Atherosclerosis 282 (2019) 121-131

Contents lists available at ScienceDirect

atherosclerosis

Atherosclerosis

journal homepage: www.elsevier.com/locate/atherosclerosis

Dual inhibition of endothelial miR-92a-3p and miR-489-3p reduces renal R

. . . . Check for
injury-associated atherosclerosis At
Carrie B. Wiese®, Jianyong Zhongb, Zhi-Qi Xu®, Youmin Zhang®, Marisol A. Ramirez Solano®,
Wanying Zhu®, MacRae F. Linton‘, Quanhu Sheng®, Valentina Kon”, Kasey C. Vickers™“"
2 Department of Molecular Physiology and Biophysics, Vanderbilt University, Nashville, TN, USA
Y Department of Pediatrics, Vanderbilt University Medical Center, Nashville, TN, USA
© Department of Medicine, Vanderbilt University Medical Center, Nashville, TN, USA
dDepanment of Biostatistics, Vanderbilt University Medical Center, Nashville, TN, USA
HIGHLIGHTS

® Aortic endothelial miR-92a-3p levels are increased in a mouse model of renal injury.

® Dual inhibition of miR-92a-3p and miR-489-3p significantly reduced atherosclerotic lesion area (28.6%) after a week.

® Dual miRNA inhibition in 5/6Nx;Apoe”/~ mice significantly altered TGFp signaling pathway and STAT3 transcriptional activity.

® Tgfb2 and Fam220a are novel targets of miR-489-3p and miR-92a-3p, respectively.

e Within human endothelial cells, miR-92a-3p directly regulates Fam220a, which negatively regulates STAT3 activity.
ARTICLE INFO ABSTRACT
Keywords: Background and aims: Cardiovascular disease (CVD) is the leading cause of death in chronic kidney disease
Atherosclerosis (CKD) patients, however, the underlying mechanisms that link CKD and CVD are not fully understood and
Chronic l.ddney disease limited treatment options exist in this high-risk population. microRNAs (miRNA) are critical regulators of gene
Endothelium expression for many biological processes in atherosclerosis, including endothelial dysfunction and inflammation.
E};CEORNAS We hypothesized that renal injury-induced endothelial miRNAs promote atherosclerosis. Here, we demonstrate

that dual inhibition of endothelial miRNAs inhibits atherosclerosis in the setting of renal injury.

Methods: Aortic endothelial miRNAs were analyzed in apolipoprotein E-deficient (Apoe™’") mice with renal
damage (5/6 nephrectomy, 5/6Nx) by real-time PCR. Endothelial miR-92a-3p and miR-489-3p were inhibited by
locked-nucleic acid (LNA) miRNA inhibitors complexed to HDL.

Results: Renal injury significantly increased endothelial miR-92a-3p levels in Apoe™’";5/6Nx mice. Dual in-
hibition of miR-92a-3p and miR-489-3p in Apoe ™’ ~;5/6Nx with a single injection of HDL + LNA inhibitors
significantly reduced atherosclerotic lesion area by 28.6% compared to HDL + LNA scramble (LNA-Scr) con-
trols. To examine the impact of dual LNA treatment on aortic endothelial gene expression, total RNA sequencing
was completed, and multiple putative target genes and pathways were identified to be significantly altered,
including the STAT3 immune response pathway. Among the differentially expressed genes, Tgfb2 and Fam220a
were identified as putative targets of miR-489-3p and miR-92a-3p, respectively. Both Tgfb2 and Fam220a were
significantly increased in aortic endothelium after miRNA inhibition in vivo compared to HDL + LNA-Scr
controls. Furthermore, Tgfb2 and Fam220a were validated with gene reporter assays as direct targets of miR-489-
3p and miR-92a-3p, respectively. In human coronary artery endothelial cells, over-expression and inhibition of
miR-92a-3p decreased and increased FAM220A expression, respectively. Moreover, miR-92a-3p overexpression
increased STAT3 phosphorylation, likely through direct regulation of FAM220A, a negative regulator of STAT3
phosphorylation.

Conclusions: These results support endothelial miRNAs as therapeutic targets and dual miRNA inhibition as
viable strategy to reduce CKD-associated atherosclerosis.
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1. Introduction

Clinical and experimental studies have firmly established that CKD
dramatically increases the risk for CVD, including atherosclerosis [1-3].
Although traditional risk factors, e.g. hypertension and diabetes, are
highly prevalent in CKD, statistical adjustments do not fully explain this
predisposition and CKD itself is now considered a major risk factor for
CVD mortality [1-3]. Despite these significant associations, the me-
chanistic link(s) between CKD and CVD remain to be fully defined, and
thus, limits our ability to develop targeted risk-reduction interventions.
Atherosclerosis is characterized by endothelial dysfunction, which
promotes inflammatory responses to cholesterol and lipid accumulation
within the arterial wall. Evidence suggests that CKD is associated with
endothelial dysfunction, which provides a potential systemic link be-
tween CKD and CVD [4]; however, much of the underlying biology
remains to be determined. Endothelial dysfunction encompasses a
spectrum of biological processes and miRNAs have emerged as critical
regulators of endothelial gene regulatory networks [5-7]. miRNAs are
small non-coding RNAs that post-transcriptionally regulate gene ex-
pression through inhibition of protein translation and destabilization/
degradation of targeted mRNAs [8,9]. For example, miR-92a-3p, has
been identified as an important regulator of both angiogenesis and
endothelial dysfunction through targeted suppression of protective
endothelial genes, including kruppel-like factor 2 (KLF2) and 4 (KLF4)
[7,10-14]. miR-92a-3p was also identified as a pro-atherogenic miRNA
in endothelial cells. Inhibition of miR-92a-3p in low-density lipoprotein
receptor null (Ldlr~’/") mice was demonstrated to reduce athero-
sclerotic burden [14]. Nevertheless, the impact of miR-92a-3p inhibi-
tion on atherosclerosis in other models of hypercholesterolemia, e.g.
Apoe™’~ mice, has not been tested. The potential of miR-92a-3p as a
therapeutic target for CKD-associated atherosclerosis has also not been
investigated. This is especially intriguing since miR-92a-3p was recently
linked to CKD. miR-92a-3p levels were found to be increased in serum
from CKD subjects and aortic miR-92a-3p levels were reported to be
increased in rats with adenine-induced CKD [15]. Thus, inhibition of
endothelial miR-92a-3p has great potential as a therapeutic target to
treat atherosclerosis in the context of CKD.

In addition to miR-92a-3p, miR-489-3p has also been linked to
kidney damage. Urinary miR-489-3p levels were elevated in rats with
gentamicin kidney injury even before detectable increases in creatinine
and blood urea nitrogen (BUN) suggesting that urinary miR-489-3p
may serve as a novel biomarker for renal injury [16,17]. Another model
of kidney damage, renal ischemia-reperfusion injury, was shown to
have increased intra-renal miR-489-3p levels together with increased
urinary levels of miR-489-3p [17]. These studies link extracellular and
cellular levels of miR-92a-3p and miR-489-3p to cardiovascular and
kidney diseases; however, the mechanistic roles of miR-92a-3p and
miR-489-3p in vascular endothelium and their therapeutic potential in
CKD-associated atherosclerosis have not been directly investigated.

In this study, we utilized HDL delivery of LNA miRNA inhibitors to
aortic endothelium in vivo and demonstrated that dual inhibition of
miR-92a-3p and miR-489-3p reduced atherosclerosis in a model of
renal damage (Apoe’/ ~;5/6Nx). We found that endothelial levels of the
pro-atherogenic miRNA, miR-92a-3p, were significantly increased in
Apoe~’~";5/6Nx mice compared to Apoe /"~ control mice with intact
kidneys. Results from high-throughput sequencing, pathway analysis,
and in silico prediction suggest that miR-92a-3p and miR-489-3p reg-
ulate multiple genes in aortic endothelial cells that may contribute to
atherosclerosis, as LNA treatments significantly altered many genes
(mRNA) within critical endothelial pathways. Gene reporter assays
support that Tgfb2 and Fam220a are directly regulated by miR-489-3p
and miR-92a-3p, respectively. Furthermore, a novel miR-92a-3p/
FAM220A/STAT3 axis was identified in human coronary artery en-
dothelial cells (HCAEC) that may contribute to the reduced athero-
sclerosis observed in mouse models of renal injury. Overall, these re-
sults demonstrate that simultaneous inhibition of multiple endothelial
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miRNAs is a potential strategy to reduce atherosclerosis in the setting of
CKD.

2. Materials and methods
2.1. Animal studies

Apolipoprotein E~/~ (Apoe™’ ™) B6.129P2-Apoe™!Y"/J mice from
The Jackson Laboratory were studied under active Vanderbilt
University Institutional Animal Care and Usage Committee protocols.
Subtotal 5/6 nephrectomy (5/6Nx) was performed under isoflurane
inhalation anesthesia on 10-12 wk old female Apoe™’~ mice, as pre-
viously described [18]. Female Apoe™”~ mice were utilized due to the
increased atherosclerosis compared to males and mice were maintained
on regular chow diet throughout the study. Seven wks after 5/6Nx
surgery, mice received a single intravenous (retro-orbital) injection of
saline, 4 mg of HDL alone, or 20 mg/kg (body weight) LNA miRNA
inhibitors against miR-92a-3p (LNA-92a), miR-489-3p (LNA-489), or
LNA-scramble (LNA-Scr) individually, or combination of 20 mg/kg of
each LNA-92a and LNA-489 complexed to 4 mg HDL. Apoe™”~ mice
received intravenous (retro-orbital) injection of 4mg of HDL alone,
20 mg/kg LNA-92a, or 20 mg/kg LNA-92a complexed with 4 mg of
HDL. All mice were sacrificed 7 days post-injection by isoflurane in-
halation followed by cervical dislocation. The surgical procedure is
detailed in the Online Supplement Methods.

2.2. Transcriptomics

Total RNA was isolated from aortic endothelium lysates that were
sheared from intact (excised) aortae by passing 200 puL of Qiazol
(Qiagen) through the dissected aorta, as previously described [19].
Total RNA was isolated from aortic endothelium and HCAEC by miR-
NEasy mini kits (Qiagen) following manufacturer's instructions and
RNA levels were quantified by spectrophotometry using Take3 micro-
volume plates with a Synergy Mx plate-reader. Total RNA was reverse
transcribed using microRNA RT kits with individual miRNA RT primers
and high-capacity cDNA RT kit with random hexamers for miRNAs and
mRNAs, respectively (Life Technologies). Individual transcript levels
were quantified by real-time PCR using TaqgMan probes for candidate
miRNAs and mRNAs on the Quantstudio real-time PCR System (Life
Technologies). Relative quantitative values (RQV) were determined by
the delta Ct method (RQV = 2°9¢Y with normalization to U6 for
miRNAs and peptidylprolyl isomerase A (PPIA) or ribosomal protein S9
(RPS9) for mRNAs (Supplementary Table 1).

2.3. Cell culture

Primary HCAEC (Lonza) were cultured in EGM-2MV media con-
taining 5% fetal bovine serum (FBS) and HEK293 cells were cultured in
DMEM media containing 10% FBS and 1% penicillin/streptomycin
were maintained at 37 °C with 5% CO,. For transient transfection, cells
were plated at 1-1.5 x 10°cells/ml 24h prior to transfection with
miRIDIAN miRNA mimetics (50nM, Dharmacon), FAM220A ON-
TARGETplus siRNA pool (50 nM, Dharmacon), or miRCURY LNA in-
hibitors (10nM, Exiqon) using DharmaFECT4 transfection reagent
(Dharmacon). For transfection experiments that required low basal le-
vels of STAT3 phosphorylation, HCAEC were cultured in EBM-2 media
that lacked growth factors. To over-express FAM220A, HCAEC were
transfected with pAdtrack-CMV-FAM220A vector (or an empty control
pAdtrack vector) using Dharmafect Duo transfection reagent
(Dharmacon).

2.4. Statistical analysis

Data are presented as mean * S.E.M. Mann-Whitney non-para-
metric tests were used to compare between two groups and p-
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values < 0.05 were considered significant. One-way ANOVA tests were
used for multiple comparisons and significance was determined using
Bonferroni (correction) alpha based on the number of comparisons
performed. Statistical outliers were identified using Grubbs tests and
were excluded. Although we presented data from many control groups,
the HDL-LNA-Scr group was selected as the negative control group since
it accounts for the effects of the vehicle and LNA chemistry. For miRNA
real-time PCR results, 3 comparisons (o = 0.017) were made between
treatments including HDL to HDL + LNA-Scr, HDL to HDL + single
LNA, and HDL to HDL + dual LNA. For all physiological assays, 6
comparisons (o = 0.008) were made including Sham to 5/6Nx; Saline,
5/6Nx; Saline to HDL, HDL to HDL + LNA-Scr, HDL + LNA-Scr to
HDL + LNA-92a, HDL + LNA-Scr to HDL + LNA-489, and
HDL + LNA-Scr to HDL + LNA-92a + LNA-489. For mRNA real-time
PCR results, 5 comparisons (o = 0.01) were made including Sham to 5/
6Nx; Saline, 5/6Nx; Saline to HDL, HDL to HDL + LNA-Scr,
HDL + LNA-Scr to HDL + single LNA, and HDL + LNA-Scr to
HDL + dual LNA. Data analysis and graphing were performed with
GraphPad Prism. MAplot was generated with R using the data.frame
package. Raw and processed sequencing data have been deposited in
NCBI's Gene Expression Omnibus: GSE120038.

3. Results
3.1. Aortic endothelial miR-92a-3p levels increase with renal injury

To identify potential molecular mechanisms that link CKD and CVD,
specifically endothelium dysfunction and atherosclerosis, a well-estab-
lished mouse model of renal damage was used in hypercholesterolemic
Apoe™’~ mice [18,20]. Seven wks after renal parenchymal reduction,
total RNA was isolated from aortic endothelium, as previously reported
(Supplementary Fig. 1A) [19]. To confirm that the isolated endothelial
RNA was enriched for endothelial cells over smooth muscle cells, mRNA
levels of platelet endothelial cell adhesion molecule 1 (Pecaml) and
smooth muscle a-actin 2 (Acta2) were quantified by real-time PCR. The
endothelial RNA was enriched for Pecaml, an endothelial cell marker,
while the remaining aortic tissue was enriched for Acta2, as reported by
Pecaml/Acta2 ratio (Supplementary Fig. 1B). Using real-time PCR,
endothelial miR-92a-3p levels were found to be significantly increased
in Apoe™’~;5/6Nx mice compared to Apoe”’~ sham control mice with
intact kidneys (p=0.02, N = 23-30, Fig. 1A). Likewise, miR-489-3p
levels were also elevated in these mice (p=0.08, N = 23-30, Fig. 1B).
To inhibit miR-92a-3p and miR-489-3p activity in vivo, LNA miRNA
inhibitors against miR-92a-3p and miR-489-3p were complexed with
human HDL (4 mg) individually (20 mg/kg) or in combination (20 mg
of each LNA/kg) and intravenously injected into Apoe ™’ ~;5/6Nx mice
(Fig. 1C). To confirm that endothelial miRNA levels were decreased
following LNA treatments in vivo, miR-92a-3p and miR-489-3p levels
were quantified in aortic endothelium by real-time PCR. Seven days
after a single-dose of LNA-92a, endothelial miR-92a-3p levels were
significantly reduced in mice that received either the individual LNA-
92a treatment (HDL + LNA-92a, p=0.0001) or the combined LNA
treatment (HDL + LNA-92a + LNA-489, p=0.002) compared to con-
trol vehicle (HDL only) treated mice (Fig. 1D). Likewise, endothelial
miR-489-3p levels were significantly reduced in mice that received ei-
ther individual LNA-489 treatment (HDL + LNA-489, p=0.0001) or
the combined LNA treatment (p=0.0001) compared to control vehicle
(HDL) only treated mice (Fig. 1E). Of note, we failed to detect sig-
nificant changes in endothelial miR-92a-3p or miR-489-3p levels in
mice treated with negative control LNA-Scr (HDL + LNA-Scr) com-
pared to HDL only treatments (Fig. 1D and E). To evaluate the delivery
efficiency of LNA-92a with and without complexing to HDL as a carrier
vehicle, Apoe™”~ mice were injected with LNA-92a alone, HDL alone,
and HDL + LNA-92a complex and endothelial miR-92a-3p levels were
quantified by real-time PCR after 7 days. Endothelial miR-92a-3p levels
were significantly reduced with both the LNA-92a only treatment and
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the HDL + LNA-92a complex treatment compared to the HDL only
control treatment (Supplementary Fig. 2). The miR-92a-3p inhibition
was not significantly different between treatments of LNA-92a alone or
complexed with HDL. Furthermore, our LNA treatment strategy was
designed to target miR-92a-3p and miR-489-3p in the vascular en-
dothelium, and we demonstrated that aortic endothelial levels of miR-
92a-3p and miR-489-3p were significantly reduced, but this strategy
may also suppress miR-92a-3p and miR-489-3p levels in other tissues
and cell types. Therefore, miR-92a-3p and miR-489-3p levels were also
quantified by real-time PCR in the remaining aortic tissue (after en-
dothelium lysis) and liver in treated mice. We found that LNA treat-
ments significantly reduced miR-92a-3p levels in the remaining aortic
tissue and liver in LNA-92a and dual LNA treated mice, as compared to
LNA-Scr treated mice (Supplementary Figs. 3A and B). LNA-489 treat-
ments failed to significantly decrease miR-489-3p levels in the re-
maining aortic tissue and were not detectable in the liver
(Supplementary Fig. 3C). Collectively, these results support that a
single (intravenous) injection of LNA is sufficient to suppress aortic
endothelial miRNA expression after 7 days.

/

3.2. Dual miRNA inhibition reduces atherosclerosis in Apoe ™'~ mice with

renal injury

To assess the impact of endothelial miRNA inhibition on athero-
sclerosis in Apoe™’”;5/6Nx mice, aortae were harvested from both
individual LNA treated and dual LNA treated mice, as well as
HDL + LNA-Scr, HDL alone, and saline control mice for histological
analyses. To quantify atherosclerotic lesion area, cross-sections of the
ascending aorta were stained for neutral lipids (Oil-Red-O, ORO). Renal
injury (5/6Nx) increased, albeit not significantly, atherosclerotic lesion
area in Apoe™’/” mice compared to Apoe”’”;Sham mice (p=0.04,
Fig. 2A and B). Apoe™’”;5/6Nx mice treated with HDL alone were
found to have reduced lesion area compared to saline-treated control
mice (p=0.002, Fig. 2A and B). Nevertheless, dual LNA treatment
(HDL + LNA-92a + LNA-489) further reduced atherosclerotic lesion
area in Apoe”’~;5/6Nx mice. We observed a significant 28.6% reduc-
tion of atherosclerotic lesion area in Apoe™”~;5/6Nx mice treated with
dual LNAs (HDL + LNA-92a + LNA-489) compared to HDL + LNA-Scr
treated mice (p=0.003, Fig. 2A and B). We found no significant dif-
ference in lesion area between HDL + LNA-Scr and HDL (only) treat-
ments in Apoe™”~;5/6Nx mice (Fig. 2A and B). These results suggest
that the LNA-92a and LNA-489 are biologically active in reducing
atherosclerotic lesion area and that the observed changes are not simply
related to vehicle (HDL only) or non-specific LNA chemistry (LNA-Scr).
To determine if the reduction of neutral lipid in the lesions coincided
with other changes in the lesion characteristics, we also assessed col-
lagen content, macrophage content and necrosis. Aortic cross-sections
stained with Aniline blue (Fig. 3A and B) and Masson's trichrome
(Supplementary Fig. 4) showed that LNA treatments failed to sig-
nificantly alter lesion collagen content compared to LNA-Scr treated
Apoe~’~;5/6Nx mice (Fig. 3A and B). Monocyte/macrophage content
assessed by anti-CD68 (Fig. 3C and D) and anti-MOMA-2
(Supplementary Figs. 5A and B) immunohistochemistry showed that
renal injury significantly increased CD68 * cells (macrophages) in
aortic lesions, i.e. Apoe™”;5/6Nx mice compared to Apoe " ;Sham
mice (p=0.0007); however, HDL or LNA treatments did not affect these
results (Fig. 3C and D). To determine if LNA treatments altered lesion
necrotic area, aortic cross-sections were stained with Hematoxylin and
Eosin (H&E), and necrotic areas were identified by acellular regions
within the lesion. Neither individual LNA treatments nor the dual LNA
treatment were found to significantly reduce lesion necrotic area
compared to LNA-Scr treated Apoe™” ~;5/6Nx mice (Fig. 3E and F). Of
note, renal injury in the setting of hypercholesterolemia significantly
increased necrotic area in aortic lesions compared to Sham control mice
(Apoe™’7;5/6Nx vs. Apoe”’ " ;Sham mice, p=0.001) (Fig. 3E and F).
Moreover, HDL (only) treatments were found to significantly reduce



C.B. Wiese et al.

Atherosclerosis 282 (2019) 121-131

o *p=0.02 B & _ ,s.
“g g 2.0 __I_ gé 8 - p=0.08
3 & 15, 3 209 L
g = % 1.5
E 2 10- 777 = g -
s = 1.0
> 55 |7
% 5 0.57 / £ 3T 0.5-
e o
22 A : 2L 00 A |
w Sham  5/6Nx Sham  5/6Nx
Single Tissue
Injection  Collection
7 wks 7d
Baseline Collection
D E
% *p=0.0001
o p=0.0001 & ., L
E g 1.5 « 5=0.002 35 1.5 p=0.0001
2 B 2 S0
x o 1.04 — = .01
ES = ES
ES = S 2
%S 0.5 — T O 0.5
€3 = 7 g3
22 =1H1 17 8-F
S 0.0- == - 5 ' 0.0-
5/6Nx + + + + + 5/6Nx + + + + +
HDL + + + + + HDL + + + + +
LNA-Scr . + - - - LNA-Scr . + - - -
LNA-92a . - + - + LNA-92a . - + - +
LNA-489 - - -+ o+ LNA-489 - - -+ o+

Fig. 1. Aortic endothelial miR-92a-3p levels are increased in CKD-associated atherosclerosis.

Real-time PCR quantification of (A) miR-92a-3p and (B) miR-489-3p in aortic endothelium of Apoe ™"~

mice 7 wks post sham or 5/6Nx surgery. Mann-Whitney non-

parametric test. N = 23-30 (C) Schematic of experimental timeline for in vivo studies. Real-time PCR quantification of (D) miR-92a-3p and (E) miR-489-3p in the
aortic endothelium of Apoe ™’ ~;5/6nx mice after single treatment with HDL, HDL + LNA-scramble (LNA-Scr), HDL + LNA-92a, HDL + LNA-489, and HDL + LNA-

92a + LNA-489. One-way ANOVA with Bonferroni o = 0.017. N = 11-17.

lesion necrotic area compared to Apoe /" ;5/6Nx mice (p=0.0008,
Fig. 3E and F). Overall, the histological analyses of the atherosclerotic
lesions suggest that dual LNA treatments significantly reduced neutral
lipid content compared to LNA-Scr treatments in absence of sig-
nificantly altering plaque characteristics including collagen, macro-
phage content, or necrotic area.

To assess the potential effects of LNA on systemic parameters we
measured systolic blood pressure (SBP), kidney function by blood urea
nitrogen (BUN) and plasma lipid profile. SBP was not significantly al-
tered by renal injury, LNA, or HDL treatments (Supplementary Fig. 6A).
BUN increased with renal injury in Apoe™”~ mice compared to sham
controls (p=0.0001, Supplementary Fig. 6B). While HDL-only treat-
ment did not affect BUN, a significant reduction in BUN was observed
with HDL + LNA-92a (p=0.002) and HDL + LNA-92a + LNA-489
(p=0.003) treatments compared to HDL + LNA-Scr (Supplementary
Fig. 6B). While these results suggest the possibility that LNA-92a
treatment may improve kidney function, the possibility requires further
investigation with more sensitive analysis such as creatinine clearance
or sinistrin glomerular filtration rate (GFR). Total plasma cholesterol
levels were significantly increased with renal injury; however, HDL and
LNA treatments did not reduce the plasma cholesterol levels
(Supplementary Fig. 7). Together, these results suggest that dual LNA
treatments significantly reduced atherosclerotic (lesion) burden in
Apoe ™’ ~;5/6Nx mice without affecting SBP or circulating cholesterol
levels.
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3.3. Dual LNA treatments alter the aortic endothelium transcriptome

To identify gene regulatory networks and potential biological me-
chanisms underlying the impact of miRNA inhibition, high-throughput
total RNA (ribosomal RNA-depleted) sequencing was completed on
RNA isolated from the aortic endothelium of Apoe™”~;5/6Nx mice
treated with individual LNAs, dual LNAs, vehicle (HDL) only, and saline
(control). The HDL + LNA-92a treatment in mice resulted in 996 sig-
nificantly altered endothelial genes (595 down, 401 up)
(Supplementary Fig. 8A, Supplementary Table 2). Likewise, we ob-
served that the HDL + LNA-489 treatment resulted in 404 significantly
altered endothelial genes (120 down; 284 up) (Supplementary Fig. 8B,
Supplementary Table 2). Most interestingly, dual inhibition of en-
dothelial miR-92a-3p and miR-489-3p resulted in 241 significant dif-
ferentially expressed genes compared to saline-injected control mice
(132 down; 109 up) (Fig. 4A, Supplementary Table 2). Vehicle (HDL)
alone resulted in 348 differentially expressed genes compared to saline-
treated control mice (223 down; 125 up) (Supplementary Fig. 8C,
Supplementary Table 2). Of the 125 genes that were significantly up-
regulated with HDL alone, 72 (57.6%) were unique to HDL only
treatments with no overlap with any of the other treatments despite the
use of HDL as a delivery vehicle for the LNAs (Supplementary Fig. 8D).
Furthermore, 117 of the 223 (52.5%) down-regulated genes with ve-
hicle (HDL) alone were also unique to the HDL only treatment
(Supplementary Fig. 8E). These results suggest that while treatments
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Fig. 2. Dual inhibition of miR-92a-3p and miR-489-3p significantly reduces CKD-associated atherosclerosis.
(A) Representative images and (B) quantification of aortic cross-sections stained with ORO from Apoe~/";5/6Nx mice 7 days post-treatment. One-way ANOVA with

Bonferroni a = 0.008. N = 6-15. Scale bar represents 500 pm.

with HDL alone altered many genes, dual LNA treatment, with HDL as a
delivery vehicle, significantly altered a completely new set of genes.
Furthermore, there was overlap in significantly altered genes with in-
dividual LNA treatment and dual LNA treatment, e.g. we found 38 up-
regulated genes and 30 down-regulated genes that were in common
with the dual LNA treatment and the individual LNA treatments
(Supplementary Fig. 8D and E). Therefore, the results support that LNA-
mediated gene regulation likely contributed to the observed reduction
in atherosclerosis in LNA-treated mice. In silico prediction studies were
used to parse putative miR-92a-3p and miR-489-3p target genes from
the list of significantly increased genes (mRNA) in response to in-
dividual and/or dual LNA treatments. Using this strategy, we de-
termined that 16.5%-31.2% of the significantly increased genes after
individual or dual LNA treatments were predicted targets of the specific
miRNAs (Table 1). These results suggest that the endothelial gene ex-
pression response to miRNA inhibition in vivo is likely a function of
some direct effects. Nevertheless, most of gene expression changes in
response to individual and dual miRNA inhibition were indirect
changes (Table 1).

3.4. Dual LNA treatment targets key endothelial signaling pathways

To further characterize the impact of dual LNA treatments on aortic
endothelial gene regulation within CKD-associated atherosclerosis,
significantly altered genes were analyzed at the pathway level using
MetaCore analysis (GeneGo). In dual LNA treated mice, 45 pathways
were significantly altered based on both increased and decreased gene

(mRNA) changes (Supplementary Table 3). These significantly altered
pathways include multiple immune processes and cytokine signaling
cascades (Supplementary Table 3). Furthermore, 12 biological process
networks were significantly altered, including calcium transport, cell-
cell interactions, signal transduction, and vessel morphogenesis
(Supplementary Table 3). Within the MetaCore database we identified
51 transcription factors with significant enrichment of transcriptional
targets within the differentially expressed genes after dual LNA treat-
ment (Supplementary Table 4). These data suggest that the observed
indirect effects may be the result of altered endothelial transcription
factor activity. To identify novel miRNA regulatory networks in the
aortic endothelium that may contribute to the reduction in athero-
sclerotic lesion area in LNA-treated mice, we investigated potential
direct targets of miR-92a-3p and miR-489-3p. Putative mRNA targets of
miR-92a-3p and miR-489-3p that were significantly increased with in-
dividual and/or dual LNA treatments were filtered (Supplementary
Table 2). From this list of candidate genes, a single gene predicted to be
targeted by both miRNAs was not confirmed by real-time PCR; how-
ever, we identified and confirmed regulation of putative targets for
each miRNA individually. From this list of candidate genes, trans-
forming growth factor beta 2 (Tgfb2) was selected as a candidate pu-
tative target of miR-489-3p, and real-time PCR was used to confirm that
Tgfb2 mRNA levels were significantly increased in aortic endothelium
of LNA-treated Apoe™’”;5/6Nx mice compared to LNA-Scr-treated
mice (p=0.0001, Fig. 4B). Furthermore, we failed to find a significant
difference in endothelial Tgfb2 mRNA levels between LNA-Scr and ve-
hicle (HDL) only treated Apoe™’~;5/6Nx mice, or between HDL only
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Fig. 3. Characterization of atherosclerotic lesions.

(A and B) Histological images of aortic cross-sections from treated Apoe’/ -

;5/6Nx mice and quantification of collagen with Aniline Blue normalized to lesion area

(Oil-Red-O, ORO). N = 4-13. (C and D) Immunohistochemical images of aortic cross-sections from treated Apoe’/ ~;5/6Nx mice and quantification of CD68™

inflammatory cells (e.g. macrophages). N = 6-7. (E and F) Histological images of aortic cross-sections from treated Apoe™

/~;5/6Nx mice and quantification of

necrotic area by H&E staining. N = 6-12. One-way ANOVA with Bonferroni correction a = 0.008. Scale bars represent 100 pm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

and saline treated control mice (Fig. 4B). In mice, Tgfb2 3’ untranslated
region (3’ UTR) harbors 3 predicted miR-489-3p target sites (Fig. 4C).
To experimentally validate that miR-489-3p directly targets and reg-
ulates Tgfb2 mRNA within the 3’ UTR, gene reporter (luciferase) con-
structs were generated for each putative miR-489-3p target site
(Fig. 4C). Upon dual transfection of the Tgfb2 3’ UTR luciferase reporter
and miR-489-3p mimetics in HEK293 cells, normalized luciferase ac-
tivity (Firefly/Renilla) was significantly decreased for site 1 (p=0.0002)
and site 3 (p=0.0001), but not site 2, compared to control cells without
miR-489-3p mimetics (Fig. 4D). These results suggest that miR-489-3p
directly regulates Tgfb2, and the observed increase in endothelium
Tgfb2 expression with LNA-489 treatment in mice is likely due to
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decreased miR-489-3p activity. TGF-f} signaling is linked to many anti-
atherogenic biological processes; therefore, decreased miR-489-3p ac-
tivity and increased Tgfb2 expression may contribute to the observed
LNA-mediated reduction in lesion area (Fig. 2A,B) [21-23].

From the list of candidate putative targets, Fam220a was identified
as a novel candidate gene that may antagonize CKD-associated ather-
osclerosis. By real-time PCR, aortic endothelial Fam220a mRNA levels
were confirmed to be significantly increased upon dual LNA treatment
compared to LNA-Scr treatment in mice (p=0.0008, Fig. 4E). We failed
to find a significant difference in Apoe™”~;5/6Nx treated with LNA-Scr
compared to vehicle (HDL) only treated Apoe™’~;5/6Nx mice, or be-
tween HDL only and saline-treated (control) Apoe_/ ~,;5/6Nx mice
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Fig. 4. Dual inhibition of miR-92a-3p and
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Table 1
Aortic endothelium gene (mRNA) changes in response to treatments.
Treatment Total gene Down- Up-regulated miR-92a-3p miR-489-3p
changes regulated
MMU Percent up- Human MMU Percent up- Human
predicted regulated conserved predicted regulated conserved
HDL 348 223 125 n/a n/a n/a n/a n/a n/a
HDL + LNA-92a 996 595 401 66 16.46 36 n/a n/a n/a
HDL + LNA-489 404 120 284 n/a n/a n/a 73 25.70 28
HDL + LNA-92a + LNA-489 242 132 109 14 12.84 7 20 18.35 4

(Fig. 4E). The Fam220a 3’ UTR is predicted to harbor one miR-92a-3p
target site (Fig. 4F). To experimentally validate that miR-92a-3p di-
rectly regulates Fam220a in the 3’ UTR, the predicted miR-92a-3p
target site was cloned downstream of Firefly luciferase (Fig. 4F). Upon
dual transfection of the Fam220a luciferase reporter and miR-92a-3p
mimetics in HEK293 cells, normalized luciferase activity (Firefly/Re-
nilla) was significantly decreased compared to control cells without
miR-92a-3p mimetics (p=0.0001, Fig. 4G). Although very little is
currently known about Fam220a, the protein product of this gene likely
serves as an adapter for nuclear phosphatases that regulate the activity

of STAT3, which is a well-known pro-inflammatory transcription factor
that accelerates atherosclerosis development [24-28]. These data sug-
gests that miR-92a-3p inhibition of Fam220a expression may contribute
to CKD-associated atherosclerosis and the observed decrease in lesion
area with dual LNA inhibition may be mediated through altered STAT3
activity.
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Fig. 5. FAM220A is directly regulated by miR-92a-3p in human endothelial cells.
(A) HCAEC FAM220A mRNA levels with miRNA inhibition; LNA-Scrambled (Scr), LNA-92a, or LNA-489. N = 9. (B) HCAEC FAM220A mRNA levels with miRNA
over-expression; miR-92a-3p mimetics or siRNA FAM220A control. N = 8-12. (C) Gene reporter (luciferase) assays with dual transfection of miR-92a-3p mimics and
luciferase reporter plasmids harboring the full-length human FAM220A 3’ UTR or mutated FAM220A with a 2 bp deletion in miR-92a-3p target site in HEK293 cells.
N = 7. (D-G) Western blots and quantification for STAT3 Y705 phosphorylation, total STAT3, and GAPDH. (D-E) Over-expression of miR-92a-3p (mimetics) in
HCAEC in growth factor-free culture media. N = 8. (F and G) Over-expression of FAM220A in HCAEC. N = 3. For comparisons between 2 groups Mann-Whitney non-
parametric tests were used, and when comparing between > 2 groups One-way ANOVA tests were used with Bonferroni corrections, a = 0.025 for 2 comparisons

and o = 0.017 for 3 comparisons.

3.5. miR-92a-3p regulates STAT3 phosphorylation in human endothelial
cells

Previously, FAM220A was demonstrated to interact with a nuclear
phosphatase and STAT3, which resulted in changes to STAT3 phos-
phorylation in human mast cells [25-27]. Nevertheless, FAM220A
regulation of STAT3 in endothelial cells has not been investigated.
Therefore, we examined the connection between miR-92a-3p,
FAM220A, and STAT3 in human endothelial cells since FAM220A is a
conserved (putative) miR-92a-3p target gene in mice and humans. To
experimentally validate miR-92a-3p regulation of FAM220A in human
endothelial cells, LNAs against miR-92a-3p were transiently transfected
into HCAEC, and FAM220A mRNA levels were significantly increased
(at 48h) in HCAEC that received either LNA-92a (p=0.002) or a
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combination of LNA-92a and LNA-489 (p=0.0001, Fig. B5A,
Supplementary Figs. 9A and B). In the animal study, dual LNA treat-
ment (20 mg/kg for each LNA) was compared to the LNA-Scr treatment
(20 mg/kg), thus the dual LNA treatment had twice as much LNA than
the LNA-Scr condition. To determine whether the observed differential
effects of dual LNA compared to LNA-Scr were due to differences in
LNA concentration, we tested the effects of different LNA concentra-
tions in vitro. We found that transfection of HCAEC with LNA-92a at 10,
20, and 50nM all significantly increased FAMZ220A expression
(Supplementary Fig. 9C). Transfection of LNA-92a at 10 nM was sulffi-
cient to significantly increase FAM220A mRNA levels (p=0.0001,
Supplementary Fig. 9C). Most importantly, increased LNA concentra-
tions (20 nM and 50 nM) did not further increase FAM220A mRNA le-
vels, suggesting that an increased concentration of LNA does not
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indirectly effect FAM220A expression (Supplementary Fig. 9C).

To further demonstrate that miR-92a-3p regulates FAM220A, miR-
92a-3p mimetics were transfected into HCAEC. We found that miR-92a-
3p over-expression significantly reduced FAM220A mRNA levels, as
quantified by real-time PCR (p=0.0007, Fig. 5B, Supplementary
Fig. 9D). To determine if miR-92a-3p directly targets FAM220A at the
predicted target site within the human FAM220A 3’ UTR, gene reporter
(luciferase) assays with the full-length FAM220A 3’ UTR and site-di-
rected mutagenesis were used. Upon dual transfection of the FAM220A
luciferase reporter and miR-92a-3p mimetics in HEK293 cells, normal-
ized luciferase activity (Firefly/Renilla) was significantly decreased
compared to control cells without miR-92a-3p mimetics (p=0.0006,
Fig. 5C). Most importantly, site-directed mutagenesis deleting 2 bases
within the predicted miR-92a-3p target site in the FAM220A 3’ UTR
blocked miR-92a-3p suppression of normalized luciferase activity
(Fig. 5C). These results confirmed that miR-92a-3p directly regulates
FAM220A at the predicted target site within the FAM220A 3’ UTR in
humans. FAM220A has previously been reported as a negative regulator
of STAT3 phosphorylation [25-27]. To determine if miR-92a-3p reg-
ulates STAT3 phosphorylation, HCAEC were transiently transfected
with miR-92a-3p mimetics, and STAT3 Y705 phosphorylation levels
were found to be significantly increased at 48 h by western blotting
(p=0.0002, Fig. 5D and E, Supplementary Figs. 9E and F). To experi-
mentally confirm that FAM220A negatively regulates STAT3 phos-
phorylation in human endothelial cells, FAM220A levels were increased
in HCAEC by transient transfection of a FAM220A open reading frame
plasmid. We found that FAM220A over-expression resulted in sig-
nificantly reduced STAT3 Y705 phosphorylation by western blotting
(p=0.001, Fig. 5F and G). These results support that miR-92a-3p di-
rectly regulates FAM220A in endothelial cells, which in turn regulates
the phosphorylation of STAT3. These results support that miR-92a-3p
inhibition in mice likely altered both the endothelial Fam220a expres-
sion and STAT3 activity that may have contributed to the observed
reduction in atherosclerotic burden.

4. Discussion

Consistent with clinical observations and previous experimental
studies, this study observed that renal injury potentiates hyperlipidemia
and atherosclerosis [18,29-31]. The characteristics of the athero-
sclerotic lesion were also consistent with clinical and experimental
observations of CKD-driven atherosclerosis including increased mac-
rophage content (CD68 + staining) and necrotic area [18,29-31]. A
potential link between CKD and CVD is endothelial dysfunction and
miRNAs are key regulators of endothelial cell gene expression and
function [5]. In this study, we report that miR-92a-3p is increased in
aortic endothelium of Apoe ™"~ mice with renal impairment. Endothelial
miRNAs offer great potential as therapeutic targets to treat athero-
sclerosis [6], and may provide an improved treatment strategy for CKD
patients especially those with advanced CKD in whom lipid lowering
therapies have reduced benefit [32]. In our study, dual LNA-92a and
LNA-489 treatment with HDL delivery resulted in a dramatic reduction
in atherosclerotic ORO lesion area without altering other lesion char-
acteristics. Furthermore, dual miRNA inhibition altered the aortic en-
dothelium gene expression profile. These results support a role for en-
dothelial miR-92a-3p and miR-489-3p in CKD-associated atherogenesis
that may have therapeutic potential.

Pathway analysis of mRNA sequencing results identified distinct
pathways and biological processes, as well as transcriptional networks,
which likely confer the mechanistic link(s) between endothelial miRNA
activity and atherosclerosis in the setting of CKD. Thus, pathway ana-
lysis of changes in endothelium gene expression identified TGFf and
JAK/STAT pathways as being significantly altered by dual miRNA in-
hibition. Signaling molecules in the TGF} pathway, namely SMAD3,
were enriched within our sequencing analysis. Moreover, STAT3, a
terminal transcription factor for the TGFf} signaling pathway was just
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out of significance for this analysis. The results support miRNA reg-
ulation of two critical cell signaling components, TGFp and STATS3,
which may be impacted by targeting endothelial miR-489-3p and miR-
92a-3p. With mRNA sequencing and in silico prediction studies, the
novel miRNA targets, Tgfb2 and Fam220a, were identified and con-
firmed by real-time PCR and gene reporter assays. First, miR-489-3p
directly regulates Tgfb2 mRNA levels, which likely alters the TGFf
pathway influencing multiple anti-inflammatory processes that reduce
atherogenesis [21-23,33]. Second, miR-92a-3p likely indirectly reg-
ulates pro-atherogenic STAT3 activity through direct regulation of
FAM220A, a negative regulator of STAT3 [25-27]. Multiple studies
have demonstrated that STAT3 is a pro-inflammatory transcription
factor in vascular endothelial cells, and upon activation, promotes en-
dothelial dysfunction and atherogenesis [24,28]. Therefore, dual in-
hibition of these miRNAs likely simultaneously activates an anti-in-
flammatory pathway (TGFf) and inhibits a pro-inflammatory pathway
(STAT3) to reduce atherosclerosis.

Identification of miR-489-3p and miR-92a-3p in this study suggests
they may play a role in endothelial biology in the setting of CKD-as-
sociated atherosclerosis. To date, miR-489-3p has not been linked to
endothelial biology, atherosclerosis, or CVD. However, miR-489-3p was
induced in the kidney parenchyma by hypoxia-inducible factor 1 (HIF1)
in a model of renal injury thereby demonstrating its relevance to kidney
disease [17]. The potential regulation of miR-489-3p by HIF1 in en-
dothelial cells should be further evaluated to determine if this me-
chanism contributes to miR-489-3p expression in vascular endothelium.
In this study, 5/6Nx resulted in a 1.8-fold increase in endothelial miR-
489-3p levels; however, these changes did not reach statistical sig-
nificance due to variability between individual studies and within
specific groups of mice. Nevertheless, miR-489-3p proved to be a viable
target to reduce atherosclerosis. Our study defined a novel role for miR-
489-3p in endothelial cells by demonstrating that i.) miR-489-3p di-
rectly targets Tgfb2 in endothelial cells and ii.) LNA inhibition of miR-
489-3p in vivo significantly increased Tgfb2 expression in aortic en-
dothelium. In contrast to the paucity of information on miR-489-3p, a
pro-atherogenic role for miR-92a-3p in endothelial cells, similar to that
found by the current study, has previously been reported [10,14]. In-
hibition of miR-92a-3p in Ldlr™’~ mice on high-fat diet resulted in
increased expression of KIf2, KIf4, and nitric oxide synthase 3 (Nos3),
and decreased phosphorylation of p65 in the aorta, which led to a re-
duction in endothelial dysfunction and atherogenesis [14]. Our study
further defined a role for miR-92a-3p in a more severe hypercholes-
terolemic model, Apoe™/~ mice, and in conjunction with renal injury.
Our study identified and confirmed a novel direct target of miR-92a-3p,
Fam220a, and further defined a role in regulating STAT3 activation by
confirming the function of FAM220A within human endothelial cells.
Together, these results reveal new roles for miR-489-3p and miR-92a-
3p in atherosclerosis and renal injury/CKD. Although the link between
renal injury and endothelial miRNA changes has not been extensively
studied, CKD-associated oxidative stress may influence miR-92a-3p
expression. A previous study by Shang et al. reported that accumulation
of uremic toxins, e.g. indoxyl sulfate, in CKD increased oxidative stress
and endothelium miR-92a-3p expression, which contributes to en-
dothelial dysfunction [15]. This study also found a positive correlation
between indoxyl sulfate and miR-92a-3p in serum of end-stage renal
disease patients on hemodialysis [15]. Therefore, targeting circulating
CKD-associated stimuli that induce endothelial miRNA changes (and
endothelial dysfunction) holds potential therapeutic value to treat CKD-
associated atherosclerosis.

Recent advances in RNA-based therapeutics have ushered in many
new strategies to target both mRNAs and small RNAs for a variety of
diseases. Currently, there are very few RNA-based drugs with F.D.A.
approval. Very recently, patisiran, a siRNA-based drug to treat heredi-
tary transthyretin amyloidosis, was the first siRNA drug approved by
the F.D.A [34,35]. Mipomersen, an antisense oligonucleotide targeting
apolipoprotein B, is the only F.D.A.-approved RNA-based drug to treat
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dyslipidemia or CVD, although multiple miRNA therapeutics are cur-
rently under clinical investigation [36-38]. However, none of these
drugs are designed to directly treat CKD-associated atherosclerosis, an
area devoid of clear understanding of the underlying pathophysiology
in a population in urgent need of new therapeutic approaches. This
study, therefore, greatly advances the field of miRNA therapeutics as it
demonstrates the feasibility of a combinatorial inhibition approach
using dual LNAs to target multiple miRNAs toward a desired outcome.
Currently, there is a great need to better understand how multiple
miRNAs cooperatively regulate biological pathways, and future studies
may benefit from targeting a cassette of miRNAs within a regulatory
network to illicit a greater physiological impact. Despite the advances
in RNA-based therapeutics, limitations still exist in stability and de-
livery of RNA based therapeutics to specific tissues/cells [39]. One
potential strategy for miRNA delivery is using lipoproteins, particularly
HDL, since HDL has been demonstrated to stably transport small RNAs
and transfer RNAs to endothelial cells [40,41]. In addition, utilizing
HDL as the delivery vehicle may confer additional benefits including
increased cholesterol efflux and reduced inflammation, which is sup-
ported by the clinical trials evaluating reconstituted HDL therapy for
CVD. Two reconstituted HDL therapies, CSL112 and CER-001, have
exhibited improved cholesterol efflux capacity, but the effect on
atherosclerosis is unclear [42,43]. The CER-001 trials demonstrated a
reduction in atheroma volume only for the subjects with the most se-
vere level of atherosclerosis (> 30% atheroma volume) and lacked an
effect on the entire cohort of acute coronary syndrome patients [44,45].
The additional benefit of HDL may have a larger impact for CKD pa-
tients with CVD since their HDL has reduced functionality [46].
Nevertheless, utilizing HDL as a delivery method for RNA-based
therapies would add physiological benefit to the therapy and the
combined therapeutic approach has greater clinical potential since it
affects multiple aspects within the complex pathophysiology of CVD.

One potential limitation of this study is that we focused solely on
gene expression changes in the aortic endothelium after LNA treatments
in mice. These LNAs can readily be taken up by other non-endothelial
cells and the LNA treatments have potential to inhibit miR-92a-3p and
miR-489-3p in additional tissues and cell types, which may also con-
tribute to the observed reduction in atherosclerotic lesion. To this point,
we did observe that miR-92a-3p levels were reduced in the liver and the
remaining non-endothelium part of the aorta after LNA-92a treatment.
Nevertheless, the loss of miR-92a-3p was not found to affect plasma
lipids levels as the total cholesterol in the plasma in treated mice was
not significantly altered. At this time, we do not know the full con-
sequence(s) of miRNA silencing in other tissues on the observed phe-
notype and further studies would be required to address this hypothesis.
Furthermore, the dual LNA treatment significantly reduced the neutral
lipid content without altering other components of the lesion, including
CD68 * and MOMA-2 macrophage areas. This may represent loss of
neutral lipid from non-macrophage areas of the lesion in addition to
loss of neutral lipids from macrophages that remain in the lesion.
Another potential explanation for no change to the macrophage area is
reciprocal increase in new macrophages and decrease in cholesterol-
loaded macrophages within the lesion. Nonetheless, further investiga-
tions are required to fully understand the mechanisms contributing to
the movement of neutral lipids within this context.

Another limitation of the study is the potential that HDL, used as a
carrier for the LNAs, contributed to the observed phenotype. The most
important observation related to this point is that treatments with HDL
complexed with both LNA-92a and LNA-489 in combination sig-
nificantly decreased atherosclerosis in Apoe™’~ 5/6Nx mice when
compared to the proper control, i.e. HDL complexed with LNA scram-
bled control (LNA-Scr). Thus, these results suggest that the targets of
the LNAs, not just the carrier HDL or the LNA chemistry, were re-
sponsible for a significant reduction in atherosclerosis. The reduction in
lesion area is comparable to other miRNA atherosclerosis studies. In our
study, we observed a 28.6% reduction in aortic sinus lesion area by Oil-
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Red-O staining (quantification) 7 days after a single injection of 40 mg/
kg LNAs against miR-92a-3p and miR-489-3p (20 mg/kg each) in
Apoe™’~ mice fed a chow diet for 8 weeks after 5/6Nx surgery to in-
duce renal injury. In 2014, Loyer et al. reported a 23% reduction of
atherosclerosis in Ldlr~/~ mice fed a high fat diet for 14 weeks after
these mice received 2 treatments of miR-92a inhibitors at weeks 4 and
9; aortic sinus lesion area was quantified by Oil-Red-O at week 14'%.
Therefore, a single injection of LNAs against both miR-92a-3p and miR-
489-3p was more effective than two injections of anti-miR-92a-3p
alone, albeit in different models of atherosclerosis. In 2011, Rayner
et al. reported a 35% reduction in atherosclerosis with inhibition of
miR-33 at the end of a 20-week study in Ldlr—/~ mice on a high fat diet,
as quantified by H&E of aortic sinus lesion area [47]. In this study,
Ldlr~/" mice were placed on a high fat diet for 14 weeks followed by 4
weeks of anti-miR-33 treatments (6 treatments total) [47]. For com-
parisons, targeting miR-33 with 6 injections was only slightly more
effective than a single injection of LNAs against both miR-92a-3p and
miR-489-3p; however, these were different models of atherosclerosis.
In summary, we identified elevated expression of aortic endothelial
miRNAs associated with renal injury and hypercholesterolemia.
Inhibition of miR-92a-3p and miR-489-3p through a dual LNA treat-
ment strategy markedly reduced atherosclerosis and altered endothelial
gene expression. Through in silico and pathway analyses, Tgfb2 and
Fam220a were identified as novel target genes for miR-489-3p and miR-
92a-3p, respectively. Further, we demonstrated that FAM220A is a di-
rect target of miR-92a-3p in HCAEC and validated the regulation of
STAT3 phosphorylation by FAM220A in endothelial cells. Therefore,
these findings support the potential of a dual LNA-based miRNA in-
hibition strategy to treat atherosclerosis in the setting of CKD.
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