajbegovic et al. (2016).
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the vascular wall to better withstand mechanical forces of
the blood pressure. This is accomplished by either increasing
ECM production (miR-29 inhibitor), increasing smooth muscle
growth (miR-21 mimic), or increasing smooth muscle contractile
differentiation (miR-145 mimic).

SUMMARY

In summary, several lines of evidence support a role of actin
polymerization in the development of aortic aneurysms. The
effects of altered actin polymerization may be mediated directly,
via loss of structural integrity, and/or via reduced contractility
resulting in hampered resistance to tensile stretch exerted by
the blood pressure. Furthermore, increasing evidence suggests
that the regulation of myocardin family co-activators by actin
polymerization is essential for protection against aneurysm
development. This effect may be mediated in part via small
non-coding RNAs. Further studies are warranted to elucidate
the importance of actin regulated miRNAs for the development
of arterial aneurysms. In addition, although changes in the

expression of some miRNAs appear to be general for several
types of aneurysms, our detailed analysis of miRNA expression
in BAV vs. TAV-associated aortopathy has revealed differential
miRNA signatures in these conditions. These findings need to
be further explored to understand the importance of the specific
differences in miRNA expression in BAV-associated aortic
dilation.
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