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Abstract

In view of the bioinformatic projection that a third of all protein coding genes and essentially
all biological pathways are under control of microRNAs (miRNAs), it is not surprising that this
class of small RNAs plays roles in vascular disease progression. MiRNAs have been shown to
be involved in cholesterol turnover, thrombosis, glucose homeostasis and vascular function.
Some miRNAs appear to be specific for certain cells, and the role that such cell-specific
miRNAs play in vascular disease is only beginning to be appreciated. A notable example is
the miR-143/145 cluster which is enriched in mature and highly differentiated smooth
muscle cells (SMCs). Here we outline and discuss the recent literature on SMC-expressed
miRNAs in major vascular diseases, including atherosclerosis, neointima formation, aortic
aneurysm formation, and pulmonary arterial hypertension. Forced expression of miR-145
emerges as a promising strategy for reduction and stabilization of atherosclerotic plaques as
well as for reducing neointimal hyperplasia. It is concluded that if obstacles in the form of
delivery and untoward effects of antimirs and mimics can be overcome, the outlook for

targeting of SMC-specific miRNAs for therapeutic benefit in vascular disease is bright.
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Smooth muscle specific miRNAs

Smooth muscle cells (SMCs) surround hollow organs such as blood vessels, the
gastrointestinal tract, the airways and the urinary bladder. By contraction and relaxation the
SMCs regulate the diameter of these organs, which in the vasculature is essential for blood
pressure and blood flow. Normally, the vascular SMC is quiescent and specialized for
contractile function. This is referred to as the contractile or differentiated phenotype.
However, under certain circumstances, such as in vascular injury, the SMCs undergo
phenotypic modulation and start to proliferate and migrate out of the vascular media. This is
important for the vascular repair process but can also be detrimental such as in restenosis
following angioplasty when the vessel is partially or completely occluded by proliferating

SMCs.

In recent years, small non-coding RNAs called microRNAs (miRNAs) have been implicated in
the regulation of SMC phenotype (Figure 1). Deletion of smooth muscle miRNAs by
conditional (SM22-Cre mediated) knockout of Dicer results in embryonic lethality associated
with loss of smooth muscle contractile differentiation and function, vascular remodeling and
internal hemorrhage (1, 2). Deletion of Dicer in adult mice using Tamoxifen-inducible
SMMHC-CreER™?/Dicer™'*® (Dicer KO) mice results in phenotypic modulation of SMCs and
reduced contractility of arterial, venous and detrusor smooth muscle (3-5). Furthermore, we
found that these effects were associated with a reduced vascular mechanotransduction,
lower blood pressure and altered voiding pattern in Dicer KO mice. Eventually, inducible loss
of smooth muscle miRNAs is lethal in adult mice. However, it is likely that a gastrointestinal
and not a vascular phenotype is responsible for the lethality that follows 12-14 weeks after
SMC-specific deletion of Dicer in adult mice (5), and for the lethality in three week old

constitutive Dicer KO mice using Cre recombinase directed by the SMMHC promoter (6).

Several studies have shown that miR-143 and miR-145 are among the most highly expressed
miRNAs in smooth muscle (7-10). These miRNAs are coordinately expressed and have been
demonstrated to play an important role in regulation of calcium signaling, contractile
differentiation, proliferation and migration of SMCs (1, 3, 7-11). The mir-143/145 cluster is
reduced in atherosclerosis and neointima formation, consistent with a role in phenotype

regulation (8).
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Interestingly, overexpression of miR-145 alone is sufficient to rescue the loss of contractile
differentiation in Dicer KO SMCs. Inhibition of miR-145 alone in wild type SMCs can similarly
reduce the expression of e.g. the L-type calcium channel to a similar extent as Dicer KO (1,
3). These results suggest that some of the effects in Dicer KO mice are highly dependent on
the loss of miR-145. However, although deletion of the miR-143/145 cluster results in effects
similar to those seen after SMC-specific Dicer deletion, the phenotype is less severe,
suggesting that other miRNAs are also involved in development and contractile
differentiation of smooth muscle. Furthermore, the expression level of individual miRNAs
and their targets may differ depending on the anatomical location of the SMCs. For this
review we have compiled a list of smooth muscle miRNAs that are highly expressed in tissues
from three different origins; detrusor, portal vein and aorta (Table 1). These miRNAs were
more than 3-fold down-regulated SMC-specific Dicer KO detrusor suggesting high expression
in SMCs (see also Table S1 in (4)). However, three highly expressed miRNAs were less
affected by Dicer KO and most notable was miR-126, which was only reduced by
approximately 20% in Dicer KO detrusor. This is in accordance with our earlier results,
showing no reduction of miR-126 in Dicer KO aorta (5) and likely depends on the high and
relatively specific expression of miR-126 in endothelial cells (12, 13). Thus it is important to
consider the contribution of non-SMC types when evaluating expression levels of smooth
muscle miRNAs in certain conditions, such as in disease models, which will be further
discussed herein. Although conditional and constitutive deletion of Dicer and constitutive
deletion of miR-143 and or miR-145 to our knowledge represent the only miRNA knockout
mouse models where smooth muscle differentiation has been thoroughly investigated, a
number of additional miRNAs are thought to play a role in smooth muscle phenotype

switching and vascular disease.
SMC miRNAs and atherosclerosis

Atherosclerosis is a chronic disease of the vascular wall involving lipid retention and
inflammation. It is an important, if not the major, cause of mortality in Western societies. A
complex interplay between different cell types, the extracellular matrix, circulating
lipoproteins and shear stress is required for the progression from the early so called fatty
streaks to the complex “vulnerable” plagues that are responsible for the acute and often

calamitous consequences of the disease. Nonmodifiable risk factors for atherosclerosis are
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age, male gender, and a genetic predisposition, whereas risk factors that are amenable to
intervention include hypertension, dyslipidemia, smoking, diabetes and inflammation.
Recent studies have identified polymorphisms associated with atherosclerosis that impinge
on the classical risk factors but that also suggest novel disease mechanisms (e.g. (14)). In
view of the complex pathogenesis, it is not surprising that a plethora of miRNAs are
implicated in various aspects of atheromatous plaque formation. These miRNAs affect
cholesterol metabolism (15-17), glucose homeostasis (18, 19), macrophage regulation (20,

21), and thrombosis (22).

SMCs play roles during all phases of the atherogenic process (23, 24) and a role of SMC
miRNAs is therefore to be expected. Indeed, recent studies lend substantial support to the
notion that SMC miRNAs are critically involved in atherogenesis. The starting-point of one of
these studies (25) is the well-established fact that endothelial shear stress is
atheroprotective and that this may involve the transcription factor Kriippel-like factor 2
(KLF2). Viral KLF2 transduction, shear stress, and statin treatment were all found to cause
up-regulation of miR-143/145 in endothelial cells. This in turn led to release of miR-143/145
in ~100 nm exosome-like vesicles. The authors next demonstrated transfer of miR-143/145
from endothelial cells to SMCs in an in vitro co-culture system, and repression of miR-
143/145 target genes in SMCs. The most robustly regulated genes in SMCs were
phosphatase and actin regulator 4 (PHACTR4) and matrix metalloproteinase 3 (MMP3), but
established miR-143/145-regulated targets such as Kruppel-like factor 4 (KLF4) and
calcium/calmodulin-dependent protein kinase type Il delta (CAMK2d) were reduced as well.
It was finally demonstrated that vesicles derived from KLF2-transduced endothelial cells
reduced aortic atherosclerosis in dyslipidemic mice. Thus, taken together, the study by
Hergenreider et al. (25) suggests a novel route of atheroprotective communication between
endothelium and SMCs, and supports the view that miR-143/145 may be targeted for

therapeutic benefit in atherosclerosis.

A study focusing directly on miR-145 in SMCs provides additional support for the notion that
the miR-143/145 cluster can be exploited for plaque prevention. Lovren et al. (26) used a
lentiviral vector directing the expression of miR-145 to smooth muscle by use of the SM22a
promoter to test if counteracting the reduction of miR-145 in atherosclerosis may be

beneficial. Mir-145 or control vector was repeatedly injected into ApoE"/' and control mice
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followed by feeding of a Western diet for 12 weeks after which atherosclerotic lesion size
was analyzed. A sizeable reduction of plaque size was seen in the aortic root, in the aorta,
and in brachiocephalic arteries without concomitant change in lipoprotein concentrations or
blood pressure. Forced miR-145 expression moreover reduced the necrotic core of plaques,
increased the fibrous cap, and increased the relative collagen-positive area; that is, plaques
were not only reduced in size but also remodeled to become more stable. Mechanistically,
these effects were linked to increased expression of myocardin and reduced expression of
KLF4, both of which are transcription factors of central importance for contractile

differentiation of SMCs (8, 27-29).

Several other studies suggest additional miRNAs that may play a role for plaque
development. Reddy et al. (30) for example demonstrated upregulation of miR-200b in the
aortic SMCs from db/db mice. This was found to be associated with repression of the
transcription factor Zebl by miR-200b and with upregulation of cyclooxygenase 2 and
monocyte chemoattractant protein-1 (MCP-1). Mir-200b mimic was moreover found to
increase the interaction between macrophages and SMCs in vitro. This suggests that SMC-
directed expression of an antimir targeting Mir-200b may be beneficial in diabetic vascular
disease. An additional example provided by the same group is miR-125b. This microRNA was
increased in db/db mice similar to miR-200b, but in that case an association with reduced

expression of inflammatory mediators (IL-6, MCP-1) was demonstrated (31).

Yet another example of a miRNA that may be involved in atherogenesis was described by
Chen et al. (32). These authors found that oxidized LDL up-regulates the oxidized LDL (lectin-
like) receptor 1 (OLR1, LOX-1) via down-regulation of the microRNA Let-7g in human SMCs.
Solid evidence implicating LOX-1 in atherosclerosis in both the aorta and coronary arteries
has been presented previously (33, 34). Overexpression of Let-7g or a mimic in vivo may thus
repress LOX-1 expression and reduce atherosclerosis. A highly relevant aspect of this story is
that LOX-1 appears to be rather dramatically regulated by blood pressure (35) and by SMC
stretch in vitro (36), findings that in part may explain the synergy between hypertension and
other classical risk factors in atherosclerosis. This is, in our view, of considerable interest

because hypertension remains the most prevalent risk factor for atherosclerosis.

SMC miRNAs and neointima formation
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Neointimal expansion can occur in response to altered mechanical load or following vascular
injury such as in atherosclerosis. It is also a common secondary consequence of balloon
dilatation or stenting of arteries that have become obstructed due to atherosclerotic plagues
(37). Smooth muscle proliferation and migration play major roles in neointimal expansion
and therapeutic strategies have therefore been focused on local delivery of antiproliferative
drugs such as Sirolimus and Paclitaxel using drug-eluting stents. 5-year follow-ups of drug
eluting stents show that the need for target vessel revascularization is reduced by only about
50% compared to bare metal stents (38). Primary and secondary neointimal disease thus

remains an important problem and novel therapeutic targets are needed.

The importance of miRNAs in neointimal hyperplasia was initially studied by the group of Dr.
Chunxiang Zhang in a series of pioneering studies (39-41). In the first report by Ji et al.,
miRNA expression in the vascular wall after balloon angioplasty of the rat carotid artery was
examined using microarray analysis (40). MiR-21 and miR-221/222 were found to be both
highly expressed in normal arteries and significantly up-regulated after balloon angioplasty
(40, 41). Furthermore, partial inhibition of miR-21 and miR-221/222 in vivo significantly
reduced neointimal formation, which for the first time demonstrated the potential of
smooth muscle miRNAs as therapeutic targets for treatment of vascular disease. It was
shown that these miRNAs down-regulated the tumor suppressor proteins PTEN (miR-21) and

p27(Kip1)/p57(Kip2)(miR-221/222) in proliferating SMCs (40-42).

Cheng et al. identified miR-145 as the most abundant miRNA in normal smooth muscle and
moreover found this miRNA to be significantly down-regulated in neointimal lesions (39).
Overexpression of miR-145 in balloon-injured rat carotid arteries reduced neointimal
hyperplasia, likely via down-regulation of KLF5 and up-regulation of myocardin. However, in
a separate study by Xin et al. (10), neointimal hyperplasia after vascular injury was shown to
be completely abolished in miR-145 mutant mice, which demonstrates that a certain level of
miR-145 expression is required for the vascular repair process after injury. Reduced actin
polymerization and migratory ability of the SMCs was forwarded as a molecular explanation

for these findings (10).

In the future, we can expect a growing list of smooth muscle miRNAs that regulate

proliferation and neointimal hyperplasia. The most recent additions to this list are miR-146a
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and miR-195 (43, 44). MiR-146a is up-regulated in proliferating SMCs and inhibition of miR-
146a reduced neointimal formation following balloon injury of rat carotid arteries in vivo.
The effect of the miR-146a inhibitor was suggested to depend on up-regulation of its target

KLF4, which has been shown to inhibit smooth muscle proliferation (45, 46).

Additional miRNAs such as miR-1 and miR-133 have also been shown to reduce smooth
muscle proliferation in vitro and loss of these miRNAs may thus be involved in the
development of neointimal hyperplasia (47, 48). The miRNAs discussed in this section are

summarized in Figure 1.

SMC miRNAs and aortic aneurysm formation

Aortic aneurysm formation is a process driven by hemodynamic forces that act in concert
with risk factors and genetic predisposition to cause progressive localized dilatation or
ballooning of the aorta (49). The risk factors for aortic aneurysms include age, male gender,
blood pressure, and a family history (50). Smoking accounts for nearly 80% of excess
prevalence (50). Whether atherosclerosis is an independent risk factor for aortic aneurysms
is less clear (50, 51), and diabetes is, somewhat surprisingly, protective (50, 52). The latter
association has been attributed to glycation of extracellular matrix proteins (53). Similar to
the situation in atherosclerosis, large genome wide association scans have uncovered
unexpected genetic associations that point to novel disease mechanisms in aneurysm

formation (e.g. (54)).

The site of origin of aortic aneurysms can be anywhere along the length of the vessel. A local
weakness in the wall, such as an atherosclerotic plague with increased levels of macrophage-
derived proteases or a defect in the composition of the extracellular matrix (such as in
Marfan’s syndrome), are plausible triggering factors. Once the aneurysm has formed it
grows almost linearly in size. The law of Laplace states that the wall tension in a tube equals
the product of the pressure and the tube radius; it follows that the local dilatation will
increase the tension in the wall simply as a consequence of the increase in radius. This is
likely to be an important driving force for aneurysm progression. Added to this is the change
of flow from laminar to turbulent at the dilated site. This affects the shear stress on the
endothelium in a pro-atherogenic fashion (see section on atherosclerosis for miRNAs of

relevance in this context), which will further promote macrophage accumulation, protease
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activity and dedifferentiation of SMCs. When left untreated, aneurysms may eventually
rupture with catastrophic consequences. Initiatives to screen for aortic aneurysms using

ultrasound in elderly men have therefore been initiated.

Much of the current thinking regarding aneurysm formation is centered on the role of the
extracellular matrix and its turnover. Because SMCs play an important role in matrix
deposition SMC miRNAs are likely to play a role in aneurysm formation. Several studies have
centered on miR-29 (a, b, c). This miRNA cluster is likely expressed in fibroblasts, but our
array data from SMC Dicer KO organs suggest an even higher expression in SMCs (cf. Table
1). MiR-29a and miR-29c for example are knocked down by ~80% following smooth muscle-
specific deletion of Dicer (unpublished and (4)) arguing that they are more abundant in
smooth muscle than in other cell types. MiR-29a-c are derived from two independent
bicistronic transcripts (55). In pioneering work, Boon et al. (55) demonstrated that miR-29
levels were increased in aged aortas. Interestingly, these miRNAs were the only ones out of
18 identified to be regulated by aging that had a significant impact on mRNA levels. Many of
the targets of miR-29 can be found among extracellular matrix proteins (FBN1, COL4A1,
LAMCI, COL15A1, COL3A1 (56, 57)). Thus, up-regulation of miR-29 in aging is expected to be
associated with weakening of the extracellular matrix in the in the aorta. In keeping with this
hypothesis, the authors found reduced expression of collagen and elastin in aged aortas, and
in vivo silencing of miR-29 using a locked nucleic acid construct (LNA-29) had the opposite
effect (55). LNA-29 additionally inhibited dilatation of the aorta induced by in vivo treatment

with angiotensin Il.

In another study on human aneurysm tissue, miR-29a was found to be reduced (58). This is
in contrast to the study by Boon et al. ((55), discussed by (59)) but in keeping with later
studies on miR-29b (60). Thus, the majority of data seems to suggest that once the
aneurysmal process has started, miR-29 is down-regulated in the vascular wall. This may
represent feedback inhibition of further aneurysmal dilatation via an increase in matrix
deposition (Figure 2). In keeping with this hypothesis, blockade of miR-29b in three different
in vivo models of aortic aneurysm formation was beneficial and associated with increased
matrix deposition (55, 60, 61). All in all, these studies identify blockade of miR-29 as a novel
therapy to combat aortic aneurysm progression and suggest a mechanism by which aging

promotes formation of aortic aneurysms via up-regulation of miR-29.
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Recent work identified miR-21 as an additional modifier of smooth muscle proliferation and
apoptosis in abdominal aortic aneurysm formation (62). In murine aneurysm models miR-21
was found to increase in parallel with aneurysm growth. Overexpression of miR-21 using a
lentiviral vector led to increased SMC proliferation and reduced apoptosis which curtailed
further aneurysm expansion. One of the targets of miR-21 was PTEN; its down-regulation
promoted Akt-dependent pro-proliferative and anti-apoptotic pathways which presumably
imparted on the aortic wall a greater tensile strength. Conversely, a locked nucleic acid-
modified antagomir against miR-21 increased aneurysm size. Altogether this is in keeping
with the recently demonstrated protective role of Akt2 in aneurysm formation and
dissection via a shift in the balance between MMP-9 and TIMP-1 in favor of the latter (63).
These findings support strategies to increase miR-21 in the aortic wall for aneurysm

prevention.

SMC miRNAs and pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is characterized by an increase in pulmonary arterial
pressure (systolic pressure >25 mmHg), which can be caused both by excessive constriction
and hypertrophic remodeling of the pulmonary vascular smooth muscle. PAH ultimately
leads to right heart failure and death (64). The primary cause of this disease is not
completely understood but in some cases PAH has been associated with a mutation in the
bone morphogenic protein receptor 2 (BMPR2) (65). Treatment strategies against pulmonary
hypertension are focused on vasodilator substances such as endothelin receptor
antagonists, phosphodiesterase inhibitors and prostacyclin derivatives but since there is
currently no cure for PAH, novel targets for therapeutic intervention are needed. A number
of promising compounds are currently under investigation including guanylate cyclase
activators, tyrosine kinase inhibitors, and serotonin antagonists. In addition, recent studies
have shown that miRNA-related therapies may be effective against PAH, offering an

alternative therapeutic principle.

A number of miRNAs have been demonstrated to be differentially expressed in animal
models of pulmonary hypertension and in human patients (66, 67), and a major challenge is
now to identify the functional importance of these miRNAs in the development of PAH. The

most well studied miRNA in the context of PAH is miR-21. However, conflicting results have
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been reported and at this point it is difficult to conclude if this miRNA is protective or
detrimental for the pathogenesis of PAH. MiR-21 was initially shown to be down-regulated in
both human and rat lungs during PAH (66). However, several groups recently reported
increased miR-21 expression in mouse lung and distal pulmonary arteries during PAH (68-70)
as well as in human plexiform and concentric lesions from PAH patients (71). The
discrepancies between the studies may originate from the method used to induce
pulmonary hypertension (hypoxiat SU5416 vs. monocrotaline), the species used (rat vs.
mouse or human) or the origin of the sample (lung homogenate vs. pulmonary arteries). In
the study by Yang et al., in vivo treatment with miR-21 inhibitor was shown to reduce
pulmonary hypertension (using Fulton Index: [RV/(LV + S)] as a substitute for pulmonary
pressure) and to attenuate hypoxia-induced pulmonary vascular remodeling (68).
Furthermore, a miR-21 mimic enhanced proliferation of PASMCs in vitro, in accordance with
earlier observations in aortic SMCs (40). In accordance with these results, Pullamsetti et al.
demonstrated a significant reduction in right ventricular pressure after treating PAH in mice
with miR-21 antagomir (69). However, Parikh et al. who also report increased levels of miR-
21 in pulmonary vessels during PAH, argue that this up-regulation serves a protective role in
the disease (70). In support of this hypothesis they demonstrate that knockout of miR-21 in
mice results in increased right ventricular pressure and media thickness of pulmonary
arteries compared to wild type mice after exposure to the vascular endothelial growth factor
receptor-2 antagonist SU5416 in combination with chronic hypoxia. Furthermore, miR-21 is
suggested to exert some of its protective effects against PAH by down-regulating RhoB,
which has been recently implicated in the development of PAH (72). Consistent with this
view, mutations in the BMP pathway results in decreased miR-21 expression in PASMC (73)
and dysregulation of the BMP-miR-21-RhoB axis may thus predispose for PAH. To
summarize, most studies show an increased expression of miR-21 in pulmonary arteries
from humans and rodents with PAH while miR-21 levels in the whole lung differ depending
on experimental model. Possibly, reduced levels of miR-21 in healthy rodents can increase

susceptibility to PAH while inhibition of miR-21 during in PAH may alleviate symptoms.

In addition to miR-21 some other miRNAs have been predicted or demonstrated to play a
role in in the pathogenesis of PAH including the miR-17/92 cluster and mir-204 (67, 69, 70,
74, 75). Recently, miR-204 was shown to be reduced in human and rodent PAH (67).
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Interestingly, the down-regulation correlated with the severity of the disease in both human
patients and murine models. Furthermore, restoration of miR-204 levels in mouse PAH by
intratracheal nebulization of miR-204 mimic, reduced pulmonary artery wall thickness and
normalized pulmonary arterial pressure. The miR-204 mimic was shown to directly target the
Src activator SHP2 and down-regulate the pro-proliferative and anti-apoptotic Src—STAT3—

NFAT pathway, which is promoted during PAH.

The miR-17-92 cluster of miRNAs is known to play an important role for endothelial cell
proliferation and angiogenesis (12, 76, 77). Certain members of the miR-17-92 cluster
including miR-17 and miR-20 are promoted by STAT3 transcription factor and down-regulate
BMPR2, suggesting a role in PAH (69, 74, 75). The expression of miR-17 is modestly and
transiently up-regulated in the lungs from mice with hypoxia-induced PAH (69) while miR-20
expression is unchanged (75). However, as indicated previously, the effect on expression
level in the vasculature can be masked by other cell types in the lung homogenate.
Treatment of pulmonary hypertensive mice or rats with a miR-17 antagomir resulted in a
reduction of right ventricular pressure and right heart hypertrophy, and an improvement in
right ventricular function (69). Similar results were obtained in mice treated with miR-20
antimir (75). The mechanism behind the effects of the miR-17 and miR-20 antimirs involves
up-regulation of the cyclin-dependent kinase inhibitor p21 and attenuated smooth muscle
proliferation as well as reduced muscularization of pulmonary arteries. Interestingly, delivery
of mesenchymal stromal cells (MSC), derived from the bone marrow, has been reported to
attenuate experimentally induced PAH in rat and mouse (78, 79). It was recently reported
that the beneficial effect of MSCs may depend on the release of exosomes, which are
microvesicles that are released into the environment by multiple cell types following fusion
of multivesicular bodies with the plasma membrane (80). Furthermore, it was demonstrated
that the effect of MSC exosomes was mediated at least in part through inhibition of STAT3
and subsequent down-regulation of miR-17 and miR-20, and up-regulation of miR-204.
However, identifying the mechanism for STAT3 inhibition by exosomes will require further

investigation.

Despite its crucial role in smooth muscle development and function, only one study has so
far focused on the importance of miR-145 in PAH (81). The expression of miR-143/145 was

shown to be increased in the lungs and pulmonary arteries of mice with hypoxia-induced
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PAH by as well as in human patients with heritable or idiopathic PAH. Interestingly,
increased expression of miR-143/145 was also found in the lungs of mice with BMPR2-
mutation, which exhibit spontaneous PAH, as well as in cultured PASMC from patients with
heritable PAH caused by BMPR2-mutation (81). Since the BMP signaling pathway is known to
induce miR-143/145 expression via the myocardin-related transcription factor (MRTF), it
seems contradictory that loss of BMP receptors also induces the expression of these miRNAs
(82). It is possible that the increased muscularization of pulmonary arteries in BMPR2
mutant mice results in a relative increase of the smooth muscle specific miR-143/145. An
alternative explanation may be a compensatory increase in mediators of TGF-B-induced

signaling, which also promotes miR-143/145 expression (82, 83).

Knockout of miR-143/145 or subcutaneous injection of LNA anti-miR-145 resulted in
significant protection from the development of PAH while anti-miR-143 had no effect (81).
The effect of miR-145 deletion was associated with a reduced hypoxia-induced vascular
remodeling of the pulmonary arteries and may involve inhibition of Wnt/B-catenin signaling
pathway. Several inhibitors of this pathway were up-regulated in miR-143/145 KO mice after
hypoxia (81) and Wnt signaling has recently been suggested to play an important role in
smooth muscle proliferation and pulmonary disease (84). It remains to be addressed if
forced expression of miR-145 promotes PAH. This is an important experiment given the

promise of this strategy for treatment of atherosclerosis.

Besides the miRNAs mentioned previously, some additional miRNAs have recently been
suggested to be involved in the pathogenesis of PAH including miR-206 (85), miR-210 (86)
and miR-328 (87). The role of miR-328 was tested in vivo using transgenic over expression
and miR-328 was shown to have a modest protective effect against hypoxia-induced PAH by
targeting the L-type calcium channel on PASMCs. The effects of miR-206 and miR-210 were
not tested in vivo but they were shown to be down- and up-regulated, respectively, in
hypoxia-induced PAH. Transfection with miR-206 mimic decreased proliferation and
increased apoptosis of PASMCs in vitro (85) while miR-210 inhibitor reduced cell number
mainly by an effect on apoptosis (86). Further studies evaluating the effects of these miRNAs

in vivo are warranted in order to assess their therapeutic potential against PAH.
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In summary, there is a growing list of miRNAs that are involved in the pathogenesis of PAH.
The therapeutic effect of inhibitors or mimics of these miRNAs in animal models is quite

astonishing and holds promise for future pharmacological intervention against this disease.
SMC miRNAs and systemic arterial hypertension

As noted above, systemic arterial hypertension is the most prevalent risk factor for
cardiovascular disease with close to half of all cases of stroke and ischemic heart disease
being directly attributable to high blood pressure (88). It is evident from our previous
discussion that SMC miRNAs play essential roles in blood pressure control. It is however less
clear that they are also good targets for therapeutic intervention to combat chronic systemic
hypertension as such. A good example is the miR-143/145 cluster. Deletion of this cluster
leads to reduction of blood pressure (7, 10), and to a reduction of the hypertensive response
to angiotensin Il (7, 9). Targeted reduction of these miRNAs in vivo by antimirs is therefore
expected to reduce arterial blood pressure or, at least, curtail the blood pressure elevating
effect of angiotensin Il. However, because the mechanism of action in part involves
phenotypic modulation of SMCs, this would likely promote atherosclerosis (c.f. (7, 26)) and
therefore ischemic heart disease. While this could be an acceptable tradeoff in PAH, which is
associated with considerable morbidity, it is unacceptable for treatment of primary arterial
hypertension alone. SMC-specific overexpression of miR-145 does not raise systemic blood
pressure (26), possibly because the effect on SMC differentiation is saturated by endogenous
miR-145 levels in the healthy systemic arteries, but inhibits SMC dedifferentiation in the

plagues as discussed above.

As in the case of atherosclerosis there are several SMC miRNAs that, based on indirect
evidence, qualify as candidate targets for therapeutic intervention in hypertension. MiR-
130a mimic, for example, was shown to affect proliferation of vascular SMCs in vitro and
mir-130a levels were found to correlate with vascular remodeling in vivo (89). We have
chosen not to discuss such examples because decisive in vivo evidence is still lacking. It
should also be kept in mind that systemic arterial blood pressure is the consequence of
heart, kidney, endocrine and endothelial activity. Hence, miRNAs in these organs and tissues

also need to be considered for therapeutic intervention (reviewed by (90)).

Conclusions
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Obstacles in the form of stability, cellular specificity and uptake have to be addressed before
miRNA-based therapies will become established as a strategy to treat vascular disease. For
antimirs, valuable progress has been made, but the technical development of miRNA
mimicry has taken less decisive strides forward (91). Unwanted side effects of antimir
designs on blood clotting, complement activation, innate immunity and liver toxicity need to
be addressed. Another issue of relevance for patient compliance is that the size and charge
of current candidate antimirs preclude oral delivery (91). When these obstacles are
overcome, however, a novel treatment modality can likely be added to the therapeutic
weaponry for combatting atherosclerosis, pulmonary arterial hypertension and aortic

aneurysm formation.
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Figure legends
Figure 1. MicroRNAs are involved in the regulation of smooth muscle phenotype

Summary of highly expressed miRNAs in contractile smooth muscle cells and miRNAs that
are up-regulated during phenotypic modulation of smooth muscle cells into synthetic and

proliferative cells in neointimal formation following vascular injury.
Figure 2. Role of miR-29 in mechanical distension and vascular stiffness

Hypothetical model showing distension-induced repression of miR-29 (1) and de-repression
of extracellular matrix proteins (2,3) resulting in increased tissue stiffness and inhibiting
further distension (4). The depicted feedback regulation could explain down-regulation of
miR-29 in aortic aneurysm expansion and in infarcted heart, both of which are conditions

associated with distension.
Table I. MiRNAs that are highly expressed in portal vein, aorta and detrusor.

MiIRNA analyses were performed in each tissue separately using qPCR based arrays as
described (4). Left column shows microRNAs that are highly expressed in mouse aortic, portal vein
and detrusor smooth muscle cells (SMCs), and that are more than 3-fold down-regulated in SMC-
specific Dicer knockout detrusor. Middle column shows a selection of predicted targets in man (from
a TargetScan 5.2 survey of top 100 predicted targets, irrespective of site conservation, ranked left to
right by total context score) that may influence differentiation or function of SMCs. Bolded targets
have been more extensively examined than others in the context of smooth muscle function.
Italicized genes are targeted by multiple SMC miRNAs. Confirmed targets of relevance for SMC
differentiation and function are given in the right column and discussed in the text. The confirmed
targets were selected by a Pubmed search using the individual miRNA and smooth muscle as

keywords.
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SMC Selected predicted targets (official Selected experimentally
miR(s) human gene symbols are given) validated targets in smooth
muscle
let-7acdef-5p | HMGA2, YOD1, ADRB3, DIAPH2, ACVRIC, IGF1R, KRAS (93)

TGFBR1, LIN28, ADRB2, MAPK6, MAP3K1, COL3A1,

COL1A2
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LPPR4, FRS2
miR-16/195a- | AFAP1L1, ATP7A, ACTR2, PAPPA, PRKAR2A, ASH1L, CDC42, CCND1 (44),
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RECK, VCL, NEDD4, ITGA4, PGR, FRS2, SMAD7 MPRIP, PRKG1, CFL2 (99), TPM1 (100), SP1
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ITGB8
miR-24-3p ILL5RA, PTHLH, NTSR1, HSPB7, NDST1, CDKN1B, TRIB3 (103)
FASLG, HOXC11, ACVRIC, AHSG, PDE1A, KCNE1,
GSTT1, ADIPOR2, TMEM173, MKL2, DIAPH1
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