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BACKGROUND: Thoracic aortic aneurysms (TAAs) occur because of abnormal remodeling of aortic extracellular matrix and are
accompanied by the emergence of proteolytically active myofibroblasts. The microRNA miR-133a regulates cellular pheno-
types and is reduced in clinical TAA specimens. This study tested the hypothesis that miR-133a modulates aortic fibroblast
phenotype, and overexpression by lentivirus attenuates the development of TAA in a murine model.

METHODS AND RESULTS: TAA was induced in mice. Copy number of miR-133a was reduced in TAA tissue and linear regression
analysis confirmed an inverse correlation between aortic diameter and miR-133a. Analyses of phenotypic markers revealed
an mRNA expression profile consistent with myofibroblasts in TAA tissue. Fibroblasts were isolated from the thoracic aortae
of mice with/without TAA. When compared with controls, miR-133a was reduced, migration was increased, adhesion was
reduced, and the ability to contract a collagen disk was increased. Overexpression/knockdown of miR-133a controlled these
phenotypes. After TAA induction in mice, a single tail-vein injection of either miR-133a overexpression or scrambled sequence
(control) lentivirus was performed. Overexpression of miR-133a attenuated TAA development. The pro-protein convertase
furin was confirmed to be a target of miR-133a by luciferase reporter assay. Furin was elevated in this murine model of TAA
and repressed by miR-133a replacement in vivo resulting in reduced proteolytic activation.

CONCLUSIONS: miR-133a regulates aortic fibroblast phenotype and over-expression prevented the development of TAA in a
murine model. These findings suggest that stable alterations in aortic fibroblasts are associated with development of TAA and
regulation by miR-133a may lead to a novel therapeutic strategy.
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monly results in increased morbidity and mortal-

ity. Treatment options are limited and continue to
be a difficult management problem for cardiovascular
surgeons. A TAA is a localized, progressive dilatation
of the supradiaphragmatic aorta with a cross-sectional
diameter >50% its normal size. Aneurysms develop as
a consequence of atypical extracellular matrix (ECM)
remodeling.! Endogenous vascular cells, such as fibro-
blasts, function to balance ECM deposition and deg-
radation to maintain aortic wall integrity. In TAA, this

Thoracic aortic aneurysm (TAA) disease com-

balance is disrupted, allowing for enhanced proteol-
ysis, which leads to progressive dilation. Breakdown
of typically durable ECM molecules, such as elastin
and collagen, involves the matrix metalloproteinases
(MMPs).2® These proteolytic enzymes can process all
matrix components. Some MMPs are secreted while
others are membrane bound. The membrane-type
MMPs play a dual role in aneurysm progression by
contributing to pericellular proteolysis and activation
of intracellular signaling pathways.* Proteolytic activa-
tion and subsequent cell surface presentation of the
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CLINICAL PERSPECTIVE

What Is New?

e MicroRNA miR-133a regulates aortic fibroblast
phenotype and systemic overexpression pre-
vented aneurysm formation in a mouse model
of thoracic aortic aneurysm.

What Are the Clinical Implications?

e Regulation of aortic tissue miR-133a levels may
lead to a novel therapeutic strategy for thoracic
aortic aneurysm disease.

Nonstandard Abbreviations and Acronyms

ddPCR droplet digital polymerase chain
reaction

DDR2 discoidin domain receptor family,
member 2

ECM extracellular matrix

MMPs matrix metalloproteinases

MT1-MMP membrane type 1 matrix
metalloproteinase

Myh11 smooth muscle myosin

TAA thoracic aortic aneurysm

UTR untranslated region

prototypical membrane type 1 MMP (MT1-MMP) re-
quires processing by the pro-protein convertase furin.
This pathway has been attributed to ECM remodeling
and cellular phenotype transformation. However, reg-
ulation of this pathway has yet to be applied for thera-
peutic advantage.

Dilation of the thoracic aorta is accompanied with
apoptosis of smooth muscle cells.>®% Accordingly,
as the aneurysm progresses and the smooth muscle
cell content within the aortic wall declines, resident
fibroblasts become the principal cell type remaining
and likely function to manage the vascular remodel-
ing process. In addition to alterations in cell number,
it has been proposed that the endogenous fibroblasts
may undergo a transformation in phenotype, exhibit-
ing properties of myofibroblasts.” Myofibroblasts are
known to contribute to vascular remodeling.8 It has
been suggested that this phenotypic transformation
may be regulated by a class of small noncoding RNA
molecules, known as the microRNAs.® Repression
of translation occurs when a portion of the microR-
NAs sequence, known as the seed region, interacts
most commonly with the 3’-untranslated region of a
given mRNA transcript. Interestingly, binding of the
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seed region may occur with multiple different mRNA
transcripts, suggesting one microRNA may have the
unique ability to regulate a coordinated cassette of
genes to influence cellular phenotype.'®!!

Using clinical TAA specimens, this laboratory has
established that the mature levels, or portion that is
taken up by the RNA-induced silencing complex,'? of
several microRNAs display an inverse linear correla-
tion with aortic diameter.'® Some, including miR-133a,
were proportionally reduced as diameter increased.'*
The significance of miR-133a in regulation of cellular
phenotype, and subsequent ECM remodeling in car-
diovascular tissues is beginning to be understood. This
suggests that the loss of miR-133a may contribute to
pathological changes in the thoracic aorta during an-
eurysm development. Thus, the aim of the current
study was to determine the effects of miR-133a on TAA
development in a murine model that recapitulates the
hallmarks of clinical pathology. Accordingly, this inves-
tigation tested the hypothesis that miR-133a regulates
aortic fibroblast phenotype and the development of
TAA.

METHODS

The data, analytic methods, and study materials will
be made available to other researchers for purposes of
reproducing the results or replicating the procedures
upon request.

Animal Care

All procedures were performed in accordance with
the National Research Council's Guide for the Care
and Use of Laboratory Animals and approved by the
institutional animal care and use committee of the
University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee (Protocol: 17-203).
Wild-type C57BL/6 mice (Envigo, Hackensack, NJ)
were bred in-house and used for this study beginning
at 10 weeks of age.

TAA Induction in Mice

Surgical induction of TAA in mice was performed by
methods previously described.' In short, mice anes-
thetized with isoflurane were intubated and mechani-
cally ventilated. A left posterolateral thoracotomy was
performed at the sixth intercostal space. Images of
the exposed descending thoracic aorta were cap-
tured on a calibrated video microscopy system
(PAXcam using PAX-it image analysis software, ver-
sion 1.4.1; MIS Inc, Lakeland, FL) and were used to
measure aortic diameter. Aneurysms were induced
by applying a sponge soaked in CaCl, (0.5 mol/L) to
the distal descending thoracic aorta for 15 minutes
followed by chest closure. After 4, 8, or 16 weeks,
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the descending thoracic aorta was measured for
comparison, and the difference was expressed as
percentage change in aortic diameter from base-
line. An aneurysm was defined as a dilation of >50%
baseline measurement. The descending thoracic
aorta was harvested for biochemical or histological
analysis. An even number of male and female mice
were included when possible and were compared
with age- and weight-matched litter-mate controls.
Sample sizes for each experiment are listed in each
respective figure legend.

RNA Copy Number Quantification

Total RNA was extracted by ethanol precipitation
using TRIzol Reagent (15596026, Thermo Fisher
Scientific, Waltham, MA) and quantified by NanoDrop
2000 (Thermo Fisher Scientific). For cellular and tis-
sue microRNA guantification, cDNA was synthesized
from 150 ng of total RNA and before polymerase chain
reaction amplification was diluted with RNase-free
water (1:2). For mBNA and primary miRs, cDNA was
synthesized from 1 ug of total RNA using the gScript
cDNA synthesis kit (95047, Quantabio, Beverly, MA);
before polymerase chain reaction amplification of
mRNAs, cDNA was diluted in RNase-free water (1:2).
For analysis of the primary microRNAs, cDNA was
not diluted before droplet generation and polymer-
ase chain reaction amplification. These dilutions al-
lowed for a minimum count of 100 copies of each
RNA copy to be measured in each droplet digital pol-
ymerase chain reaction (ddPCR) reaction. For each
ddPCR assay, 5 pL cDNA sample, 12.5 yL ddPCR
supermix for probes (no dUTP) (1863024; Bio-Rad
Laboratories, Hercules, CA), and 5 pL RNase-free
water was added to the mixture. For microRNAs,
1.25 L miR-133a Fam labeled probe and 1.25 yL U6
VIC labeled probe were added to the mixture. Mature
miR-133a levels were standardized to levels of the
small nuclear RNA, U6 in a multiplexed reaction. For
murine mMRNAs and primary miRs, a 1x concentration
of the following FAM labeled probes for primary miR-
133a-1, primary miR-133a-2, vimentin, desmin, von
Willebrand factor, discoidin domain receptor family,
member 2 (DDR2), smooth muscle myosin (Myh11),
or alpha smooth muscle actin were multiplexed with
VIC labeled GAPDH probe. All primer and gene
target information is available in Table. Information
concerning specificity, linear dynamic range, sensi-
tivity, and efficiency in gene expression analyses is
available online at https://www.thermofisher.com/
order/genome-database/ and can be found for each
TagMan gene expression assay by searching the
catalog numbers provided in Table. The mixture and
70 yL of droplet generation oil for probes (1863005;
Bio-Rad Laboratories) were loaded into the sample
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and oil wells of a disposable droplet generator car-
tridge (1864008; Bio-Rad Laboratories). Droplets
were generated by the QX-200 droplet generator
(Bio-Rad Laboratories) and carefully transferred to a
96-well polymerase chain reaction plate by pipetting
the mixture down the side of the well at an angle. The
plate was sealed with foil at 180°C. The thermo cy-
cling conditions were 95°C for 10 minutes, 94°C for
30 seconds, 60°C for 1 minute, repeat 39 times from
step 2, 98°C for 10 minutes, and 4°C for 30 minutes,
after which the plate was incubated at room temper-
ature for 5 minutes. Droplets were read in the QX200
droplet reader (Bio-Rad Laboratories). Only samples
containing >10 000 droplets were included in analy-
sis of copy number determination. Poisson distribu-
tion was used to determine the number of template
molecules per droplet using Quantasoft Analysis
Pro (Bio-Rad Laboratories). Normalization was per-
formed by dividing all copy numbers by the internal
referent controls GAPDH, for mRNAs and primary
miRs, and U6 snRNA for miR-133a.

Cell Culture

Primary aortic fibroblast cell lines (n=10) were estab-
lished from murine biopsies of control and aneurys-
mal thoracic aortas using an established outgrowth
technique as previously described.”® Cell cultures
were confirmed to be solely fibroblast by ddPCR.
Fibroblast cultures were defined as having a positive
mMRNA signal for vimentin and DDR2, while negative
for smooth muscle cell desmin and endothelial-
specific von Willebrand factor. The isolated aortic
fibroblasts were maintained in complete fibroblast-
specific growth media (Fibroblast growth media 2;
C-23020, PromoCell, Heidelburg, Germany) with
added 10% fetal bovine serum (1600; Gibco), and
gentamicin (0.5 mg/mL; 15710-064, Gibco) at 37°C
in 5% CO,. Aortic fibroblasts from culture passages
2 to 10 were used in the following cellular phenotypic
studies.

Fibroblast Migration

A transwell assay was used to compare migration ca-
pacity of control and TAA fibroblasts. Thirty-two thou-
sand aortic fibroblasts per well were seeded into the
upper chamber of the 8.0-um pore fluroblock mem-
brane of the transwell chamber (351152; Corning) in
serum-free (basal) fibroblast growth media. Complete
fibroblast growth media with 10% fetal bovine serum
was added to the lower chamber. The cells were
maintained under normal tissue culture conditions for
24 hours, and the membranes were fixed by immer-
sion in methanol at room temperature for 30 minutes.
Nuclei were stained with DAPI. Membranes were im-
aged and counted by microscopy (10x) (Revolve; Echo,
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Table. PCR Primer and Gene Target Information

Full Name Abbreviation Catalogue Number Accession Number Dye
hsa-miR-133a-1 miR-133a 002246 MI0O000450 FAM
SNO-U6 ue 001973 NR_004394.1 VIC
primary-miR-133a-1 pri-miR-133a-1 Mm03306281_pri MIO000159 FAM
primary-miR-133a-2 pri-miR-133a-2 MmO3307401_pri MI0000820 FAM
Myosin Heavy Chain 11 Myh11 MmO00443013_m1 NM_001161775.1 FAM
Discoidin domain receptor 2 DDR2 Mm00445615_m1 NM_022563.2 FAM
Vimentin Vimentin MmO01333430_mf NM_011701.4 FAM
Desmin Desmin Mm00802455_m1 NM_010043.2 FAM
Von Willebrand Factor VWF MmO00550376_m1 NM_011708.4 FAM
Alpha Smooth Muscle Actin a-SMA MmO01204962_gh NM_007392.3 FAM
Glyceraldehyde 3-phosphate GAPDH Mm99999915_g1 NM_001289726.1 VIC
dehydrogenase

A detailed list of all gene targets with full names and abbreviations used in this publication. Additionally, the Life Technologies Catalogue number and National
Center for Biotechnology Information (NCBI) accession numbers are included. The dye column refers to the fluorescent label conjugated to hydrolysis probes
used in multiplexed ddPCR reactions. FAM indicates 6-Carboxyfluorescein; and VIC, 2’-chloro-7'phenyl-1,4-dichloro-6-carboxy-fluorescein.

San Diego, CA) in 5 separate areas on both sides of
the membrane, and an average cell count for each side
was calculated. The percentage migration was deter-
mined by dividing the average of the bottom mem-
brane count by sum of cells on top and bottom.

Fibroblast Adhesion

Six thousand control or TAA aortic fibroblasts were
added to the wells of black wall, clear bottom 96-
well plates (3631; Corning). Duplicate plates were
prepared (washed and unwashed) for comparative
analysis to account for minor variations in cell count.
All plates were incubated at 37°C for exactly 1 hour
to allow for adherence. One of the duplicate plates
was washed with PBS 5 times using an automated
plate washer (Aquamax 200 with cell wash head;
Molecular Devices, Sunnyvale, CA), and both plates
were then incubated with Cyquant (C7026; Thermo
Fisher Scientific) for 1 hour. Nuclei of adhered fibro-
blasts were counted on the Spectramax i3x with the
MiniMax300 imaging cytometer (Molecular Devices).
Each cell line was an average count of 8 replicate
wells. Washed plates were compared with unwashed
plates, and the difference was represented as fold
change from unwashed.

Fibroblast Contraction

Contraction was measured in cultured fibroblasts using
an established collagen disk assay.'” In short, control
and TAA fibroblasts were incorporated in disks of rat
tail collagen type | (1 mg/mL in complete growth media)
polymerized in a 24-well non-tissue culture—treated
plate (3738; Costar); 50 000 fibroblasts were incorpo-
rated in each disk, and each cell line was assayed in
triplicate. Images of the disk were taken (1x) at 1, 3, 5,
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6, and 7 hours, and the disc area was measured with
Imaged. Area versus time was plotted in SigmaPlot 14
(Systat Software, San Jose, CA), and linear regression
was used to express the rate of contraction (mm?/h).

In Vitro Transfection

Transfection of aortic fibroblasts was performed in
75 cm? flask (430641U; Corning) with jetPRIME (114-
15, Polypolus-transfection) 3 times, 24 hours apart,
using 10 pg MISSION microRNA mimic or inhibitor
(anti-miR-133a). Cells were transfected with negative
control (HMCOO0O03; Sigma-Aldrich, St. Louis, MO),
miR-133a (HMI0196; Sigma-Aldrich), or anti-miR-133a
(HSTUDO196; Sigma-Aldrich). Transfected cells were
then subjected to the above phenotypic assays.

In Vivo Lentiviral Delivery

For in vivo miR-133a over expression, the pMIRNAT len-
tiviral vector (PMIRmMIiR-133a-1PA-1; System Biosciences,
Mountain View, CA) was used to overexpress the murine
miR-133a-1 precursor under control of the cytomegalo-
virus promoter in aortic tissue by methods previously de-
scribed.'® Additionally, these vectors are bicistronic for the
green fluorescent protein under control of the elongation
factor 1 promoter. In short, either the miR-133a lentivirus,
or control virus (CD511B-1; System Biosciences) was di-
luted to a concentration of 1x10° PFU/100 pL in normal
saline. Optimal titer of lentivirus was selected based on
results from a pilot investigation (Figure S1). Intravenous
injection was performed via tail vein with 100 pL of
virus solution followed by a 100 yL saline chase using
a 33-gauge low-dead-space needle (LDS-3009; TSK)
24 hours following the induction surgery. This lentiviral
expression system has been demonstrated to infect
almost any mammalian cell type, including nondividing
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cells and whole-model organisms. Viral injection was
well tolerated, with no observed adverse side effects or
mortality.

Perfusion Fixation, Histology, and
Immunohistochemistry

Thoracic aortas from control and TAA mice were
perfusion fixed in 10% formalin at ~100 mm Hg and
subsequently soaked in 10% formalin overnight.
Aortic segments were transferred to 70% ethanol for
storage at 4°C. Fixed aortic segments were embed-
ded in paraffin and sectioned at 5 pm thickness. In
preparation for staining and immunohistochemistry,
tissue sections were deparaffinized and rehydrated.
Deparaffinized slides were stained with a modified
elastic Verhoeff-Van Gieson stain (HT251; Sigma-
Aldrich), dehydrated to absolute alcohol, cover
slipped with resin-based slide mounting media, and
examined by microscopy (40x) (Echo Revolve). For
immunofluorescence, deparaffinized slides were
washed in TBS+0.025% Triton X-100, blocked in 10%
normal serum with 1% BSA in TBS for 2 hours at room
temperature. Anti—turbo green fluorescent protein
primary antibody (1:1000, AB513; Evrogen, Moscow,
Russia) diluted in TBS was applied to the aortic tissue
and incubated overnight at 4°C. Slides were rinsed in
TBS 0.025% Triton-X and incubated in the dark with
Alexa Fluor 594 (10 pg/mL in TBS) (A32740; Thermo
Fisher Scientific) for 1 hour at room temperature.
Nuclei were stained with DAPI then imaged at 40x
with red, green, and blue epifluorescence channels.

Luciferase Reporter Assay

HT1080 cells, at a confluence of 70%, were cotrans-
fected with DharmaFECT-Duo transfection reagent
and either the miR-133a mimic or a non-mRNA tar-
geting control (100 nmol/L) and 3 pg of one of the
following vectors from Switchgear Genomics: the
furin 3" untranslated region (UTR; S809837), which
contains the furin 3'UTR cloned downstream of the
luciferase gene; the mutated furin 3'UTR, which con-
tains the site-directed mutagenesis replacing the
putative miR-133a binding site, CUGGU for GACCA,
in the furin 3'UTR cloned downstream of the lucif-
erase gene; the random sequence 3'UTR, which
contains nonconserved, nongenic, and nonrepeti-
tive human genomic fragments cloned downstream
from the luciferase gene; and the empty 3'UTR vector
(S8090005), which contains only the luciferase gene
and its constitutive promoter, to serve as the positive
control. Reporter assays were performed 24 hours
following transfection by the LightSwitch Luciferase
Assay system (LS010; SwitchGear Genomics, Menlo
Park, CA). Luminescence was quantitated by lumi-
nometer (Spectramax i3X; Molecular Devices). All
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transfection experiments were performed 4 times in
triplicate.

Immunoblotting

For tissue samples, thoracic aortas were homog-
enized in Halt Protease Inhibitor Cocktail (87785;
ThermoFisher Scientific) diluted in PBS. For cells, 1 mil-
lion aortic fibroblasts were lifted with TrypLE (12604021;
Thermo Fisher Scientific), pelleted, and resuspended
in the Halt Protease Inhibitor Cocktail. For both tissue
and cell samples, a portion of the sample was taken
for total protein quantification using the Pierce bicin-
choninic acid protein assay kit (23225; Thermo Fisher
Scientific). A 1:1 dilution of the suspension to Laemmli
buffer was heated at 90°C for 10 minutes and snap
frozen at —80°C. Equal amounts of total protein (10 pg)
were loaded onto 4% to 15% Mini-PROTEAN TGX
Stain-Free Gels (4568084; Bio-Rad Laboratories) and
transferred onto nitrocellulose membranes (88018,
Thermo Fisher Scientific). After blocking for 1 hour
in 5% BSA (97061-422; VWR) at room temperature,
the membranes were incubated for 1 hour at room
temperature in primary antisera for active MT1-MMP
(AB8221, Chemicon; tissue: 1:5000, cells: 1:10 000)
or furin (@b3467, Abcam; tissue: 1:1000, cells: 1:5000),
and GAPDH (VPA00187, Bio-Rad Laboratories; tis-
sue: 1:5000, cells: 1:5000). Membranes were washed
in TBST, incubated for 1 hour at room temperature in
horseradish peroxidase labeled Goat-Anti-Rabbit sec-
ondary antibody (GtxRb-003-EHRPC; Immunoreagent
Inc, Raleigh, NGC; tissue and cells: 1:5000), and washed
in TBST. Chemiluminescent substrate activation was
performed with SuperSignal West Pico PLUS follow-
ing manufacturers protocols (34580; Thermo Fisher
Scientific). The immunoreactive signals were ana-
lyzed using densitometric methods (ImagedJ) to obtain
2-dimensional integrated optical density values. All
samples were normalized to their respective GAPDH
abundance.

Statistical Analysis

Statistical analyses were performed using SigmaPlot,
14 (Systat). Sample size for experiments was based
on a prior study comparing similar primary readouts
between experimental groups (aortic tissue miR-133a
levels).”® In short, power calculations using an ANOVA
model were completed assuming a 25.5% minimum
detectable difference in means with a pooled SD
(across 3 groups) of 7.4%. Therefore, to provide hy-
pothesis testing at a desired power of 0.95 with an
a level of 0.05, sample size was determined to be a
minimum of 5 per group. Thus, all experiments in this
study included a sample size of >5. Relationships be-
tween miR-133a copy number and aortic diameter
were determined using linear least-squares regression
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analysis. Results were reported graphically, and a
correlation constant (r value) and P value were deter-
mined (Systat Linear Regression). Two sample mean
comparisons were made with both the Student t test
and Welch'’s t test. In the event different P values were
obtained, the higher of the 2 values is reported. All
data were assessed for normality using the Shapiro-
Wilk test, and the corresponding appropriate statisti-
cal test and sample sizes are listed in each respective
figure legend with P values. Raw data are displayed
next to the group mean, median, and standard error
of the mean. Effect size calculations were performed
using Cohen’s d test unless there were differences
in sample size. For comparisons with different sam-
ple sizes, effect size was determined using Hedges’ g
test. For each effect size value an effect level was as-
signed using the following scheme: <0.1: trivial; 0.1 to
0.3: small; 0.3 to 0.5: medium; >0.5: large. A summary
is provided in Table S1. For all comparisons, a P value
of <0.05 was considered significant.

RESULTS

MiR-133a Was Decreased in TAA Tissue

TAA was induced in mice. Vessel dilation was meas-
ured during the terminal surgery and analyzed as a
percentage change from baseline diameter. Following
TAA induction, the diameter of the descending thoracic

miR-133a Attenuates Thoracic Aortic Aneurysm

aorta was increased at 4 weeks (59.50+4.90%; n=9;
P<0.001), 8 weeks (64.25+6.77%; n=10; P<0.001), and
16 weeks (62.89+6.75%; n=8; P<0.001) after aneu-
rysm induction when compared with baseline meas-
urements. Formation of aneurysm (a >50% dilation)
occurred by 4 weeks and no differences in diameter
were detected between 4-, 8-, and 16-week cohorts
(P=0.854) (Figure 1A). Quantification of mature miR-
133a copy number in aortic tissues identified miR-133a
was decreased at 4 weeks (0.45+0.082 copies per UB;
n=7; P=0.623), and significantly reduced at 8 weeks
(0.19+0.073 copies per UB; n=7; P=0.004), and 16 weeks
following TAA induction (0.053+0.016 copies per UB;
n=3; P=0.002) when compared with sham-operated,
nonaneurysm, control tissues (0.74+0.099 copies per
UB; n=10). (Figure 1B) Finally, linear regression analysis
revealed an inverse correlation between aortic diam-
eter and miR-133a copy number in aortic tissues (N=34;
r=—0.6356; P<0.05). (Figure 1C) As aortic diameter in-
creased, miR-133a copy number was reduced.

MiR-133a Was Decreased in Fibroblasts
Isolated From TAA Tissue

For fibroblast specific studies, a separate cohort of
mice underwent aneurysm induction. Descending
thoracic aortic diameters were measured at the
time of terminal surgery and determined to be
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Figure 1. MiR-133a is reduced in thoracic aortic aneurysm tissue.

A, Percentage change in aortic diameter at 4 weeks (59.50+4.90%, n=9), 8 weeks (64.25+6.77%, n=10), and 16 weeks
(62.89+6.75%; n=8) after aneurysm induction when compared with baseline diameter measurements. *One-way ANOVA (Dunn’s
method) found differences between 4 weeks (P<0.001), 8 weeks (P<0.001), and 16 weeks (P<0.001) after aneurysm induction
vs baseline measurements. B, MiR-133a copy number in aortic tissue for sham-operated, nonaneurysmal control (0.74+0.099
copies per U6; n=10) and 4 weeks (0.45+0.082 copies per U6; P=0.623; n=7), 8 weeks (0.19+£0.073 copies per U6; n=7), and
16 weeks (0.053+0.016 copies per U6; n=3) after aneurysm induction. *Kruskal-Wallis 1-way ANOVA on ranks found difference
between 8 (P=0.004) and 16 (P=0.002) weeks vs control. Additionally, in a 1-way ANOVA all pairwise multiple comparison
procedure (Tukey test), difference was detected between control vs 16 weeks (P=0.004) and control vs 8 weeks (P=0.008).
C, Linear regression analysis demonstrating inverse correlation between aortic diameter (mm) and miR-133a copy number in
aortic tissue (n=34; r=—0.6356; P<0.05). In the vertical point plots, the solid line represents the mean, the upper and lower bars
represent the standard error of the mean, and the dotted line represents the median.
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701.22+17.24 um in the sham-operated, non-TAA,
controls and 1019.49+41.82 um in the TAA group
4 weeks after induction, an =50% increase (n=10;
P<0.001). (Figure 2A) Total RNA was extracted
from a portion of the aortic tissues and used to

miR-133a Attenuates Thoracic Aortic Aneurysm

determine copy number of mMRNA markers of my-
ofibroblasts. Myh11 (myofibroblast marker) mRNA
copy number was normalized to the fibroblast-
specific DDR2 to account for any difference in fi-
broblast number. Myh11 mRNA copy number was
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Figure 2. MiR-133a was decreased in fibroblasts isolated from thoracic aortic aneurysm (TAA) tissue.

A, Thoracic aortic diameter of sham-operated control (701.22+17.24 ym) and TAA (1019.49+41.82 um) 4 weeks after induction surgery
(n=10). *Student t test and Welch’s t test found a difference between TAA vs control (P<0.001). B, Fold change in smooth muscle
myosin (Myh11) mRNA copy number per DDR2 copy number in control (1£0.10-fold) and TAA (2.71+0.67-fold) aortic tissue, as well
as, alpha smooth muscle actin (a-SMA) copy number in control (1+0.20-fold) and TAA (1.24+0.18-fold) tissue (n=10). *Mann-Whitney
rank-sum test and Student t test found a difference between TAA vs control Myh11 copy number (P=0.045). Student t test and
Welch’s t test did not find a difference between TAA a-SMA vs control (P=0.378). C, Detection of cell type-specific mRNAs in whole
aortic tissue, and isolated fibroblasts from control and TAA aortae. Mesenchymal cell specific vimentin, smooth muscle cell-specific
desmin, endothelial specific von Willebrand factor (vWF), and fibroblast specific DDR2 were all detected in whole aortic tissue
homogenate, while only vimentin and discoidin domain receptor family, member 2 (DDR2) were present in the isolated control and
TAA fibroblasts. No statistical test was performed. This is an analysis of presence or absence of cell specific MRNAs by droplet digital
polymerase chain reaction (ddPCR) (n=10). D, Fold change in Myh11 copy number in control (1+0.28-fold) and TAA (4.47+1.23-fold)
fibroblasts and also a-SMA copy number in control (1£0.187-fold) and TAA (1.003+0.26-fold) fibroblasts (n=6). *Student t test and
Welch'’s t test found a difference between TAA and control Myh11 copy number (P=0.036); however, no difference was found between
TAA and control a-SMA copy number (P=0.992). E, MiR-133a copy number per U6 in control (1.72+0.46-fold) and TAA (0.41+0.12-
fold) fibroblasts (n=10). *Mann-Whitney rank-sum test found a difference between TAA vs control aortic fibroblasts (P=0.007). F,
Pri-miR-133a-1 copy number per GAPDH in control (0.018+0.00259 copy per U6) and TAA (0.016+0.00224 copy per U6) fibroblasts
(n=6). Student t test and Welch’s t test found no difference between control vs TAA fibroblasts (P=0.516). G, Pri-miR-133a-2 copy
number per GAPDH in control (2.40e-3+9.56e-4) and TAA (9.75e-4+2.83e-4) fibroblasts (n=6). Student t test and Welch’s t test found
no differences between control vs TAA fibroblasts (P=0.205). In the vertical point plots, the solid line represents the mean, the upper
and lower bars represent the standard error of the mean, and the dotted line represents the median. In the vertical multibar graphs,
the mean is represented by the bar, and the upper standard error of the mean is represented by the error bar.
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increased in TAA tissue when compared with con-
trol (2.71+£0.67-fold versus 1.00+0.10-fold; n=10;
P=0.045). Furthermore, alpha smooth muscle actin
copy number remained unchanged in control and
TAA tissue (1.00+0.20-fold versus 1.24+0.18-fold;
n=10; P=0.378) (Figure 2B). This gene expression
profile is consistent with past reports and sug-
gests the emergence of a myofibroblast popula-
tion in TAA.?

With the remainder of the harvested aortic tis-
sues, primary fibroblasts were isolated using an
established outgrowth technique and maintained in
culture.? Detection of cell type—specific MRNAs was
performed by ddPCR in whole aortic tissue and the
isolated fibroblast cultures from control and TAA aor-
tas. Mesenchymal cell-specific vimentin, smooth
muscle cell-specific desmin, endothelial-specific
von Willebrand factor, and fibroblast-specific DDR2
were all detected in whole aortic tissue homogenate,
while only vimentin and DDR2 mRNAs were present
in the isolated control and TAA cells. Thus, success-
ful isolation of DDR2-positive fibroblast cultures was
achieved (n=10) (Figure 2C). In the isolated fibroblasts,
copy number of Myh11 mRNA was determined to
be elevated in the fibroblasts derived from TAA tis-
sue when compared with control (4.47+1.23-fold
versus 1.00+0.28-fold; n=6; P=0.036). Furthermore,
no change was detected in alpha smooth muscle

miR-133a Attenuates Thoracic Aortic Aneurysm

actin copy number in control versus TAA fibroblasts
(1.00+£0.187-fold  versus  1.003+0.26-fold; n=6;
P=0.992) (Figure 2D). Most importantly, miR-133a
copy number was significantly reduced in TAA fibro-
blasts when compared with control (0.41+0.12 versus
1.72+0.46 copy per U6; n=10; P=0.007) (Figure 2E).
Interestingly, no differences were detected in copy
numbers of primary miR-133a in control versus TAA
fibroblasts (primary miR-133a-1: 0.018+0.00259 ver-
sus 0.016+0.00224 copy per GAPDH; n=6; P=0.516)
(Figure 2F); primary miR-133a-2: 2.40e-3+9.56€-4
versus 9.75e-4+2.83e-4 copy per GAPDH, n=6,
P=0.205 (Figure 2G), suggesting regulation of mature
levels after transcription.

Phenotype Was Altered in Fibroblasts
Isolated From TAA Tissue

Phenotype was compared between control and TAA
fioroblasts. Migration was increased in TAA fibro-
blasts when compared with control (0.62+0.041%;
n=9 versus 0.47+0.038%, n=10; P=0.013) (Figure 3A).
Representative images of the migration assay are in-
cluded in Figure S2. Adhesion to a growth surface was
reduced in TAA fibroblasts when compared with con-
trol (-0.85+0.018-fold versus -0.77+0.022-fold; n=10;
P=0.009) (Figure 3B). Finally, contraction of a collagen
disk was increased with TAA fibroblasts when compared
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Figure 3. Phenotype was altered in fibroblasts isolated from thoracic aortic aneurysm (TAA) tissue.

A, Migration of aortic fibroblasts as determined by transwell assay. Displayed are the percent of total cells migrated through an
8-pum porous membrane following 24-hour incubation of control (0.47+0.038%, n=10) and TAA (0.62+0.041%, n=9) fibroblasts.
*Student t test and Welch’s t test found differences between TAA vs control fibroblasts (P=0.013). B, Adhesion of aortic
fibroblasts following repeat washes in an automated plate washer. Displayed is a fold change in cell count compared with
unwashed in control (-0.77+0.022-fold) and TAA (-0.85+0.018-fold) fibroblasts (n=10). *Student t test and Welch'’s t test found a
difference between 4-week TAA vs control fibroblasts (P=0.009). C, Fold change in contraction rate of a collagen disk seeded
with control (1.00+0.39-fold, n=12) or TAA (1.38+0.34-fold, n=8) fibroblasts. *Student t test and Welch’s t test found a difference
in contraction rate between control and TAA fibroblasts (P=0.034). D, Representative images of collagen disks seeded with
control or TAA fibroblasts over 7 hours (images taken at 1, 3, 5, 6, and 7 hours from collagen polymerization). In the vertical point
plots, the solid line represents the mean, the upper and lower bars represent the standard error of the mean, and the dotted

line represents the median.
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with control (1.38+0.34-fold; n=8 versus 1.00+0.39- contractile myofibroblast. Figure 3D shows representa-
fold; n=12; P=0.034) (Figure 3C). This phenotypic pro-  tive images of the collagen disks seeded with fibroblasts
file is consistent with that of the highly migratory and over the 7-hour time course of the experiment.
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Figure 4. MiR-133a modulates aortic fibroblast phenotype.

A, Fold change in control (green) and TAA (red) fibroblast miR-133a copy number following transfection with the negative control
microRNA mimic (Neg. Ctrl)) (control: 1.00+0.35-fold; TAA: 1.00+0.15-fold; n=8), miR-133a mimic (control: 5637.49+3247.71-
fold, P<0.001, n=8; TAA: 3905.97+1570.75-fold, P<0.001, n=7), and anti-miR-133a oligonucleotide (control: 1.75+0.57-fold,
P=0.495; TAA: 2.09+0.37-fold, P=0.421; n=8). *, # Kruskal-Wallis 1-way ANOVA on ranks with Tukey test for post hoc analysis
found differences between miR-133a copy number in both control and TAA fibroblasts transfected with the miR-133a mimic vs
fibroblasts transfected with the negative control mimic. B, Percentage of total control fibroblasts migrated through an 8um porous
membrane following transfection with the negative control microRNA mimic (0.52+0.017%), miR-133a mimic (0.49+0.010%), and
anti-miR-133a oligonucleotide (0.58+0.016%) (n=8). *One-way ANOVA, multiple comparisons vs control group (Bonferroni t test)
found a difference between anti-miR-133a oligonucleotide vs negative control mimic (P<0.012). *One-way ANOVA, all pairwise
multiple comparison procedure (Tukey test) found a difference between anti-miR-133a vs miR-133a (P<0.001). C, Percent of total
TAA fibroblasts migrated through an 8-um porous membrane following transfection with the negative control microRNA mimic
(0.56+0.034%), miR-133a mimic (0.40+0.026%), and anti-miR-133a oligonucleotide (0.63+0.043%) (n=8). *One-way ANOVA,
multiple comparisons vs control group (Bonferroni t test) found difference between miR-133a mimic vs negative control mimic
(P=0.006). #*One-way ANOVA, multiple comparison procedure (Tukey test) vs miR-133a mimic found difference between anti—
miR-133a vs miR-133a (P<0.001). D, Percent change in control fibroblast adhesion following transfection with the negative control
mimic (0.00+0.7%), miR-133a mimic (3.4+1.0%), and anti-miR-133a oligonucleotide (1.3+0.08%) (n=12). “One-way ANOVA, multiple
comparisons vs control group (Bonferroni t test) found difference between miR-133a mimic vs negative control mimic (P=0.016).
E, Percentage change in TAA fibroblast adhesion following transfection with the negative control mimic (0.00+0.009%), miR-133a
mimic (7.3+0.08%), and anti-miR-133a oligonucleotide (-9.0+0.17) (n=12). *One-way ANOVA, multiple comparisons vs control
group (Dunn’s method) found differences between miR-133a vs negative control (P=0.016) and anti-miR-133a vs negative control
(P=0.016). *One-way ANOVA, multiple comparisons vs miR-133a group (Dunn’s method) found difference between anti-miR-133a
vs miR-133a (P<0.001). F, Fold change (F/C) in contraction rate of a collagen disk seeded with control fibroblasts transfected with
negative control mimic (1.0+0.049, n=12), miR-133a mimic (0.30+0.042, n=10), and anti-miR-133a oligonucleotide (1.18+0.14, n=12).
*One-way ANOVA, multiple comparisons vs control group (Dunn’s method) found differences between miR-133a vs negative
control (P=0.006). *One-way ANOVA, multiple comparisons vs miR-133a group (Dunn’s method) found differences between anti—
miR-133a vs miR-133a (P<0.001). G, F/C in contraction rate of a collagen disk seeded with TAA fibroblasts transfected with
negative control mimic (1.00+0.033, n=12), miR-133a mimic (0.32+0.058, n=10), and anti-miR-133a oligonucleotide (1.59+0.11;
n=12). *One-way ANOVA, multiple comparisons vs control group (Dunn’s method) found differences between anti-miR-133a vs
negative control (P=0.021) and between miR-133a vs negative control (P=0.007). *One-way ANOVA, multiple comparisons vs
miR-133a group (Dunn’s method) found difference found between miR-133a vs negative control (P<0.001). In the vertical point
plots, the solid line represents the mean, the upper and lower bars represent the standard error of the mean, and the dotted line
represents the median. In D through G, the dashed line represents referent control levels.
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Figure 5. MiR-133a attenuates the development of thoracic aortic aneurysms (TAA) in mice.

A, Fold change in aortic tissue miR-133a copy number following TAA induction in mice transfected with either the control virus
(1.00+0.16-fold) or the miR-133a over expression virus (1.81+0.34-fold) compared with nontransfected mice with TAA (red dashed
line) (n=14). *Student t test and Welch'’s t test found a difference between miR-133a virus vs control virus (P=0.048). B, Percentage
change in aortic diameter in nontransfected (no virus) and transfected mice with the control virus, and miR-133a virus 4 weeks
(no virus: 55.70+£5.80%, n=9; control virus: 65.95+1.97%, n=9; miR-133a virus: 24.64+2.19%, n=9), 8 weeks (no virus: 0.64+0.07%,
n=10; control virus: 0.49+0.03%, n=9; miR-133a virus: 0.23+0.040%, n=6), and 16 weeks (no virus: 0.63+0.07%, n=8; control virus:
0.62+0.08%, n=7; miR-133a virus: 0.25+0.05%, n=10) after aneurysm induction. *One-way ANOVA, multiple comparisons vs control
group (Bonferroni t test) found difference between miR-133a virus vs no virus at 4 (P<0.001) and 16 (P<0.001) weeks. No difference
was found between control virus vs no virus at 4 (P=0.359) or 16 (P=1) weeks. One-way ANOVA, multiple comparisons vs control
group (Dunn’s method) found difference between miR-133a virus vs no virus at 8 (P<0.001) weeks. No difference was found between
control virus vs no virus at 8 weeks (P=0.761). *One-way ANOVA, all pairwise multiple comparison procedure (Tukey test) found
differences between miR-133a virus vs control virus at 4 weeks (P<0.001) and 16 weeks (P=0.001), and no difference between no
virus vs control virus at 4 (P=0.366) or 16 (P=0.999) weeks. One-way ANOVA, multiple comparisons vs control group (Dunn’s method)
found a difference between miR-133a virus vs control virus at 8 weeks (P=0.02) and no difference between no virus vs control virus
at 8 weeks (P=1). C, Immunofluorescence (top) and modified Verhoeff-Van Gieson stain elastic stain (bottom) of non-TAA control and
nontransfected (no virus) and transfected mice with the control virus, and miR-133a virus aortic sections 16 weeks following the TAA
induction procedure. In the immunofluorescent images, elastin is seen as green autofluorescence, nuclei are stained blue with DAPI,
and red is a primary antibody to the green fluorescent protein conjugated with a secondary antibody labeled with a red Alexaflour.
White arrows indicate transduced cells and elastin breaks. In the vertical point plots, the solid line represents the mean, the upper
and lower bars represent the standard error of the mean, and the dotted line represents the median. D, Fold change in aortic tissue
Myh11 copy number per DDR2 copy following TAA induction in mice transfected with either the control virus (0.79+0.15-fold) or the
miR-133a overexpression virus (0.33+0.07-fold) compared with nontransfected mice with TAA (red dashed line) (n=11). *Student ¢ test
and Welch'’s t test found a difference between miR-133a virus vs control virus (P=0.018).

MiR-133a Modulated Aortic Fibroblast

Phenotype

To investigate the effects of miR-133a on cellular phe-
notype, control and TAA fibroblasts were transfected
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with either a nontargeting control microRNA mimic
as a negative control, a miR-133a mimic to increase
cellular levels, or an anti-miR-133a oligonucleotide
for suppression of endogenous miR-133a. Following

10



Akerman et al

transfection, the copy number of miR-133a was
quantified in the control and TAA fibroblasts. Results
confirmed that transfection of the miR-133a mimic
increased cellular levels of miR-133a in control and
TAA fibroblasts (control: 1.00+0.35-fold and TAA:
1.00+£0.15-fold transfected with the negative control
mimic; control: 5637.49+3247.71-fold; P<0.001; n=8
and TAA: 3905.97+1570.75-fold; P<0.001; n=7 when
transfected with the miR-133a mimic). As anticipated,
the anti-miR-133a had no effect on mature miR-133a
copy number in control nor TAA fibroblasts (control:
1.75+0.57-fold; P=0.495; and TAA: 2.09+0.37-fold;
P=0.421; n=8) (Figure 4A).

Following overexpression and knockdown of miR-
133a, cellular phenotype was measured in control
and TAA fibroblasts. When control fibroblasts were
treated with miR-133a, there was a slight reduction
in migration; however, this did not reach statistical
significance. Conversely, when control fibroblasts
were transfected with the anti-miR-133a oligonu-
cleotide, migration was significantly increased (neg-
ative control  microRNA mimic:  0.52+0.017%;
miR-133a mimic 0.49+0.010%; and anti-miR-133a
0.58+0.016%; n=8, P=0.012 anti-miR-133a versus
negative control) (Figure 4B). Alternatively, when
TAA fibroblasts were treated with miR-133a, there
was a significant reduction in migration, while TAA
fibroblasts transfected with the anti-miR-133a did
not have a significant increase in migration (negative
control microRNA mimic: 0.56+0.034%; miR-133a
mimic: 0.40+0.026%; anti-miR-133a oligonucleotide:
0.63+0.043%; n=8, P=0.006 miR-133a versus nega-
tive control) (Figure 4C).

Adhesion was increased in control fibroblasts
transfected with the miR-133a mimic, while no change
was observed in control fibroblasts treated with the
anti-miR-133a  oligonucleotide (negative control:
0.00+0.7%; miR-133a mimic: 3.4+1.0%; anti-miR-133a:
1.3+0.08%; n=12; P=0.016 miR-133a versus negative
control) (Figure 4D). Conversely, in TAA fibroblasts, ad-
hesion was increased following miR-133a transfection,
while reduced when treated with the anti-miR-133a
oligonucleotide (negative control: 0.00+0.009%; miR-
133a mimic: 7.3+0.08%; anti-miR-133a: —9.0+0.17;
n=12; P=0.016 miR-133a versus negative control
and P<0.001 anti-miR-133a versus negative control)
(Figure 4E).

Fold change in contraction rate was significantly
reduced in control fibroblasts treated with the miR-
133a mimic, while transfection with the anti-miR-
133a oligonucleotide resulted in a moderate increase
(negative control microRNA mimic: 1.0+0.049; miR-
133a mimic: 0.30+0.042; anti-miR-133a: 1.18+0.14;
n=12; P=0.006 miR-133a versus negative con-
trol) (Figure 4F). Conversely, when TAA fibroblasts
were treated with miR-133a mimic, contraction was
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reduced and treatment with the anti-miR-133a oli-
gonucleotide increased contraction significantly
(negative control mimic: 1.00+0.033; miR-133a
mimic: 0.32+0.058; anti-miR-133a oligonucleotide:
1.59+0.11; n=12; P=0.021 miR-133a versus negative
control and P=0.007 anti-miR-133a versus negative
control) (Figure 4G).

MiR-133a Attenuates the Development of
TAA in Mice

To demonstrate the impact of miR-133a overexpres-
sion on aneurysm development, 3 cohorts of mice
underwent TAA induction. The following day, one
group received a control, nontargeting, scrambled
sequence virus, while another group was given the
miR-133a overexpression virus. At the time of ter-
minal surgery, miR-133a levels were confirmed to
be increased in the thoracic aorta of mice that re-
ceived the miR-133a overexpression virus versus
the nontransfected mice with TAA (1.81+0.34-fold
versus 1.00+0.16; n=14; P=0.048). Furthermore, no
difference in miR-133a copy number was detected
between mice with TAA transfected with the control
virus (vehicle control) versus the nontransfected mice
with TAA (Figure 5A). A true aneurysm, defined as a
>50% increase in aortic diameter, was confirmed in
mice that did not receive virus and those that received
the control virus at 4, 8, and 16 weeks following in-
duction. Furthermore, no differences were detected
in diameter measurements between the no-virus and
control-virus groups. Conversely, treatment with the
miR-133a virus attenuated aneurysm development at
4, 8, and 16 weeks following induction (4 weeks: no
virus: 55.70+5.80%, n=9; control virus: 65.95+1.97%,
n=9; miR-133a virus: 24.64+2.19%, n=9; P<0.001
versus no virus and control virus) (8 weeks: no virus:
64+7%, n=10; control virus: 49+3%, n=9; miR-133a
virus: 23+4%, n=6; P<0.001 versus no virus and con-
trol virus) (16 weeks: no virus: 63+7%, n=8; control
virus: 62+8%, n=7; miR-133a virus: 25+5%, n=10;
P<0.001 versus no virus and control virus) (Figure 5B).

Both control virus and the miR-133a overexpres-
sion virus coexpress the green fluorescent protein.
Accordingly, tissue sections from each group were
obtained 16 weeks following TAA induction and sub-
jected to green fluorescent protein—specific primary
immunohistochemistry followed by a red fluorescently
labeled secondary antibody. Negative signal was ob-
served in the non-TAA (control) and TAA with no-virus
sections, while positive red signal was detected in
both control-virus and miR-133a overexpression virus
tissues. Combined, this confirmed successful viral
transduction of aortic tissue and sustained gene ex-
pression throughout the 16-week time course of the
study (Figure 5C, top). Additional fluorescent images
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are available in Figure S3. Tissue sections were also
stained with a modified Verhoeff’'s stain to confirm
elastic degeneration within the media of the TAA tis-
sues. Conversely, the elastin flaments in the miR-133a
overexpression group appear to be largely intact and
similar in structure to the nonvirus control sections
(Figure 5C, bottom).

Finally, total RNA was extracted from a portion of
the TAA tissues and used to determine copy number
of an mRNA marker of myofibroblasts. Myh11 mRNA
copy number was normalized to DDR2 as previously
described to account for differences in fibroblast num-
ber. No difference was detected between the no-virus
and control-virus groups, while Myh11 mRNA copy
number was significantly reduced in aortic tissues
from mice that received the miR-133a overexpression
virus. Thus, suggesting successful prevention of my-
ofibroblast population expansion. (1.00+0.15 versus
0.33+0.07-fold; n=10; P=0.012) (Figure 5D). Consistent
with control tissues, alpha smooth muscle actin re-
mained unchanged (Figure S4).

MiR-133a Directly Regulates Furin
Translation

To identify an underlying molecular pathway involved with
miR-133a and attenuation of aneurysm development, a
bicinformatics approach was taken to uncover potential
targets involved with extracellular matrix remodeling. A
TargetScan analysis, which is a widely used predictor of
microRNA targets, identified a putative binding site in the
3'UTR of the pro-protein convertase furin, a molecule
highly involved with ECM remodeling through activa-
tion of the membrane type matrix metalloproteinases as
well as release of latent ECM-bound growth factors.?9-2?
Furthermore, this sequence and surrounding regions
are highly conserved across multiple (>42) species.
Additionally, 5 online bioinformatics tools for microRNA
target recognition (MicroCosm Targets Version 5; DIANA;
PITA; RNA22; and RNAhybrid) identified miR-133a as
a top candidate at the same seed region sequence,
GACCA, of the furin mRNA transcript (Figure 6A). Furin
abundance was confirmed to be elevated in isolated mu-
rine TAA fibroblasts when compared with control fibro-
blasts (1.89+0.20-fold versus 1.00+0.05-fold; n=15, 12;
P<0.001) (Figure 6B). Complete uncropped images of
the western blots are included in Figure S5.

To confirm a direct interaction between miR-133a
and the furin mRNA transcript, several luciferase re-
porter constructs were employed. The first contained
the native furin 3'UTR sequence (NM_001289823.2),
while another had only the GACCA sequence ex-
changed for CUGGU by site directed mutagenesis
(mut-furin, illustrated in Figure 6A). For further controls,
a random sequence 3'UTR vector, which did not con-
tain GACCA, and another construct with no 3'UTR were
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included. Luminescence production was quantified fol-
lowing cotransfection with either a miR-133a mimic or
a negative control (hon-GACCA targeting) microRNA
mimic in HT1080 cells. Results demonstrate a decrease
in luminescence only in the cells cotransfected with the
native furin 3'UTR construct and the miR-133a mimic
(0.62+0.10-fold versus 1.00+0.10-fold; n=4; P=0.024)
(Figure 6C). Thus, miR-133a directly targets the consen-
sus sequence GACCA, located in the furin 3'UTR.

To determine if miR-133a modulates furin transla-
tion in vitro, murine control and TAA aortic fibroblasts
were transfected with either a nontargeting control
microRNA mimic as a negative control, a miR-133a
mimic to increase cellular levels, or an anti-miR-133a
oligonucleotide for suppression of endogenous miR-
133a. In control fibroblasts, miR-133a did not further
reduce furin abundance when compared with the
negative control (0.69+0.14-fold versus 1.00+0.14-
fold; n=6; P=0.399). Conversely, furin abundance in
control fibroblasts transfected with the anti-miR-133a
oligonucleotide was significantly increased when
compared with the fibroblasts treated with the neg-
ative control microRNA mimic (1.59+0.21-fold versus
1.00+0.14-fold; n=6; P=0.04) (Figure 6D). Contrariwise,
in TAA fibroblasts, miR-133a significantly reduced furin
abundance when compared with the negative control
(0.61£0.07-fold versus 1.00+0.12-fold; n=6; P=0.04),
while furin abundance in TAA fibroblasts transfected
with the anti-miR-133a oligonucleotide was not further
increased (1.16+0.11-fold versus 1.00+0.12-fold; n=6;
P=0.75) (Figure 6E).

MiR-133a Overexpression Modulates
Furin in Aortic Tissue

The downstream effects of miR-133a overexpres-
sion were investigated in vivo. (pathway illustrated
in Figure 7A) For this, a portion of aortic tissue was
used from the 3 cohorts of mice that underwent TAA
induction and compared with non-TAA, control aortic
tissues. One group received aneurysm induction with
no virus injection, another received a control, nontar-
geting, scrambled sequence virus, while the third re-
ceived the miR-133a overexpression virus. Following
aneurysm formation, furin abundance was determined
to be elevated in TAA when compared with non-TAA
control tissue (2.54+0.31-fold versus 1.00+0.06-fold;
n=12; P<0.001). As anticipated, no difference in furin
abundance was detected between the no-virus and
control-virus groups with TAA. However, overexpres-
sion of miR-133a prevented an increase in furin levels
following TAA induction in mice, and there was no
difference when compared with non-TAA control lev-
els (1.17+0.15-fold versus 1.00+0.06-fold; n=12; P=1)
(Figure 7B).
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Figure 6. MiR-133a directly regulates furin translation.

A, Sequence alignment between the mature miR-133a transcript (accession: MIMAT0000427) with the conserved sequence region
of the furin 3" untranslated region (UTR). Transcript in uppercase is conserved in at least 42 species, and transcript in lowercase is
conserved in at least 21 species (TargetScan 7.2). Below is the gene mutation sequence introduced in the 3'UTR of the mutant furin
reporter plasmid for confirmation of direct targeting. B, Furin is elevated in thoracic aortic aneurysm (TAA) fibroblasts. Displayed is the
fold change in furin abundance of control (1+0.05-fold, n=15) and TAA (1.89+0.20-fold, P<0.001, n=12) fibroblasts with representative
immunoblot above. *Mann-Whitney rank-sum test found difference between TAA vs control (P<0.001). C, MiR-133a directly targets
the GACCA consensus sequence located in the furin 3'UTR. Displayed is the fold change in luminescence following cotransfection
of HT1080 cells with the following 3'UTR luciferase reporter constructs and either a nontargeting negative control microRNA mimic
or miR-133a: the wild-type furin 3’'UTR construct cotransfected with either the negative control (1.00+0.10-fold) or miR-133a mimic
(0.62+0.10-fold); the mutated furin 3'UTR (with GACCA replace with CUGGU by site-directed mutagenesis) construct cotransfected
with the negative control (1.00+0.03-fold) and miR-133a (1.12+0.11); a random sequence 3'UTR construct (confirmed to not contain
GACCA) with the negative control (1.00+0.09) and miR-133a (1.14+0.09), and a positive control construct (which contains no 3'UTR
[no UTR]) cotransfected with the negative control (1.00+0.14-fold) or miR-133a (1.22+0.09-fold) (n=5). *Student t test and Welch'’s t
test found differences in luminescence between the furin 3’'UTR transfected with the miR-133a mimic vs when transfected with the
nontargeting, negative control, microRNA mimic (P=0.024). D, Furin abundance in control fibroblasts following transfection with the
negative control microRNA mimic (1.0+0.14; n=8), miR-133a mimic (0.609+0.070; P<0.399; n=6), and anti-miR-133a oligonucleotide
(1.59+0.22; n=6) with representative immunoblot above. *One-way ANOVA, multiple comparisons vs control group (Bonferroni t
test) found difference between anti-miR-133a vs negative control (P=0.041). *One-way ANOVA, all pairwise multiple comparison
procedure (Tukey test) found difference between anti-miR-133a vs miR-133a (P=0.006). E, Furin abundance in TAA fibroblasts
following transfection with the negative control microRNA mimic (1.00+0.116; n=9), miR-133a mimic (0.609+0.070; P=0.041; n=9), and
anti-miR-133a oligonucleotide (1.16+0.11; n=9) with representative immunoblot above. *One-way ANOVA, multiple comparisons vs
control group (Dunn’s method) found difference between miR-133a and negative control group (P=0.054). *One-way ANOVA, multiple
comparisons vs miR-133a group (Dunn’s method) found difference between anti-miR-133a vs miR-133a (P=0.004). In D, the bar height
represents the mean, the upper and lower bars represent the standard error of the mean, and the dotted line represents the median.
In the vertical point plots, the solid line represents the mean, the upper and lower bars represent the standard error of the mean, and
the dotted line represents the median.

It is well established that the pro-protein conver-
tase, furin, activates the MT1-MMP intracellularly by
removal of a pro-domain.?®?® Therefore, the pro-
teolytically active, 64-kDa form of MT1-MMP was
measured in the aortic tissues. Following aneurysm
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formation, active MT1-MMP abundance was deter-
mined to be elevated in TAA when compared with
non-TAA control tissue (1.38+0.11-fold versus
1.00+£0.07-fold; n=12; P=0.005). As anticipated,
no difference in active MT1-MMP was detected
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Figure 7. MiR-133a overexpression modulates furin in aortic tissue.
A, Proposed pathway of miR-133a regulation of extracellular matrix (ECM) remodeling. B, representative western blot and fold change
in furin abundance in control tissue (1£0.055, n=12) and thoracic aortic aneurysms (TAA) tissue transfected with no virus (2.5+0.31,

n=12), control virus (2.54+0.15, n=12), and miR-133a virus (1.18+

0.15, P=1, n=9). *One-way ANOVA, multiple comparisons vs control

group (Dunn’s method) found differences between control group vs no virus (P<0.001) and vs control virus (P<0.001). #*One-way
ANOVA, multiple comparisons vs miR-133a group (Dunn’s method) found differences between miR-133a vs control virus (P=0.002).
C, representative western blot and fold change in membrane type 1 matrix metalloproteinase (MT1-MMP) abundance in control tissue
(1.03+0.059, n=11) and TAA tissue transfected with no virus (1.38+0.11; n=12), control virus (1.24+0.040; n=12), and miR-133a virus
(0.94+0.089; n=12). *One-way ANOVA multiple comparisons vs control group (Bonferroni t test) found difference between no virus vs
control (P=0.005) and control virus vs control (P=0.040). *One-way ANOVA, all pairwise multiple comparison procedure (Tukey test)

found difference between no virus vs miR-133a virus (P=0.002)

and control virus vs miR-133a virus (P=0.041). In the vertical point

plots, the solid line represents the mean, the upper and lower bars represent the standard error of the mean, and the dotted line

represents the median.

between the no-virus or control-virus groups with
TAA. However, furin suppression by overexpression
of miR-133a prevented an increase in active MT1-
MMP following TAA induction in mice, and there was
no difference when compared with non-TAA control
levels (0.94+0.09-fold versus 1.00+0.07-fold; n=12;
P=1) (Figure 7C). Complete uncropped images of the
western blots are included in Figure S6.

DISCUSSION

Results from this set of investigations demonstrate that
miR-133a plays a key role in regulating aortic fibroblast
phenotype and the development of TAA in an estab-
lished murine model. Early studies performed by this
laboratory identified that TAA progression is accompa-
nied by the emergence of a proteolytically active popu-
lation of myofibroblasts.?'® The current research built
on these findings through interruption of this process.
We identified alterations in intracellular miR-133a levels
have the unique ability to modulate migratory, adhe-
sive, and contractile properties of aortic fibroblasts and
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myofibroblasts. Most notably, miR-133a overexpres-
sion prevented TAA formation in this murine model.
Further examination led to identification of a puta-
tive mechanism involved. Specifically, the pro-protein
convertase furin was confirmed to be a direct target
of miR-133a. Furin is highly expressed in myofibro-
blasts and regulates the activation of multiple matrix
metalloproteinases, consequently contributing to ECM
remodeling. The prototypical MT1-MMP is activated
by furin and has been demonstrated to play a role in
aortic aneurysm formation. Combined, this suggests a
common pathway for regulation of adverse proteolytic
activity in TAA. Accordingly, this study demonstrated
overexpression of miR-133a prevented an elevation in
aortic furin levels and subsequent rise in active MT1-
MMP. This was sufficient in the attenuation of thoracic
aortic aneurysm formation in mice.

In past reports, we identified that the abundance
of mature miR-133a was reduced in aortic tissue from
patients with TAA®'# |In fact, miR-133a levels were
found to be inversely proportional to aortic diame-
ter.* Interestingly, elevated wall tension applied to the
thoracic aorta, as experienced with increased aortic
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diameter in TAA, was identified as a mechanism by
which miR-133a is reduced in aortic fibroblasts via
secretion in exosomes.'® Consistent with these past
reports, the current study was able to demonstrate
an inverse linear correlation with aortic diameter and
the abundance of miR-133a. As vessel diameter in-
creased, miR-133a was reduced. To this end, it is ra-
tional to suggest that reduction in miR-133a may exert
an important role in vascular degeneration and dilation
associated with TAA development.

To study the initiation and progression of TAA, this
laboratory uses a mouse model where aneurysm is
induced by placing a sponge soaked in calcium chlo-
ride on the periadventitial surface of the descending
portion of thoracic aorta. Following exposure, the
sponge is removed, and the animals are recovered.
Over the time course of aneurysm development, this
model consistently demonstrates reproducible pro-
gressive dilatation leading to aneurysm formation with
evident alterations in the vascular extracellular ma-
trix.1916:24-28 |mportantly, this TAA model recapitulates
the structural hallmarks, changes in cellular content,
and alteration in signaling consistent with clinical TAA
specimens. Furthermore, these differences correlate
with alterations in the transforming growth factor-beta
pathway.?® Altered transforming growth factor-beta
signaling, driven in part by both furin and MT1-MMP-
mediated release of latent ECM-bound ligand,?>2°
plays a significant role in pathological ECM remodeling
and modification of cellular phenotype. This process
extensively contributes to development of TAA,2830-33
Our current results are consistent with past reports
and identified an ~50% increase in aortic diameter at
4 weeks followed by development of a relative plateau
in aortic dilation.? This suggests 2 distinct phases of
aneurysm development. It is during this time that crit-
ical changes are occurring, not only in the structural
remodeling of the vascular ECM but also in the endog-
enous cellular composition.'®

It has been well documented in previous studies that
thoracic aortic dilatation is accompanied by smooth
muscle cell apoptosis.>® Furthermore, in the thoracic
aorta, we do not observe an infiltration of inflamma-
tory cells, as seen in abdominal aortic aneurysm dis-
ease.? Accordingly, as the aneurysm progresses and
the smooth muscle cell content within the thoracic
aortic wall decreases, resident fibroblasts become the
predominant cell type remaining and likely function to
manage the vascular remodeling process. Biochemical
identification of fibroblasts is challenging, as they do
not contain a single definitive cell marker; however,
they do contain proteins that other vascular cells do
not. Two such proteins used in studying fibroblasts are
vimentin, present in the intermediate filament, and the
collagen receptor DDR2. The presence of DDR2 is the
more specific of the two. While observed in other cell
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types, such as leukocytes, DDR2 is not present in vas-
cular smooth muscle cells or endothelial cells.? In addi-
tion to changes in cell number, it has been suggested
that fibroblasts may undergo a change in phenotype,
in response to vascular injury, taking on properties of
the myofibroblast.” This transdifferentiation event con-
fers specific cell type characteristics. These include in-
creased migratory and contractile properties as well as
expression of the smooth muscle cell myosin (Myh11).
Thus, the observed elevation in Myh11 copy number in
TAA tissue suggested an expansion of myofibroblasts
with disease. These changes often result in an altered
collagen:elastin ratio because of alterations in deposi-
tion and degradation of these critical ECM molecules.

To further examine this unique cellular population,
aortic fibroblasts were isolated from non-TAA control
and 4-week TAA mice (the time point at which Myh11
expression began to rise) and primary cultures were
established.?#%® The isolated fibroblasts were con-
firmed to be pure by a highly sensitive method (ddPCR)
for detection of mMRNA copies of both vimentin and
DDR2 and negative for smooth muscle cell-specific
desmin and endothelial specific von Willebrand fac-
tor. In past reports using this outgrowth technique, a
differential gene expression profile was measured by
quantitative polymerase chain reaction array to de-
fine stable alterations in fibroblasts expanded in cul-
ture.'® The current report built on these past findings
by subjecting the fibroblasts to functional phenotypic
analyses. The results demonstrated that the TAA fibro-
blasts had an overall increase in migration and con-
traction, with a decrease in adhesion when compared
with normal control fibroblasts, a profile consistent with
myofibroblast behavior. Most importantly, mature miR-
133a copy number was found to be significantly re-
duced in the isolated TAA fibroblasts when compared
with controls. The mature miR-133a sequence is tran-
scribed from 2 distinct locations within the genome.
Therefore, both primary miR-133a-1 and primary miR-
133a-2 levels were quantified. Interestingly, no differ-
ences were detected in either primary miR-133a-1 nor
primary miR-133a-2, suggesting that regulation of en-
dogenous mature levels occurred after transcription.
This result was consistent with a preceding investiga-
tion from this laboratory.”® In this past report, tension
reduced intracellular miR-133a by exosome secretion
rather than alterations in transcription. Nevertheless,
modulation of mature miR-133a levels was sufficient in
variation of these functional phenotypes. A remarkable
finding from this study was a differential response to
miR-133a modulation in the fibroblasts isolated from
TAA and control aorta. Specifically, transfection of miR-
133a in control fibroblasts did not seem to further re-
duce migration while having a significant effect in the
TAA fibroblasts. Conversely, miR-133a knockdown
did not further increase TAA fibroblast migration. This
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differential response may suggest the upper and lower
ceilings of migratory properties are reached in these
fibroblast populations and lack of negative effect on
healthy cells gives hope to the possibility of miR-133a
as a potential therapeutic.

Most importantly, using this murine model of TAA,
we demonstrated that restoration of aortic miR-133a
levels in vivo (by lentivirus) attenuated the develop-
ment of TAA. We successfully demonstrated a >50%
increase in diameter in animals that underwent TAA
induction, including those that received the nontar-
geting control virus. Conversely, injection with the
miR-133a overexpression virus had a significant at-
tenuation in aneurysm formation. In fact, no difference
in aortic diameter measurements were detected when
compared with sham-operated controls. Furthermore,
this attenuation in TAA formation appeared to persist
long term (over the full 16-week time course of the
study). Histologically, we were able to recover viral
gene expression at 16 weeks. This corresponded
with profound differences in medial degeneration
across the groups. While aneurysm formation coin-
cided with medial degeneration of elastin, animals
that underwent the aneurysm induction that received
the miR-133a virus had intact elastic lamellae and an
organized collagen network consistent with the rep-
resentative healthy control aorta. Finally, observation
of decreased Myh11 gene expression suggests inhi-
bition of myofibroblast expansion in the animals that
received the miR-133a overexpression virus.

As a step toward uncovering a potential mecha-
nism involved with this process, furin was identified as
a novel target of miR-133a. Aortic furin levels were ob-
served to be significantly elevated in this murine model
of TAA. Following the discovery of furin in 1990, it was
regarded as a simple housekeeping protein; however,
a crucial role in numerous cellular events has recently
triggered investigators to reevaluate the role of furin
in disease. Indeed, elevated furin levels have been
directly linked to cellular phenotype transformation,
tumor progression, metastasis, and vascular remod-
eling.36-40 Importantly, furin abundance was elevated
in the isolated TAA fibroblasts when compared with
healthy controls and protein levels are successfully
modulated by overexpression and knockdown of miR-
133a alone. Furin is a ubiquitously expressed endopro-
tease that functions in the proteolytic maturation of a
wide portfolio of pro-protein substrates.*! Furthermore,
inhibition has been demonstrated to block >80% of
transforming growth factor-beta processing in vitro,
suggesting that furin may be a central mediator of ECM
remodeling and cellular phenotype transformation in
TAA.?2 Phosphorylation and subsequent activation
of furin occurs in the endoplasmic reticulum followed
by localization to the trans-Golgi network.*? This in-
cludes trafficking between the Golgi, endosomes,
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and plasma membrane.*>** Nevertheless, the re-
quired target sequence of miR-133a, located in the
furin 3'UTR, is GACCA. This region of furin transcript,
and surrounding sequence, is highly conserved in at
least 42 different species, thus indicating inheritance
by natural selection. This is exciting and suggests that
investigations directed toward miR-133a repression of
furin in animal models may aptly translate to humans.
Furthermore, this opens up the possibility to reversibly
search for other mRNA targets of miR-133a by probing
3’'UTR databases.

Another critical pro-protein substrate of furin is MT1-
MMP. Furin mediates not only the activation of MT1-
MMP but also the levels of functionally active MT1-MMP
on the cell surface.?%*-4" Downstream, MT1-MMP
plays a dual role in TAA development through both peri-
cellular proteolysis when on the cell surface and intra-
cellular transforming growth factor-beta signaling when
preferentially internalized.#2380:48-50 Therefore, regula-
tion of furin may limit activation of substrates, such as
MT1-MMP, thus suppressing pathological ECM remod-
eling during TAA progression.36:4051-56 Accordingly, the
proteolytically active, 64-kDa form of MT1-MMP was
measured in the aortic tissues. Following aneurysm for-
mation, active MT1-MMP abundance was determined
to be elevated in TAA when compared with non-TAA
control tissue; however, furin suppression by overex-
pression of miR-133a prevented an increase in active
MT1-MMP and TAA development.

The present study is not without limitations. First,
miR-133a was delivered before the formation of TAA.
Therefore, effects of miR-133a on an existing aneu-
rysm remain to be determined and will be the focus
of future examinations. Second, this investigation fo-
cused on the thoracic region of the aorta, while the
abdominal portion is also highly susceptible to pathol-
ogy. Interestingly, there is significant heterogeneity in
the structure, function, and response to physiological
changes throughout the aorta.®%° This highlights
the need for ongoing investigations directed at defin-
ing the regional differences in the etiology, incidence,
and clinical management of aortic disease in the tho-
racic versus abdominal aorta with respect to levels of
miR-133a. Third, in this study we confirmed miR-133a
directly modulates furin levels in the thoracic aorta;
however, like all microRNAs, miR-133a has multiple tar-
gets, some of which assuredly are unidentified. Thus,
the effect of furin modulation alone on the development
of TAA remain to be determined and will be the focus
of future investigations. Finally, lentiviral gene delivery
is limited in medical application because of inherent
safety concerns. Therefore, we are actively pursuing
novel methods for localized delivery and retention of
aortic fibroblast miR-133a levels for clinical use.

In summary, thoracic aortic aneurysm disease is
often asymptomatic and carries a high level of morbidity
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and mortality for which there is currently no effective
medical treatment. Dysregulated proteolytic activity
is an established mechanism driving TAA formation.
This pathological process involves an alteration in
resident cellular phenotype known as a fibroblast-to-
myofibroblast transition. This weakens the vessel wall,
leads to gross dilation, and can progress to rupture in
the absence of symptoms. In this report, we identified
that miR-133a regulates aortic fibroblast phenotype, and
overexpression attenuates proteolytic activation and the
development of TAA in a murine model. These unique
findings suggest stable alterations in aortic fibroblasts
are associated with the development of thoracic aortic
aneurysm and regulation by miR-133a may lead to a
novel therapeutic strategy.
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Table S1. Statistics and data summary (see Excel file). Data from each figure is displayed as the
group sample size (n), mean (m), median, standard deviation (Stdev), standard error of the
mean (SEM), mean difference (m1-m2), Effect Size (ES), ES Model used, and p value with
corresponding test used. For each ES value an effect level was assigned using the following

scheme: <0.1: Trivial; 0.1-0.3: Small; 0.3-0.5: Medium; >0.5: Large.
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Figure S1. Results from pilot studies demonstrating feasibility of miR-133a overexpression on TAA development in mice.
(A) Lentivirus vector map provided by System Biosciences. This is the vector backbone utilized in the current study for
the purposes of overexpressing either the miR-133a precursor (miR-133a Virus), or scrambled sequence control (Control
Virus). (B) Aortic diameter measurements 3 weeks following TAA induction in mice with or without a single tail-vein
injection of the miR-133a virus. (C) Gross anatomical images of the descending thoracic aorta 3 weeks following the
induction procedure in mice with or without a single tail-vein injection of the miR-133a virus. Significant dilation was
observed in mice without miR-133a over expression. (D) Three weeks following TAA induction plasma was harvested
from mice with or without a single tail-vein injection of the miR-133a virus. RT-PCR was performed on isolated total RNA
comparing circulating levels of miR-133a. An elevation of miR-133a levels was detected in mice with received the miR-
133a overexpression virus, suggesting successful viral delivery. (E) Three weeks following TAA induction the descending
thoracic aorta was harvested from mice with or without a single tail-vein injection of the miR-133a virus. RT-PCR was
performed on isolated total RNA comparing tissue levels of miR-133a. An elevation of miR-133a levels was detected in
mice with received the miR-133a overexpression virus, suggesting successful up-regulation of miR-133a in the thoracic
aorta. (F) Three weeks following TAA induction, the descending thoracic aorta was harvested from mice with or without a
single tail-vein injection of the miR-133a virus. Total protein was subjected to western blotting for a downstream effector
of miR-133a, MT1-MMP. A reduction in the active form of MT1-MMP suggested a functional effect of systemic miR-133a
over expression. In the vertical bar graphs, the bar represents the mean and the error bar represents the upper standard
error of the mean. Student’s t-test found differences between TAA and TAA+miR-133a virus in B, and D-F. * (P < 0.05)
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Figure S2. Representative images of the transwell migration assay to accompany
the data presented in Figure 3A. Nuclei were stained with DAPI (blue) and images
were acquired at 10X in five separate locations on the top and bottom of the 8.0 um
porous fluroblock membranes (corning). Transmitted light images were overlaid with
fluorescent images to prevent accidental counting of the pours (which appear as
white dots) as nuclei (blue fluorescence). Average cell count for each side was
calculated and the percent migration was determined by dividing the average of the
bottom membrane count by sum of cell count on top and bottom.



Control TAA

Figure S3. Additional fluorescent images of the murine aorta to accompany figure 5C. Immunofluorescence images of
non-TAA control (imaged at 20X) and non-transfected (No Virus) (imaged at 20X) and transfected mice with the control
virus (imaged at 20X), and miR-133a virus (imaged at 10X) aortic sections 16 weeks following the TAA induction
procedure; all scale bars are 70 uym. In the immunofluorescent images, elastin is seen as green auto fluorescence, nuclei
are stained blue with DAPI and red is a primary antibody to the green fluorescent protein conjugated with a secondary
antibody labeled with a red Alexaflour. White arrows indicate transduced cells labeled with the red Alexaflour. Size bars
are included in each image as a white bar.
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Figure S4. Fold change in aortic tissue aSMA copy number per DDR2 copy
following TAA induction in mice transfected with either the control virus
(0.80 = 0.23 fold) or the miR-133a over expression virus (0.68 + 0.16 fold)
compared to non-transfected mice with TAA (red dashed line) (n = 11). *
Student’s t-test and Welch’s t-test found no difference between miR-133a
virus versus control virus (P = 0.86).
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Figure S5. Full blot images from figure 6. Included are the complete, uncropped
iImages of the nitrocellulose membranes accompanying the data presented in figure
6. The green box indicates the areas that were quantified by densitometry.
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Figure S6. Full blot images from figure 7. Included are the complete, uncropped
images of the nitrocellulose membranes accompanying the data presented in figure
7. The green box indicates the areas that were quantified by densitometry.



