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Local Delivery of miR-21 Stabilizes Fibrous
Caps in Vulnerable Atherosclerotic Lesions
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miRNAs are potential regulators of carotid artery stenosis
and concordant vulnerable atherosclerotic plaques. Hence, we
analyzed miRNA expression in laser captured micro-dissected
fibrous caps of either ruptured or stable plaques (n = 10
each), discovering that miR-21 was significantly downregulated
in unstable lesions. To functionally evaluate miR-21 in plaque
vulnerability, miR-21 and miR-21/apolipoprotein-E double-
deficient mice (Apoe�/�miR-21�/�) were assessed. miR-21�/�

mice lacked sufficient smooth muscle cell proliferation
in response to carotid ligation injury. When exposing
Apoe�/�miR-21�/� mice to an inducible plaque rupture
model, they presented with more atherothrombotic events
(93%) compared with miR-21+/+Apoe�/� mice (57%). We
discovered that smooth muscle cell fate in experimentally
induced advanced lesions is steered via a REST-miR-21-REST
feedback signaling pathway. Furthermore, Apoe�/�miR-21�/�

mice presented with more pronounced atherosclerotic lesions,
greater foam cell formation, and substantially higher levels of
arterial macrophage infiltration. Local delivery of a miR-21
mimic using ultrasound-targeted microbubbles into carotid
plaques rescued the vulnerable plaque rupture phenotype.
In the present study, we identify miR-21 as a key modulator
of pathologic processes in advanced atherosclerosis. Targeted,
lesion site-specific overexpression of miR-21 can stabilize
vulnerable plaques.

INTRODUCTION
Although tremendous efforts have been put into prevention and treat-
ment of atherosclerosis and its related diseases, plaque rupture
followed by myocardial infarction or ischemic stroke remains the
major cause of mortality and morbidity in our aging society world-
wide.1,2 In the clinical setting, the identification and efforts aiming at
the stabilization of unstable advanced atherosclerotic lesions in the
carotid artery prone to rupture and inducing an ischemic stroke are
of utmost importance.3 Vulnerable plaques are considered as lesions
with thinned-out fibrous caps, due to a limited amount of viable
smooth muscle cells (SMCs), overlaying a lipid-rich necrotic core,
containing inflammatory infiltrates and macrophages. Intra-plaque
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hemorrhages, neo-angiogenesis, and an obstructed lumen with a
visible adhering thrombus complete the features of an unstable,
ruptured plaque.4–6 Currently the most effective treatment option
for rupture-prone and essentially ruptured plaques in the carotid
artery remains endarterectomy of the lesion through an open
surgical approach.7 As advanced imaging technology of vulnerable
plaques has brought us closer to detecting rupture-prone lesions
before an actual clinical event occurs,3,8,9 treatment strategies tar-
geted at “plaque sealing” appear generally interesting and potentially
promising.

In recent years, microRNAs (miRNAs; short RNAs consisting of
18–25 nucleotides) have received much attention in their role as
crucial mediators of disease exacerbation, as both biomarkers and
potential therapeutic targets. miRNAs inhibit gene expression via
direct and complementary binding to the 30UTR site of mRNAs,
causing translational repression and/or degradation.10 Previous
studies from our research group have revealed a key role for
miR-21 as a regulator of SMC dynamics, including apoptosis
and proliferation in experimental models of aortic aneurysms
and restenosis.11,12 miR-21 is generally known for its considerably
high expression values and regulatory role in the cardiovascular
system.13

The aim of the present study was to investigate miRNAs with impor-
tance to fibrous cap stability in advanced atherosclerotic lesions, both
in human carotid artery endarterectomy specimens and in experi-
mental murine models of vascular remodeling and inducible plaque
rupture. We identified miR-21 as a potential therapeutic target to sta-
bilize experimentally induced plaques through enhancement of SMC
Society of Gene and Cell Therapy.
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Figure 1. Decreased miR-21 Expression Is

Associated with Atherosclerotic Fibrous Cap

Instability and Rupture

(A) Staining for laser captured fibrous caps of ten ruptured

versus ten stable human carotid atherosclerotic pla-

ques. FC, fibrous cap; L, lumen; NC, necrotic core;

T, thrombus. (B) qRT-PCR analysis shows significant

miR-21 downregulation in ruptured versus stable plaques

(mean + SEM). Groups were compared using Student’s

t test. (C) In situ hybridization (ISH) of human carotid

arteries indicate that miR-21 is expressed in the intima-

media, as well as fibrous cap structures of stable plaques,

whereas it appears reduced in ruptured lesions. *p < 0.05

versus stable. Bar, 100 mm.
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proliferation rates and inhibition of macrophage activity. We applied
delivery tools to locally enhance uptake of miR-21 in carotid lesions,
allowing us to enhance a distinctive uptake, while limiting off-target
effects in other organ systems.

RESULTS
Reduced miR-21 Levels in Carotid Atherosclerotic Plaque

Fibrous Caps in Symptomatic Patients

To specifically detect miRNAs with implications for acute plaque
rupture events, we performed micro-dissection laser capture on sam-
ples of advanced carotid artery disease from the Munich Vascular
Biobank (Figure 1A). Patient samples were matched for age, gender,
and risk profile. Two groups were compared: ten plaques with histo-
morphologically detected features of a ruptured plaque from symp-
Mo
tomatic patients (stroke or transient ischemic
attack [TIA] within the past >14 days) versus
ten specimens of stable lesions from asymp-
tomatic patients (high-grade stenosis; Fig-
ure 1A). Plaques were classified as ruptured
or stable according to the American Heart
Association (AHA) classification after Stary
et al.14 and based on fibrous cap thickness
(<200 or >200 mm) as proposed by Redgrave
et al.15 Apart from miR-210, which we have
previously reported as being significantly
downregulated in locally drawn plasma from
advanced lesions, and affecting plaque vulnera-
bility via the tumor suppressor gene adenoma-
tous polyposis coli (Apc) and the canonical
Wnt pathway,16 miR-21 was identified as the
only other miRNA that is significantly deregu-
lated (repressed) in fibrous caps from ruptured
versus stable lesions (Figure 1B). Reduced miR-
21 levels in ruptured human plaque specimens
were further confirmed using in situ hybridiza-
tion for miR-21 (Figure 1C). On the basis of
in situ hybridization and immunohistochem-
ical analysis for smooth muscle cell a-actin
(SMA), miR-21 seemed to be predominantly
expressed in SMCs of the intima-media as well as in the fibrous
cap of advanced lesions (Figure S1).

miR-21 Depletion Suppresses Neointima Formation and

Enhances Plaque Instability

miR-21�/�mice on a C57BL/6 background underwent the well-estab-
lished complete ligation model in the common carotid artery for
4 weeks, enabling us to study the effect of miR-21 depletion during
vascular (inward) remodeling and development of myointimal hyper-
plasia. miR-21�/� mice displayed a dramatic decrease in neointima
formation and overall SMC content compared with wild-type (WT)
littermate controls (n = 5 per group; Figure 2A). To further func-
tionally evaluate the contribution of miR-21 to actual plaque vulner-
ability, we generated Apoe�/�miR-21�/� mice, again on a C57BL/6
lecular Therapy Vol. 26 No 4 April 2018 1041
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Figure 2. miR-21 Deficiency Suppresses Neointima Formation and Fibrous Cap Stability in Mouse Models of Advanced Atherosclerosis

(A) Histologic images stained with H&E and smooth muscle cell a-actin (SMA) of the right common carotid artery (300 mm from the site of complete ligation). (B) Descriptive

cartoon of the mouse carotid plaque rupture model. Male Apoe-deficient mice, 12 weeks of age, receive an incomplete carotid artery ligation directly below the bifurcation.

Within 4 weeks, a plaque forms proximal to the ligation. Placement of a cast with a conically shaped internal lumen results in plaque rupture in about 50%–60% of Apoe�/�

mice. (C) ISH of right carotid arteries from Apoe-deficient mice shows significantly decreased miR-21 expression in ruptured versus stable plaques. (D) Histologic images

stained with H&E, a-SMA, and cross-linked fibrin of stable and ruptured carotid plaques in Apoe�/�miR-21+/+ and Apoe�/�miR-21�/� mice. FC, fibrous cap; L, lumen; NC,

necrotic core; T, thrombus. (E) Apoe�/�miR-21�/� mice (n = 15) display significantly higher plaque rupture rates compared with Apoe�/�miR-21+/+ mice (n = 14) (p = 0.02).

Data were analyzed using chi-square or Fisher’s exact test. *p < 0.05 versus Apoe�/�miR-21+/+. Bar, 100 mm.
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Figure 3. miR-21 Deficiency Limits SMC Proliferation While Enhancing Apoptosis

(A) Substantially suppressed proliferation of cultured primary aortic SMCs from Apoe�/�miR-21�/� mice compared with cells from Apoe�/�miR-21+/+ littermate controls

(n = 3 per group). Proliferation is indicated as percentage of confluence and plotted as fold increase (percentage confluence at specific time divided by percentage confluence

at time point 0). (B) Enhanced apoptosis of primary aortic SMCs from Apoe�/�miR-21�/� mice. (C) miR-21 mimic treatment stimulates human carotid SMC proliferation

significantly. (D) miR-21 mimic significantly inhibits HCtASMC apoptosis. (E) Ki-67 immunofluorescence staining confirms decreased proliferation in the carotid plaque of

Apoe�/�miR-21�/� mice. L, lumen; NC, necrotic core. (F) Increased SMC apoptosis assessed in the carotid plaque of Apoe�/�miR-21�/� mice by using the TUNEL assay.

*p < 0.05 versus Apoe�/�miR-21+/+ or SCR. Mean ± SEM. Bar, 100 mm. For (A)–(D), data were obtained from two experiments run in duplicates. For (E) and (F), data were

obtained from two experiments run in triplicate. Data presented in (A)–(D) were analyzed using two-way repeated-measures ANOVA.
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background. Mice were exposed to the previously described inducible
plaque rupture model (Eken et al.16), using incomplete ligation of the
common carotid artery with consecutive cuff placement proximal to
the ligated region (Figure 2B). Consistent with human plaques, miR-
21 expression was generally reduced in ruptured versus stable plaques
of Apoe�/� mice (Figure 2C). More important, Apoe�/�miR-21�/�

mice presented with substantially increased rupture rates and
detected atherothrombotic events (n = 15 [93%]) compared with
Apoe�/�miR-21+/+ littermate controls (n = 14 [57%]), which was
confirmed on the basis of histology (H&E), SMA-positive cells, and
fibrin staining of the adhering thrombus upon plaque rupture (Fig-
ures 2D and 2E). Furthermore, we were able to detect decreased pro-
liferation (on the basis of Ki-67-positive immunofluorescent cells)
and an increase in apoptotic signaling (indicated through TUNEL
assay staining), mainly in fibrous cap structures of Apoe�/�miR-
21�/� mice versus littermate miR-21 non-depleted control animals
(Figures 3E and 3F).

miR-21 Deficiency Leads to an Imbalance of SMC Proliferation

and Apoptosis

To directly observe the effect of miR-21 modulation on prolifera-
tion and apoptosis of SMCs, we isolated primary aortic SMCs from
Molecular Therapy Vol. 26 No 4 April 2018 1043
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Figure 4. REST-miR-21 Feedback Loop Regulates SMC Fate

(A) Mouse transcriptome array (MTA) profiling data shows significant upregulation of REST in advanced carotid artery plaques compared with uninjured control arteries; FDR

p value is expressed as binary logarithm. (B) REST mRNA expression is significantly upregulated in advanced lesion material compared with control carotid artery.

(C) Increased REST protein levels in ruptured carotid plaques of male Apoe-deficient mice assessed with REST IHC staining. L, lumen; NC, necrotic core. (D) REST IHC

staining indicates higher REST levels in the carotid artery and plaques ofApoe�/�miR-21�/�mice. (E) REST overexpression with plasmid transfection suppresses proliferation

(legend continued on next page)
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age-matched 6-week-old Apoe�/�miR-21+/+ and Apoe�/�miR-21�/�

littermate mice. Consistent with the striking increase in plaque
rupture, limited proliferation, and enhanced death signaling in vivo,
arterial SMCs from miR-21-depleted mice presented with halted
cellular proliferation and accelerated apoptosis compared with cells
from miR-21 WT controls (Figures 3A and 3B; Movies S1 and S2).
In cultured human carotid artery SMCs, miR-21 induction was able
to suppress apoptosis, while miR-21 inhibition prompted phospha-
tase and tensin homolog (PTEN) and programmed cell death 4
(PDCD4) upregulation without further triggering the apoptotic in-
tensity (Figures 3C and 3D). PTEN and PDCD4 are two well-known
miR-21 targets, exerting cell survival functions upon miR-21 deregu-
lation.11 Efficiency of miR-21 modulation (inhibition and mimicry)
was assessed in cultured human carotid artery SMCs (Figure S3A).

REST-miR-21 Feedback Loop Regulates SMC Fate

To investigate potential in vivo upstream and downstream regulators
of miR-21, we performed a mouse transcriptomic array (MTA;
complete dataset uploaded to Gene Expression Omnibus [GEO])
on samples from our inducible plaque rupture model. In comparison
with contralateral, sham-operated controls, we discovered the RE1-
silencing transcription factor (REST) as the most upregulated gene
in unstable plaque tissue specimen (Figures 4A and 4B). In order to
determine if REST could possibly be regulating miR-21, we analyzed
possible miR-21/REST interactions by using the Ensembl Regulatory
Elements (ENSR) in silico tool.17,18 According to ENSR, the transcrip-
tion factor REST is 1 of 223 genes with a predicted binding site in the
promoter region of the miR-21 gene (primary-miR-21). Furthermore,
among those genes, REST was the most significantly deregulated
(induced) transcription factor in response to experimental plaque
rupture (Figure 4B; complete list of all transcription factors with
fold change and false discovery rate [FDR]-corrected p value in
Table S1). Immunohistochemical analysis confirmed the upregula-
tion of REST in ruptured atherosclerotic mouse plaques (Figure 4C).
In addition, REST was dramatically upregulated in the Apoe�/�miR-
21-deficient mice in comparison with Apoe-deficient but miR-21-
sufficient mice (Figure 4D). Therefore, we further investigated the
possible interaction between miR-21 and REST.

In cultured human carotid artery SMCs, vector-based overexpression
of REST was able to suppress proliferation while substantially stimu-
lating the rate of apoptosis (Figure 4E). Consistent with previous re-
ports that REST offers two binding sites in the miR-21 gene promoter
region,19,20 we observed inhibitory effects of induced REST on miR-
21 expression (Figure 4F). In addition to previous findings, were we
in cultured HCtASMCs, while stimulating their apoptosis. REST knockdown using siRNA

reduction, while REST inhibition increases miR-21 levels in cultured human carotid ar

carotid artery SMCs reversely regulates REST mRNA expression (n = 3 per group; the

21-5p binding site in the REST 30UTR. (I) Luciferase reporter assay indicates REST as a

expression levels in human carotid artery SMCs compared with control. Treatment with

in ruptured versus stable atherosclerotic plaques from human patients with carotid ar

levels in ruptured versus stable human carotid artery plaques. *p < 0.05 versus NC or S

repeated-measures ANOVA; all other data were compared using Student’s t test.
able to discover that miR-21 in turn can negatively regulate REST
levels in human carotid artery SMCs (Figure 4G). miR-21 has a bind-
ing site in the 30UTR of REST with a predicted binding free energy
of �12.9 kcal/mol (Figure 4H). We performed a luciferase reporter
assay to confirm miR-21 direct targeting of REST mRNA (Figure 4I).
To test potential inducers of this REST-miR-21 axis, we stimulated
SMCs with oxidized low-density lipoprotein (oxLDL) as well as
tumor necrosis factor-a (TNFa). Interestingly, TNFa, but not oxLDL,
increased REST expression in human SMCs (Figure 4J).

Finally, we were able to indicate that REST is, corresponding to lower
levels of miR-21, more highly expressed in ruptured versus stable
fibrous caps derived from human advanced atherosclerotic lesions
on themRNA level (Figure 4K) as well as the protein level (Figure 4L).

miR-21 Regulates Proliferation and Apoptosis in SMCs via the

PTEN/AKT/ERK Signaling Pathway

Previous studies by others21 and ourselves11,12 have indicated that
miR-21 induction can decrease expression of the PTEN tumor
suppressor, leading to increased phosphorylation and activation of
AKT, a master regulator of a pro-proliferative and anti-apoptotic
phenotype in the vascular system. In the present study, we confirmed
that miR-21 mimic treatment decreased PTEN levels in human
carotid SMCs (Figures 5A–5D). Consistently, Apoe�/�miR-21�/�

mice exhibited significantly increased levels of PTEN and decreased
phosphorylated AKT and ERK1/2 in aortic tissue specimen compared
with littermate Apoe�/�miR-21+/+ controls (Figure 5E). In addi-
tion, Apoe�/�miR-21�/� mice displayed higher PTEN expression
in thinned fibrous caps of advanced atherosclerotic carotid artery
plaques (Figure 5F).

miR-21 Deficiency Promotes Oxidized LDL Uptake in Peritoneal

Macrophages via Activation of NF-kB Nuclear Translocation

Although no difference of plasma total cholesterol and triglyceride
levels could be detected (Figure S2), Apoe�/�miR-21�/� mice pre-
sented with an increase in lesion area in the aortic root and arch
when reaching 16 weeks of age compared with significantly smaller
lesions of Apoe�/�miR-21+/+ littermate controls fed a regular chow
diet (Figures 6A–6C). The fact that the Apoe�/�miR-21+/+mice
have very little lesion formation is consistent with previous
studies, reporting foam cell formation (and not advanced lesions)
in 15-week-old male Apoe�/� mice.22 When staining for the
macrophage marker Mac-2, we discovered enhanced accumulation
of Mac-2-positive cells in plaques of Apoe�/�miR-21�/� mice (Fig-
ure 6D). Thus, we evaluated the ability of peritoneal macrophages
increases cell proliferation significantly. (F) Overexpression of REST leads to miR-21

tery SMCs. (G) miR-21 modulation using mimics and anti-miRs in cultured human

transfection experiments were repeated twice for E–G). (H) Predicted human-miR-

direct target of mi-21-5p upon miR-21 mimic stimulation. (J) TNF-a increases REST

oxLDL has no significant effect. (K) REST mRNA expression significantly increased

tery disease. (L) Immunohistochemical-based staining for REST indicates elevated

CR or stable. Mean ± SEM. Bar, 100 mm. Data in (E) were analyzed using two-way
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Figure 5. miR-21 Targets PTEN/AKT/ERK Signaling

in SMCs

(A) Human-miR-21-5p non-canonical binding site in

the PTEN 30UTR. (B–D) Significant PTEN mRNA (B) and

protein reduction (C and D) after miR-21 mimic versus

scramble treatment in human carotid artery SMCs.

(E) Western immunoblotting confirms significantly

increased levels of PTEN and decreased phosphor-

ylated AKT and ERK1/2 in aortic tissue specimen of

Apoe�/�miR-21�/� mice compared with those from their

Apoe�/� miR-21+/+ littermate controls (n = 3 per group).

(F) Apoe�/�miR-21�/� mice display higher PTEN

expression in fibrous caps of advanced atherosclerotic

plaques and carotid arteries upon PTEN immunofluo-

rescent staining. FC, fibrous cap; L, lumen; T, thrombus.

*p < 0.05 versus SCR. Mean ± SEM. Bar, 100 mm.

Groups were compared using Student’s t test.
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from both mouse strains to transform into foam cells by studying
their behavior upon oxidized LDL (oxLDL) stimulation. Using fluo-
rescently labeled oxLDL particles, we detected an increase in oxLDL
uptake of macrophages derived from Apoe�/�miR-21�/�mice, which
could be attenuated by using pretreatment with an NF-kB trans-
location inhibitor (Figures 6E and 6F; Movie S1B). Consistently,
we observed an enhanced NF-kB nuclear translocation in
Apoe�/�miR-21�/� macrophages, which could be rescued by
NF-kB translocation inhibitor pretreatment (Figure S4), indicating
and confirming23 that miR-21 regulates NF-kB activity and thus is
affecting foam cell formation and lipid core development during
atherogenesis (Figures 6G and 6H). Moreover, were we able to detect
1046 Molecular Therapy Vol. 26 No 4 April 2018
that supernatant, derived from cultured macro-
phages of Apoe�/�miR-21�/�mice, were able to
suppress the proliferation of mouse aortic
SMCs, with or without oxLDL stimulation
(Figure 6I).

Locally Enhanced Delivery of miR-21

Mimics Prevent Advanced Mouse Plaques

from Rupture

With the aim of testing optimized tools of
locally delivering miRNA modulators, we
decided to use ultrasound-targeted microbub-
ble destruction (UTMD) to distribute miR-21
mimics into advanced lesions prone to rupture
(Figure 7A). First, we confirmed efficient
local absorption of Fas-red-labeled miRNA
scrambled control oligonucleotides into right
injured common carotid arteries after per-
forming the inducible plaque rupture model.
The contralateral left side served as an internal
control without ultrasound stimulation (Fig-
ure 7B). Next, we tested enhanced local
miR-21 mimic delivery in Apoe�/�miR-21+/+

and Apoe�/�miR-21�/� mice. In both groups,

miR-21 mimicry rescued the plaque phenotype, displaying fewer
signs of ruptured lesions, mainly through enhanced SMC prolifera-
tion and consequentially thicker fibrous cap structures, as indicated
by the number of SMA-positive cells. A sufficient increase of miR-21
levels, as well as reduction of PTEN and REST as its target genes,
could be detected in the targeted carotid artery (Figures 7C–7E,
S3B, and S5), while hepatic and brain miR-21 expression remained
unchanged compared with scrambled control miRNAs when
applying the UTMD method (Figures 7F and S3C). Systemic forms
of injection without ultrasonographically induced microbubble
burst led to increased miR-21 levels in the liver compared with
the scrambled miRNA control group (Figure 7F).
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Figure 6. miR-21 Deficiency Activates NF-kB Nuclear Translocation and Enhances OxLDL Uptake in Mouse Peritoneal Macrophages

(A and B) Atherosclerotic lesions were assessed by staining with Sudan IV (A) and expressed as percentage surface area for the entire aorta as well as individual segments (B).

Data are given as mean ± SEM (n = 5; *p = 0.03 versus the Apoe�/�miR-21+/+ mice). (C) Substantially larger atherosclerotic lesions could be detected in aortic roots of

Apoe�/�miR-21�/�mice assessed with oil red O staining. (D) Increased macrophage deposition and activity (Mac-2-positive cells) in carotid artery atherosclerotic plaques of

Apoe�/�miR-21�/� mice. (E) Greatly enhanced FITC-conjugated oxLDL (green) uptake of peritoneal macrophages (Alexa Fluor 647 labeled red) of Apoe�/�miR-21�/� mice

(n = 7), compared with Apoe�/�miR-21+/+-derived macrophages (n = 8), which could be effectively blocked via pretreatment with a NF-kB translocation inhibitor (indicated

with arrows; Apoe�/�miR-21�/�, n = 5; Apoe�/�miR-21+/+, n = 3) being assessed kinetically with live-cell imaging (F). (G) Fluorescent staining with anti NF-kB p65, to

(legend continued on next page)
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DISCUSSION
miR-21 has previously been indicated as an important mediator in
cardiovascular diseases, such as cardiac fibrosis and heart failure,24,25

abdominal aortic aneurysm development and expansion,11 and
atherogenesis.26–28 A very recent report by Canfrán-Duque et al.29

has further elucidated that the absence of miR-21 in macrophages
results in an accelerated progression of atherosclerosis, intra-plaque
necrosis, and overall vascular inflammation. The authors described
an intriguing mechanism that involves upregulation of the miR-21
target MKK3, which triggers p38-CHOP and JNK signaling. Limited
macrophage survival in their setting accelerated macrophage death,
while inducing the post-transcriptional degradation of the cholesterol
transporter gene ABCG1.

In addition to the study by Canfrán-Duque et al.,29 our present study
expands upon their observations by showing the relevance of miR-21
in fibrous caps of human advanced lesions, in which apart from its
role in macrophages, we were able to unravel a second important
mechanism through which miR-21 augmentation destabilizes athero-
sclerotic plaques. Depletion of miR-21 limited SMC proliferation
rates and enhanced apoptosis, leading to impaired vascular remodel-
ing upon ligation injury and fibrous cap thinning in our inducible
plaque rupture model. Our observations in vivo were further
confirmed in vitro by using dynamic live-cell imaging of human
and mouse arterial SMCs.

Mechanistically, we identified a novel upstream repressor of miR-21
expression in vascular disease, which interestingly gets tempered itself
via a feedback loop by being a direct target of miR-21. The transcrip-
tion factor REST, previously also known as neuron-restrictive silencer
factor (NRSF), a reported upstream repressor of miR-21 during
neuronal development,20,30,31 increased in both human unstable
atherosclerotic lesions and upon inducing plaque rupture experimen-
tally in mice. Previous reports on REST have identified this gene as a
transcriptional repressor of neuronal genes in non-neuronal tissues.20

The protein is furthermore found in undifferentiated neuronal cells,
in which REST is thought to act as a master negative regulator of neu-
rogenesis.30 Its contribution to vascular disease development and
SMC dynamics was previously unknown. Here, REST exerts an inhib-
itory role on proliferating SMCs, while enhancing their apoptosis.
Similar feedback mechanisms such as miR-21:REST are not new
for miRNAs and have been described in stress signaling and human
disease early on.32

TNF-a, a well-established regulator of inflammation and aggravation
of atherosclerosis, can stimulate REST expression,33 which limits
miR-21 levels downstream. miR-21 itself regulates SMC fate decisions
determine localization (nuclear) in macrophages with or without oxLDL stimulation.

Apoe�/�miR-21�/� mice macrophages before oxLDL stimulation, which becomes furt

toneal macrophages in triplicates derived from Apoe�/�miR-21�/� mice (pooled supe

proliferation rates compared with those originating from Apoe�/�miR-21+/+ mice (pooled

*p < 0.05 versus oxLDL, #p < 0.05 versus Apoe�/�miR-21+/+, &p < 0.05 versus Apoe�/

using two-way repeated-measures ANOVA; all other data were compared using Stude
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through the PTEN/AKT/ERK signaling pathways. Targeting PTEN,
among other apoptosis-mediating genes, such as PDCD4 and
BCL-2, has already been validated for miR-21.34–36

Apart from miR-21’s contribution to fibrous cap stability by regu-
lating SMC survival and rupture-limiting proliferation, we observed
accelerated lesion formation and progression, presumably unrelated
to SMC dynamics. Apoe�/�miR-21�/� mice displayed enlarged pla-
ques in the aortic root and arch, already at age 16 weeks on a regular
chow diet. This finding is consistent with those of previous studies
focusing on the role of macrophages in Ldlr�/�miR-21�/�

and miR-21-depleted mice.26,29 Those studies revealed a pro-athero-
sclerotic and pro-inflammatory mechanism through which loss of
miR-21 drastically aggravates the critical advancement of atheroscle-
rosis and unstable lesions.

In addition to previous studies, we were able to discover ex vivo that
peritoneal macrophages from double-knockout mice represent a
significantly enhanced uptake of oxLDL particles. The increase in up-
take triggers the formation of foam cells and lipid accumulation
within lesions, leading to an acceleration of inflammatory signaling
to neighboring cells. Indeed, we were able to see that SMCs being
treated with the supernatant of Apoe�/�miR-21�/� macrophages
display substantially limited proliferation rates. This intercellular
crosstalk likely plays a very important role in limiting fibrous cap sta-
bility and negatively affects plaque progression. In addition to the
aforementioned study by Canfrán-Duque et al.,29 we evaluated the
regulatory role of miR-21 in, and through, the NF-kB signaling
pathway.37,38 One report described the direct contribution of
NF-kB translocation in human aortic endothelial cells.39 In our study,
an enhancement in NF-kB p65 nuclear translocation was detected
in macrophages of Apoe�/�miR-21�/� mice, even before oxLDL
stimulation was performed. This indicates a more inflammatory state
for macrophages in miR-21-deficient mice. Consistently, pretreat-
ment with a NF-kB translocation inhibitor significantly reversed
the augmented oxLDL uptake from macrophages being derived
from Apoe�/�miR-21�/� mice.

miRNA-based therapeutics are at the doorstep of entering the clinic,
providing an exciting new arsenal of powerful targets to tackle the
burden of various diseases.40 It remains more challenging to overex-
press a miRNA to induce gain of function using mimics than to
inhibit them with antisense oligonucleotides in their various formu-
lations.41 Several preclinical and clinical studies have shown unprec-
edented disease-limiting effects of miRNA inhibitors, also known
as anti-miRs, including studies from the field of atherosclerosis and
cardiovascular disease.42
(H) Quantification indicates increased levels of NF-kB nuclear translocation of

her enhanced upon stimulation with oxLDL (n = 4). (I) Supernatant of cultured peri-

rnatant from two mice) display suppressing effects on primary mouse aortic SMC

supernatant from two mice) and live-cell imaging experiments were repeated twice.
�miR-21�/�. Mean ± SEM. Bar, 100 mm. Data presented in (F) and (I) were analyzed

nt’s t test.
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Figure 7. Local miR-21 Induction Enhances Atherosclerotic Fibrous Cap Stability without Off-Target Effects

(A) Descriptive cartoon on how to apply in vivo ultrasound-targeted microbubble destruction (UTMD)-induced local delivery of miRNA mimic or scramble control

oligonucleotides at 1 MHz. The transducer is placed on the right carotid artery for 15 min, allowing the miR-21 mimic or scrambled control to be released upon microbubble

burst into vascular tissue. (B) Fluorescent microscopy and immunohistochemical analysis of cryo-sections of mouse carotid arteries indicating uptake of the scrambled-

controls (red) into media and plaque tissue and elastin fibers (green). Images are representative images for several experimental mice per group (n = 6). MB, microbubble;

US, ultrasound. (C and D) ISH of carotid plaques show enhanced miR-21 deposition in plaques being treated with miR-21 mimic in both Apoe�/�miR-21+/+(C) and

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 26 No 4 April 2018 1049

http://www.moleculartherapy.org


Figure 8. Proposed Mechanism of Action for miR-21 in Advanced

Atherosclerosis

miR-21 regulates SMC proliferation and apoptosis, as well as foam cell formation

upon induction through the transcription factor REST. miR-21 signals downstream

through the PTEN/AKT/ERK signaling cascade, mainly in SMCs, while macrophage

activity is dependent on miR-21 NF-kB crosstalk. Activated macrophages can limit

the proliferation rate of SMCs. Taken together the described mechanisms lead to

advanced atherosclerotic lesions with thinned fibrous caps and vulnerable plaques.
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One limitation in particular for the cardiovascular field is reported
off-target effects in organ systems, in which systemically injected
miRNAmodulators accumulate to a much higher extent than the tar-
geted heart or vessel wall.43 In our case, increased levels of miR-21 are
well known to induce cardiac25 and renal fibrosis.44,45 Furthermore,
miR-21 has been recognized to exert oncogene-like functionality,
and systemic stimulation of its expression appears unattractive for
translational purposes, as tumor progression might get triggered in
organs in which miR-21 has been reported for being engaged in can-
cer development, such as in the lung, liver, kidney, and pancreas.46–49

We have previously successfully used drug-eluting stents to locally
deliver an anti-miR targeting miR-21 to limit the development
Apoe�/�miR-21�/�(D) groups upon local delivery of microbubble-carrying miR-21 mim

induces a significant reduction of the plaque rupture rate compared with scrambled-

(F) Compared with systemic intraperitoneal (IP) injection of miR-21 mimics, no significant

versus scrambled-control injected mice can be detected. Groups were compared usin
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of in-stent restenosis.12 In the present study, we attempted ultra-
sound-guided microbubble burst to avoid undesired off-target effects
of miRNA modulation.

Nanoparticles as scavengers for delivery of therapeutic agents, in
particular nucleic acids, have drawn great attention in recent years,
for both imaging purposes and therapeutic applications.50 UTMD
has proved to be an effective delivery method for miRNA mimics,
as well as other gene-targeting strategies in experimental in vivo
studies.51–54 Our present results indicate successful use of UTMD-
enhanced delivery of miR-21 mimics into the carotid artery to rescue
vulnerable plaques, while not exerting off-target effects in the liver,
the prototypical organ in which antisense oligonucleotides are known
to assimilate. Future studies should test if the delivery strategy of
UTMD-enhanced miR-21 modulation could be applied not only in
carotid arteries but also in the coronary system, as well as other
advanced atherosclerotic lesion sites prone to rupture.

In conclusion, our present study expands the role of miR-21 in the
cardiovascular system to a key function in regulating fibrous cap
stability of advanced atherosclerotic lesions via inducing proliferation
rates and blocking apoptosis of SMCs in human and mouse carotid
arteries (Figure 8). Local rescue of miR-21 expression in vulnerable
plaques may become a promising future therapeutic approach with
relevance for clinical applications.

MATERIALS AND METHODS
Laser Capture Micro-dissection of Advanced Atherosclerotic

Carotid Artery Plaques

Atherosclerotic lesions, stable and ruptured (vulnerable), were
paraffin-embedded, sectioned, and stained with H&E on RNase-
free glass slides, using a standardized protocol briefly described below.
Sections were pre-treated with UV light at 254 nm for 30 min to over-
come the hydrophobic nature of the membranes and to enhance
adhesion of the paraffin-embedded sections. Between five and ten
consecutive slides per individual patient were micro-dissected and
then pooled for miRNA expression analysis. In preparation for laser
pressure catapulting, sections were first de-paraffinized with xylene
(2 � 2 min) and decreasing ethanol concentrations (100%, 96%,
and 70% each for 1 min). Sections were then rinsed in RNase-free
water and stained for 10 min with Mayer’s hematoxylin (Sigma-
Aldrich), again rinsed for 3 min in RNase-free water, and then
consecutively stained for 3 min with eosin (Sigma-Aldrich). Finally,
samples were dehydrated with increasing ethanol concentrations,
before briefly being air-dried at room temperature. After microdissec-
tion and catapulting, the fibrous cap sample (for an example, see Fig-
ure 1A) was collected into AdhesiveCaps (Zeiss), and 350 mL of RLT
buffer (QIAGEN) was added and mixed by inversion after closure.
ic versus scrambled controls after ultrasound stimulation. (E) miR-21 local delivery

control treated mice. Data were analyzed using chi-square or Fisher’s exact test.

increase of miR-21 levels in hepatic tissue from mice upon local delivery with UTMD

g Student’s t test. Data are given as mean ± SEM. Bar, 50 mm.
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The lysate was centrifuged for 5 min at 13,000 rpm and stored
at �80�C. RNA extraction from catapulted, micro-dissected samples
was performed using the RNeasy Micro Kit (QIAGEN) following
the manufacturer’s protocol. RNA was quantified by Nanodrop
(Agilent Technologies) and RNA quality verified using an Agilent
2100 Bioanalyzer (Agilent Technologies). Samples required 260/280
ratios > 1.8 and sample RNA integrity numbers > 7 for inclusion.
The Taqman High Capacity cDNA Transcription Kit (Thermo Fisher
Scientific) was used for cDNA synthesis, and primer assays for
miRNAs and 18S (endogenous control; both from Thermo Fisher
Scientific) were used to detect changes in expression levels.

In Situ Hybridization

In situ hybridization (ISH) of miR-21 was performed according to
manufacturer’s protocol “miRCURY LNATM miRNA ISH Oprim-
ization Kit” (Exiqon, instruction manual version 3.0, January 2016)
with modification for fresh frozen sections (Exiqon, supplementary
guidelines version 1.1) as described previously.11 The sequence
of the LNA miR-21 detection probe was /SDigNfrCAACATCAGT
CTGA T AAGCTN3Dig_N/. The LNA control scrambled (SCR)-
miR sequence was /5DigN/GTGT AACACGTCTATACGCCCA/
3Dig_N/.

In Vitro Cell Culture and miRNA Modulation

Human carotid artery SMCs (HCtASMCs; Cell Applications) of pas-
sage 5–8 were seeded at 100,000 cells/well (in a 6-well plate) or 5,000
cells/well (in a 96-well plate); after cells reached 70%–80% confluence,
growth medium was replaced with Opti-MEM (GIBCO, Thermo
Fisher Scientific) serum-free medium supplemented with 0.4% fetal
bovine serum (FBS; GIBCO). Anti-miR-21, pre-miR-21, miR-21
mimic, and mismatch (scrambled) control oligonucleotides (GIBCO,
Thermo Fisher Scientific) were diluted in Opti-MEM and applied at
50 nM using Lipofectamine RNAiMAX Transfection Agent (GIBCO,
Thermo Fisher Scientific), according to the instructions of the manu-
facturer. For REST modulation, we used REST plasmid (25 ng/well,
#RC211570; Origene) and small interfering RNA (siRNA) (25 nM,
s11934; Thermo Fisher Scientific). Cells were harvested for gene
expression assay 24–48 hr after miR-21 or REST modulation using
TaqMan assay system according to the manufacturer’s instructions
(Thermo Fisher Scientific).

Knockout Mouse Models

miR-21-deficient mice on a C57BL/6J background55 were kindly pro-
vided by Dr. Maja Jagodic (Karolinska Institute). The genotype was
determined by PCR, using primers for miR-21 (common: AAGG
GCTCCAAGTCTCACAAGACA; WT: TTGCTTTAAACCCTGCC
TGAG CAC; mutation: ACTTCCATTTGTCACGTCCTGCAC). In
order to generate mice suitable for studies on atherosclerosis and to
use the plaque rupture model, we crossbred miR-21�/� mice with
apolipoprotein-E-deficient mice (Taconic Biosciences) to generate
Apoe�/�miR-21�/� double-knockout mice and Apoe�/� miR-21+/+

littermates. This study was carried out in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals
of the Swedish Board of Agriculture. The protocol was approved by
the Committee on Ethics of Animal Experiments of Northern
Stockholm (permit number N48/16). All cages were environmentally
enriched with paper wool, mice were fed a normal rodent chow, and
water was provided ad libitum with a 12-hr light/dark cycle.

Mouse Primary Aortic SMC Culture

SMCs from aortas originating from 6- to 8-week-old mice were iso-
lated as published previously by others.56 In brief, three aortas from
the same genotype were pooled. Cells isolated from Apoe�/�miR-
21�/� or Apoe�/� miR-21+/+ mice were passaged three times before
undergoing further studies. Cells were allowed to grow to �70%
confluence in DF10 (DMEM-F12 medium [GIBCO] containing
10% FBS [GIBCO] and 100 U/mL penicillin/streptomycin [GIBCO]).

Vascular SMC Proliferation and Apoptosis Analysis Using

Live-Cell Imaging

HCtASMC and mouse aortic SMCs were plated at 40%–50% conflu-
ence in 24-well plates. Cells were starved for 8 hr in DMEM-F12
(Thermo Fischer Scientific), then supplemented with either 2% or
5% FBS. Cells were transfected with anti-miR-21, miR-21 mimic,
and mismatch (scrambled) control oligonucleotides as described
above, or REST plasmid and siRNA as well as negative controls,
and then analyzed using the IncuCyte Live Cell ZOOM Imaging
System for up to 72 hr. Proliferation was measured as percentage
of confluence. For apoptosis, the IncuCyte Kinetic Caspase-3/7
Apoptosis Assay Reagent (Essen BioScience) was used according to
the manufacturer’s protocol.

Carotid Ligation Model

At 12 weeks of age in male WT and miR-21 knockout mice, the right
carotid artery was ligated at the bifurcation with 8-0 sutures as previ-
ously described.57 The animals were anesthetized using isoflurane/O2

(2:1). Subcutaneous injection of buprenorphine (0.1 mg/kg) was
applied before and after surgery for pain relief. Twenty-eight days
after ligation, the mice were sacrificed, and the carotid arteries were
embedded in OCT compound and fresh-frozen before further immu-
nohistochemistry preparation and morphometric analysis.

Inducible Carotid Artery Plaque Rupture Model

To investigate atherosclerotic plaque development and rupture,
12-week-old male Apoe�/� miR-21�/� double-knockout mice and
Apoe�/�miR-21+/+ littermates were used. We used an inducible pla-
que rupture model modified of the carotid ligation/cast approach
described by others as well as ourselves.16,58–60 Briefly, mice received
an incomplete ligation (Vicryl 5-0 suture; Ethicon Endo-Surgery) of
the common right carotid artery (proximal to bifurcation) for 4 weeks,
triggering intimal hyperplasia and stable carotid atherosclerotic lesion
development. Then, to provoke rupture of the developed plaque, a
conical polyethylene cuff with diameters of 300 and 150 mm (Pro-
molding) was placed proximal to the ligation site for 4 days to induce
fibrous cap collagen degradation. All animals were anesthetized using
isoflurane/O2 (2:1). Subcutaneous injection of buprenorphine
(0.1 mg/kg) was applied before and after surgery for pain relief for
both ligation and cuff placement. Approximately 50%–60% of the
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16-week-old Apoe�/�male mice display features of ruptured plaques,
such as endothelial cracks, ulcerations, intra-luminal thrombus for-
mation, and intra-plaque hemorrhages.61,62

In Vivo miR-21 Local Carotid Modulation by UTMD

Mice first underwent the mouse carotid rupture model and in
addition received an intravenous bolus of 200 mL cationic microbub-
bles (2 � 109 cMB/mL in H2O; SonoVue). The microbubbles were
charge-coupled with miR-21 mimic or FAM-labeled scrambled
miRNA control oligonucleotides (all from GIBCO, Thermo Fisher
Scientific). After the first treatment at baseline, microbubble injec-
tions were repeated 10, 20, and 27 days after ligation of the right com-
mon carotid artery. For UTMD, ultrasound was transmitted over the
targeted carotid artery using a phased transducer (Sonitron GTS So-
noporation System) for 15 min with 1 MHz, 2.0 w/cm2, and 50% duty
cycles as previously described.51,63 The location below the ligated area
was determined by using a Vevo770 ultrasound imaging system.
In order to visualize the localization of the FAM-labeled control oli-
gonucleotides, carotids were dissected and placed into optimal cutting
temperature (OCT) Cryomount compound (Histolab), snap-frozen,
and stored at �80�C. Six-micrometer-thick sections were washed
three times in PBS and sealed with Vectashield mounting medium
(Vector Laboratories). FAM-labeled oligonucleotides were observed
by using a fluorescent microscope (Zeiss).

In Vivo miR-21 Systemic Modulation

For inhibition of miR-21, we used 10 mg/kg LNA-carried anti-miR-
21 (Exiqon) diluted in 200 mL PBS. Mice (n = 6) were injected intra-
peritoneally on the day they underwent carotid ligation (day 0) and
day 20 after ligation.

For miR-21 systemic overexpression, we used 2 mg/kg miR-21 mimic
(Ambion; Thermo Fisher Scientific), using Jet-PEI (Polyplus-trans-
fection) as the delivery vector. Mimics were injected intraperitoneally
(at the time of carotid ligation and then 10, 20, and 28 days after the
cuff was placed; n = 6).

Mouse Tissue and Blood Collection

Mouse tissue was harvested according to standard procedures. Mice
were euthanized through CO2 inhalation. Blood was collected by
heart puncture and placed into EDTA-coated tubes and centrifuged
for 10 min at 10,000 rpm, and collected plasma was snap-frozen.
Animals were perfused with cold 0.9% NaCl. For RNA analysis, right
carotid arteries were divided into “ruptured” and “non-ruptured”
according to the macroscopic presence or absence, respectively, of
thrombus in the cast area, which is later confirmed with immunohis-
tochemistry (IHC) staining (a-smooth muscle actin and fibrin).
Per outcome (ruptured/non-ruptured), two samples were pooled to
obtain enough total RNA for analysis. For miR-21 expression analysis
after miR-21mimic local delivery or intraperitoneally injection, right-
side carotid arteries were harvested. Tissue was stored in RNAlater
(Invitrogen, Thermo Fisher Scientific) and stored at �20�C until
further processing. RNA samples were extracted using the RNeasy
Micro Kit (QIAGEN). RNA was quantified with NanoDrop (Agilent
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Technologies), and RNA and miRNA quality was verified using the
Agilent 2100 Bioanalyzer (Agilent Technologies). For tissue histology
and oligonucleotide tracking, both carotid arteries were harvested and
embedded in OCT, snap-frozen, and stored at �80�C.

Mouse Transcriptome Array and Data Analysis

For the mouse transcriptome analysis, the right common carotid
arteries of a total of 18 male Apoe-deficient mice after ligation and
cuff placement were harvested and stored in RNAlater. Eleven non-
ligated left arteries were used as controls. RNA mouse transcriptome
array (MTA; Affymetrix 902514) and differential expression analysis
(Affymetrix transcriptome analysis console version 3.0) was per-
formed according to the manufacturer’s instructions. In this study,
the dataset was queried for values of a select number of transcripts.
Results are given as relative mRNA expression in a.u. log2-trans-
formed fold changes, compared with background intensity.

oxLDL Stimulation and Uptake by Peritoneal Macrophages

Lipoproteins used for foam cell formation and oxLDL uptake were
isolated from human plasma obtained from the Blood Central at Kar-
olinska University Hospital through sequential ultracentrifugation.
Briefly, plasma was ultracentrifuged for >22 hr at 40,000 rpm and
4�C. The uppermost phase containing chylomicrons was discarded,
and the intermediate phase containing LDL and high-density lipopro-
tein (HDL) was collected. The density of the LDL/HDL phase was
adjusted to 1.063 g/mL with potassium bromide (Sigma-Aldrich)
and ultracentrifuged as previously described. The upper phase con-
taining LDL was collected and desalted using a PD-10 column (GE
Healthcare). LDL was oxidized overnight at 37�C using 20 mM copper
sulfate (CuSO4; Merck), and the reaction was stopped using 1 mM
EDTA (Sigma-Aldrich). oxLDLwas conjugated to fluorescein isothio-
cyanate (FITC) by incubating oxLDL with 50 mg FITC/mg oxLDL
overnight at 4�C. Excess FITC was removed using a PD-10 column.
Mice were sacrificed with CO2 and injected intraperitoneally with
8 mL PBS, and extracted cells were washed and re-suspended in
RPMI media containing penicillin and streptomycin and 2% fetal
calf serum (GIBCO). Cells (4.5 � 105) were plated into a 48-well cell
culture plate and allowed to adhere for 2 hr at 37�C and 5% CO2. Cells
were washed twice with PBS and incubated with anti-CD11b (Clone
M1/70) conjugated with Alexa Fluor 647 at 2.5 mg/mL for 15 min
at 37�C and 5% CO2. Cells were again washed and loaded with
20mg/mL of FITC conjugated oxLDL (prepared in house as described)
and placed into IncuCyte ZOOM (Essen BioScience) for 24 hr with
hourly scans using a 20� objective. To investigate the mechanism,
9 mMNF-kB nucleus translocation inhibitor SN50 (Merck) was added
to cultured macrophages before oxLDL loading.

Tissue Histology and IHC and Immunofluorescent Analysis

Mouse OCT-embedded frozen carotid artery tissue was cut into
6-mm-thick sections, dried, and stored at �80�C. Human carotid
arterial plaque material was fixed for 24 hr in 4% paraformaldehyde
at room temperature, paraffin-embedded, and cut into 10-mm-thick
sections. Control arteries (carotid, radial, iliac, or mammary) were
obtained from deceased organ donors without any reported history
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of cardiovascular disease. H&E staining was used for basic tissue
morphology. Lipids were stained with oil red O (Sigma-Aldrich).
Sections were stained with antibodies against SMA (ab5694),
Ki-67 (ab16667), REST (ab202962), Mac-2 (ab53082), and PTEN
(ab31392), all from Abcam, with secondary antibody, HRP goat
anti-rabbit IgG (Vector Laboratories) or Alexa Fluor 488/546 goat
anti-rabbit/mouse IgG for immunofluorescent analysis. In situ
apoptosis detection of mouse carotid arteries cells was performed
using the Click-iT Plus TUNEL assay kit (C10617; Invitrogen,
Thermo Fisher Scientific). All histological analyses were obtained
using NanoZoomer 2.0-HT Digital Slide Scanner (Hamamatsu
Photonics). Fluorescent images were obtained using a fluorescence
microscope (Zeiss) and analyzed by Zeiss Imaging Software.

In Vitro Immunofluorescent Analysis

The method for in vitro immunofluorescent analysis of PTEN and
NF-kB nucleus translocation is described in detail in Supplementary
Materials and Methods.

En Face Staining of Mouse Thoracic Aorta

The descending aorta was dissected and placed in 4% paraformalde-
hyde. The aorta was then pinned onto a paraffin bed with insect
pins (AgnoTho’s) and stained with Sudan IV. Images were captured
using a DC480 camera connected to a MZ6 stereomicroscope
(both from Leica). The additive area of all the plaques in a given
aortic arch was calculated as a percentage of the total surface
area of the arch. Quantitation of plaques was performed using ImageJ
software (NIH).

Mouse Plasma Cholesterol and Triglyceride Measurements

Triglycerides were measured using Randox reagents; cholesterol
was measured using a colorimetric Cholesterol Assay Kit (Abcam)
following the manufacturer’s protocols.

Real-Time qPCR

Total RNA from ligated and non-ligated carotid arteries or cultured
cells was isolated using QIAGEN’s miReasy Micro or Mini Kit.
Relative gene and miRNA expression was assessed using TaqMan
assays: human mi21 (#000397), humanU6 (#001973), human
REST (Hs00958503_m1), human RPLPO (Hs99999902_m1), human
PTEN (Hs02621230_s1), human SOX-2 (Hs01053049_s1), mouse
miR-21 (#000397), mouse snoRNA202 (#001232), mouse REST
(Mm00803268_m1), and mouse PTEN (Mm00477208_m1), all
from Thermo Fisher Scientific.

Protein Isolation and Western Blotting

Mice aortas were homogenized in RIPA buffer cocktail (Thermo
Fisher Scientific) including protease and phosphatase inhibitor cock-
tails (Sigma-Aldrich). Protein concentrations were determined using
the bicinchoninic acid assay (Thermo Fisher Scientific) following the
manufacturer’s protocol. Protein samples (15 mg/well) were loaded on
4%–12% Tris-glycine gels (Thermo Fisher Scientific). Following elec-
trophoresis and electrotransfer, the polyvinylidene difluoride (PVDF)
membrane (Bio-Rad) was blocked with 5% milk-TBST (Bio-Rad)
before primary antibody incubation. Western blot was performed
with anti-mouse PTEN (154812, Abcam; 1:1,000), total (4695S, Cell
Signaling; 1:3,000), and phosphorylated (4370, Cell Signaling;
1:1,000) ERK1/2, total (126811, Abcam; 1:2,000) and phosphorylated
AKT antibodies (81283, Abcam; 1:2,000). b actin (A1978, dilution
1:8,000; Sigma-Aldrich) was applied as control. Densitometric quan-
tification was carried out using ImageJ64 software. Western blot was
performed with n = 3 Apoe�/�miR-21+/+ and Apoe�/�miR-21�/�

mice.

Statistical Methods

SPSS Statistics version 22 (IBM) was used to analyze the human
patient data. To compare two groups, an independent-samples
t test was used. Paired data were analyzed using a paired-samples
t test. Differences between two or more groups and a control group
were analyzed using one-way ANOVA plus Bonferroni correction
for multiple comparison. Significant differences as percentages of pla-
que rupture were analyzed using chi-square testing. Non-parametric
data were analyzed using the Mann-Whitney U test. Statistical anal-
ysis for experimental data (in vitro and in vivo) was carried out using
GraphPad Prism version 7.0c.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Materials and
Methods, five figures, one table, and six movie and can be found
with this article online at https://doi.org/10.1016/j.ymthe.2018.01.011.
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