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Abstract
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Objective—Abdominal aortic aneurysm (AAA) is characterized as a progressive dilation and
degradation of the aortic wall, associated with activation of matrix metalloproteinases (MMPs)
and inflammation. Emerging evidence indicates a role for microRNAs (miRNAs) in AAA
pathogenesis, but it is unclear whether abdominal aortic endothelial miRNAs play a role in the
disease process. We aimed to identify miRNAs in the abdominal aortic endothelium that play a
critical role in AAA development.
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Approach and Results—The mouse model of AAA induced by Angiotensin II infusion was
used in this study.Through a miRNA array and validation study, we initially identified the murinespecific miR-712 and subsequently its human/murine homolog miR-205 as Angiotensin II
(AngII)-induced miRNAs in the abdominal aortic endothelium in vivo and in vitro.
Mechanistically, miR-712 stimulated MMP activity in the aortic wall by directly targeting two
MMP inhibitors:tissue inhibitor of metalloproteinase 3 (TIMP3) and reversion inducing cysteinerich protein with kazal motifs (RECK). Silencing of miR-712 and miR-205 by using anti-miR-712
and anti-miR-205, respectively, significantly decreased the aortic MMP activity and inflammation,
preventing AAA development in AngII-infused ApoE-/- mice. Further, upregulation of four AngIIsensitive miRNAs, miR-205, -21, -133b and -378, identified in this murine study were confirmed
in human AAA samples compared to non-diseased control.
Conclusions—Our results demonstrate that AngII-sensitive miR-712 and its human homolog
miR-205, downregulate TIMP3 and RECK, which in turn stimulate aortic MMP activity and
inflammation, leading to AAA development.Targeting these miRNAs may be a novel therapeutic
strategy to prevent AAA.
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Abdominal aortic aneurysm (AAA) is defined as a permanent dilation of the abdominal
aorta due to a loss of the structural integrity of the vascular wall. AAA is a fairly common
disease, especially in men age 65 and older and continues to have high mortality.1, 2 The
most significant cause of mortality from AAA is acute rupture,with ~80% mortality,
accounting for ~15,000 deaths a year in the United States2. The progressive weakening and
dilation of the aorta observed in AAA is due to degradation and remodeling of the
extracellular matrix (ECM) of the aortic wall.3, 4 Although several types of elastinolytic
proteases are elevated in AAA tissues, matrix metalloproteinases (MMPs), particularly
MMP2 and MMP9, are known to play critical roles in the pathological remodeling of
vascular wall in this disease.2, 5-9. Currently surgical interventions are the only known
effective treatments to prevent the aortic rupture10, there is no consensus regarding effective
pharmacological treatments as the underlying disease mechanisms are still poorly
understood. It is however, interesting to note that some of the ongoing clinical trials involve
the use of the angiotensin receptor blockers (telmisartan and valsartan), angiotensin
converting enzyme (ACE) inhibitor (perindopril), and MMP inhibitor (doxycycline),
suggesting the importance of AngII and MMPs both as the critical mechanisms of the AAA
development and therapeutic targets.10, 11
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The microRNAs (miRNAs) are non-coding, small RNAs (21-23 nucleotides) that bind to 3’
untranslated region (UTR) of specific mRNA targets, inducing the target degradation or
translational repression.12 Moreover, a single miRNA is capable of targeting multiple
mRNAs, and a single mRNA may bind to multiple miRNAs.13 They are potent regulators of
diverse biological and pathophysiological processes, and are considered as potential
diagnostic and prognostic markers for cardiovascular diseases.14 Recent studies have shown
the important roles of miRNAs in AAA. The miR-21 was shown to prevent AAA
development by targeting PTEN in two different murine models of AAA - the porcine
pancreatic elastase (PPE) infusion model in C57BL/6 and AngII infusion model in ApoE-/mice.15 While miR-29 has been shown to play a role in various AAA models, its expression
level was shown to decrease in the murine PPE and AngII infusion models16, but to increase
in AngII-infused aged mouse model and fibulin-4R/R genetic model of AAA.17 Interestingly,
however, silencing of miR-29 in both studies reduced aneurysmal pathology by targeting
ECM components, collagens and elastin.16, 17 These studies not only demonstrate a role for
miRNAs in AAA, but also illustrate a complex and unresolved role of miRNAs in AAA.
AngII infusion model of murine AAA, developed by Daugherty and colleagues18, has
become an important experimental platform to study pathophysiology of AAA. While
various aortic wall cell types are implicated in AAA development, the role of endothelial
cells has been controversial.19-22 In addition, whether endothelial miRNAs play a critical
role in AAA development has not been addressed. Therefore, here we searched for miRNAs
that are regulated in abdominal aortic endothelium in the AngII infused mouse model and
the role of one such miRNA, miR-712 and its human homolog miR-205, in AAA
development. Our study shows that miR-712 and miR-205 directly target two key upstream
inhibitors of MMPs, tissue inhibitor of metalloproteinases 3 (TIMP3) and reversion inducing
cysteine-rich protein with kazal motifs (RECK), that in turn led to ECM degradation and
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AAA development. We also show therapeutic potentials of anti-miR-712 and anti-miR-205
in prevention of AAA development.
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Methods
Materials and Methods are available in the online-only Data Supplement.

Results
Identification of miRNAs regulated by AngII in mouse abdominal aortic endothelium
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To identify which miRNAs were regulated by AngII in abdominal aortic endothelium in
vivo, we carried out miRNA microarray analyses (Exiqon miRNA Array chip) using
endothelial-enriched RNAs23, 24 obtained from the abdominal aortas at 12 or 36 h postAngII or control pump implantation. As shown in the heat map analysis, we found that 21
(18 up- and 3 down-regulated) out of 401 miRNAs were significantly altered at 36 h by
more than 50% and 35% respectively in the AngII-infused endothelium compared to the
vehicle control (Supplement Figure I, Supplemental Table I). Next we validated the miRNA
microarray results for the 12 and 36 h time points for 18 up-regulated and 3-down regulated
miRNAs (Figure1A) by miScript qPCR assay. Of those, the qPCR results confirmed that 7
miRNAs (miRNA-21, -1, -133b, -207, -378, -1957, -712) were significantly up-regulated,
while 2 miRNAs (miR-1952, -1249) were down-regulated by AngII at 36 h time-point.
These results showed that miR-21 and miR-712 are two of the most robustly upregulated by
AngII treatment in vivo. Since miR-21 was already shown to play an important role in
AAA15, we decided to focus on studying the novel AngII-sensitive miRNA further.
Ang II induced miR-712 expression in vivo and in vitro
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To confirm the array and qPCR data for miR-712, we tested a time-dependent miR-712
expression in AngII infused abdominal aortic endothelium as well as the leftover sample
(containing RNAs of medial smooth muscle cells and adventitial cells). AngII infusion
increased miR-712 expression between 12-72 h time-points in both the endothelial and
media/adventitia samples (Figure 1C). We further confirmed that AngII treatment induced
miR-712 expression in both iMAECs and VSMCs in vitro (Figure 1D). Next, we performed
in situ hybridization to further validate the AngII-sensitivity of miR-712 expression in the
abdominal aortic endothelium. Studies using in situ hybridization with a miR-712 probe
(Exiqon) showed a robust expression of miR-712 in the cytoplasm (arrows) and nuclei of the
abdominal aortic endothelium, compared to the vehicle (Figure 1E). These results suggest
that AngII treatment increases miR-712 expression both in endothelial cells and smooth
muscle cells in the mouse abdominal aorta in vivo as well as in vitro.
TIMP3 and RECK are direct targets of miR-712
We recently showed that miR-712 is a mechanosensitive miRNA, upregulated by disturbed
flow and oscillatory shear stress in endothelial cells and that it targets TIMP3.24 Here,
through our in silico analysis using TargetScan,we identified an additional potential target of
miR-712, RECK in response to the humoral AngII stimulation. Since TIMP3 and RECK are
well-known negative regulators of MMP activity, a critical player in AAA development and
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progression2, we examined whether miR-712 indeed targeted TIMP3 and RECK expression
using gain-of-function (premiR-712) and loss-of-function (anti-miR-712) approaches in the
AngII-dependent manner. Treatment with premiR-712 and AngII significantly decreased
TIMP3 and RECK mRNA expression, both of which were blocked by anti-miR-712
treatment in both iMAEC (Figure 2A and 2B) and VSMCs (Supplement Figure III-A and
III-B) in vitro. Further in vivo study using mouse abdominal aorta endothelial-enriched RNA
showed that AngII infusion decreased TIMP3 and RECK expression after 36h and 48h timepoint, respectively (Supplement Figure III-C and III-D). In addition, AngII-stimulated
miR-712 induction as well as downregulation of TIMP3 and RECK were significantly
reversed in mice treated with anti-miR-712 (Figure 2D and 2E and Supplement Figure III-F
and III-G). For this study, anti-miR-712 was subcutaneously injected twice (1 and 2 days
prior to AngII implantation) at 5 mg/kg/day dose, and effectively silenced AngII-induced
miR-712 expression (Figure 2C and Supplement Figure III-E).
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To further determine whether miR-712 bound to and inhibited TIMP3 and RECK expression
directly in an AngII-dependent manner, we performed the luciferase assay, in which a
construct containing the 3′-UTR region of TIMP3 or RECK mRNA containing the putative
miR-712 binding sequence was used. Treatment of iMAECs with premiR-712 and AngII
inhibited luciferase activity of TIMP3 and RECK, while their mutants or control-premiR
showed no effect (Figure 2F and 2G). In addition, anti-miR-712 blocked the inhibitory effect
of premiR-712 or AngII on TIMP3 and RECK luciferase activity (Figure 2F and 2G).
Together, these data suggest that TIMP3 and RECK are direct targets of miR-712 in
response to AngII. We next tested whether AngII downregulates TIMP3 and RECK
expression by a miR-712-dependent mechanism in vivo by immunostaining. Expression of
TIMP3 and RECK were evident in endothelial and smooth muscle cells in the vehicle
control groups (Figure 2H and 2I). AngII infusion decreased the expression of TIMP3 and
RECK compared to the vehicle, but anti-miR-712 treatment reversed it (Figure 2H and 2I).
Since TIMP3 and RECK are well-known inhibitors of MMPs, we examined the effect of
anti-miR-712 on MMP activity in vivo by using an in situ zymography assay using the
fluorescent DQ-gelatin. As shown in Figure 2J, AngII infusion increased MMP activity as
evidenced by the green fluorescent signal intensity, but was prevented by treating mice with
anti-miR-712 in vivo or the MMP inhibitor GM6001 added during the zymography assay.
This in situ zymography result was further confirmed in an in vitro cell-based assay using
iMAEC (Figure 2K). The in vitro study showed that AngII induced MMP activity, which
was prevented by anti-miR-712 treatment. Next we determined whether TIMP3 or RECK,
or both were important player in regulation of the AngII-dependent MMP activity. For this
study, cells pre-treated with AngII and anti-miR-712 were treated with siRNAs to
knockdown TIMP3, RECK, or both. We found that the inhibitory anti-miR-712 effect on the
MMP activity was partially blunted when cells were treated with TIMP3 siRNA or RECK
siRNA (Figure 2K). Interestingly, knockdown of both TIMP3 and RECK together did not
produce the additive effect, which may be due to an insensitive assay condition or an
unknown cooperation between the two inhibitors. Together, these results demonstrate that
AngII stimulates MMP activity by inducing expression of miR-712, which in turn
downregulates TIMP3 and RECK, both of which seem to be equally important in MMP
activity regulation.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 July 01.

Kim et al.

Page 5

Anti-miR-712 inhibits AAA induced by AngII infusion
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Next, we tested whether anti-miR-712 can prevent AAA induced by AngII infusion in
ApoE-/- mice using the Daugherty method.18 For this study, mice were treated with antimiR-712 using the same dosage and protocol used above in Figure 2C-E, except for
additional anti-miR-712 injections every 4 days for 3 weeks following AngII implantation.
As expected, AngII infusion (1μg/kg/min) for 3 weeks induced pronounced AAA phenotype
in the suprarenal region of the abdominal aorta, which was significantly blunted in the antimiR-712-treated mice compared to the mis-matched or saline-treated control groups
(Supplement Figure IV). While 20% (2 out of 10 mice each) of AngII-infused mice died
during the first week in the saline and mis-matched groups, none of the anti-miR-712 treated
mice showed mortality for the duration of the study (Figure 3A). Also, treatment with antimiR-712 dramatically reduced AAA incidence to 20% (2 of 10 mice) compared to the mismatched (80%; 8/10) or saline controls (70%; 7/10) (Figure 3B). Similarly, the increase in
AngII-induced abdominal aortic diameter was also significantly reduced by the antimiR-712 treatment compared to the saline and mis-matched controls (Figure 3C).
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We next tested whether anti-miR-712 could inhibit AngII-induced MMP activity by the in
situ zymography using DQ-gelatin. As expected, the MMP activity (shown as the intense
fluorescent gelatin signal) was dramatically higher in AngII-infused mice (AngII+saline
group) compared to the vehicle control, but it was remarkably reduced in the anti-miR-712treated mice compared to the mis-matched control (Figure 3D and Supplement Figure V).
We next tested whether the anti-AAA effect of anti-miR-712 was mediated through
normalizing blood pressure in the AngII-infused mice. AngII-infusion significantly
increased blood pressure as expected within one week following the AngII infusion18, but
anti-miR-712 treatment did not alter the blood pressure (Figure 3E). Aortic wall elastin
fragmentation is an important feature of AAA in both humans and mouse models.18 We
graded the elastic lamina degradation on a scale of 1 (least) to 4 (worst) in our mouse
samples (Supplement Figure VI). As expected, the elastic laminas were frequently disrupted
and fragmented in AngII-infused mice treated with saline or mis-matched controls, whereas
anti-miR-712 treated mice showed little signs of elastin fragmentation (Figure 3F and 3G).
These results suggest that the anti-AAA effect of anti-miR-712 is mediated in an MMPdependent manner, but is independent of the pressor response.
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Anti-miR-712 inhibits both endothelial and circulating leukocyte inflammation
Given the importance of inflammation in AAA development25, we examined whether the
effect of anti-miR-712 (delivered systemically via s.c. injection) was mediated through the
aortic endothelial cells, circulating leukocytes or both. To test this hypothesis, we performed
an ex vivo leukocyte adhesion assay using abdominal aorta explants and peripheral blood
monocytic cells (PBMCs) obtained from the mice treated with anti-miR-712 or mis-matched
control along with vehicle or AngII-infusion. Three groups of aortas were obtained from the
mice that were treated with 1) vehicle, 2) AngII + mis-matched control, or 3) AngII + antimiR-712. In addition, PBMCs were also obtained from the same three groups of mice as
above. These 3 groups of aortic explants and 3 groups of PBMCs were then used in a 3 × 3
combination study (Figure 4A). Here, PBMCs were added to an aortic explant with its
endothelial surface up in a dish, and the number of PBMCs adhering to the endothelial
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surface after a 30 min incubation time was microscopically quantitated. First, adhesion of
vehicle-control PBMCs to the vehicle-control endothelial surface was very low (Figure 4A,
panel 1). Second, both PBMCs and aortic explants obtained from AngII-infused mice
showed significantly increased adhesion as compared to the vehicle control (as indicated by
the increased number of PBMCs shown as green dots) (Figure 4A: panel 1 vs. 2; panel 1 vs.
4).Third, both the aorta explants and PBMCs obtained from anti-miR-712 treated mice
showed a significant reduction in PBMC adhesion to endothelium compared to the mismatched controls (Figure 4A: panel 3 vs. 2; panel 7 vs. 4), suggesting the anti-inflammatory
effect of anti-miR-712 treatment. The quantitative results shown in Figure 4B further
supported these points. Consistent with these ex vivo results, we also found a robust F4/80+
monocyte/macrophage staining in AngII-infused mice with saline or mis-matched controls,
but it became nearly undetectable in the anti-miR-712 treated mice (Figure 4C and
supplement Figure VII). These findings suggest that the anti-AAA effect of anti-miR-712 is
mediated, at least in part, by inhibiting inflammation of both aortic endothelial cells and
circulating leukocytes.
The miR-205, a human homolog of miR-712,directly targets TIMP3 and RECK
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Since miR-712 is murine-specific24, its clinical implication for human disease could be
limited. To address this potential concern, we searched and found its potential human
homolog, miR-205, which shares the 7-mer “seed sequence” with miR-712 and is highly
conserved in most mammalian species (TargetScan) including mouse and human
(Supplement Figure VIII-A).24 We tested whether miR-205 also targets TIMP3 and RECK
in endothelial cells in an AngII-dependent manner by using a gain-of-function (premiR-205) and loss-of-function (anti-miR-205) approaches. Like miR-712, AngII treatment
increased expression of miR-205 in iMAEC in vitro (Supplement Figure VIII-B). Treatment
of iMAEC with premiR-205 or AngII decreased TIMP3 and RECK mRNA expression,
which was prevented by anti-miR-205 treatment (Figure 5A and 5B). Similarly, AngII
treatment increased expression of miR-205 in mouse aortic endothelium and the media
+adventitial cells in vivo (Figure5C and Supplement Figure VIII-C). AngII-induced
miR-205 expression was effectively silenced by anti-miR-205 treatment in mice (Figure
5C), using the same dosage and injection protocol used for anti-miR-712 (Figure 2C-E).
Next, we found that AngII treatment also resulted in a decreased TIMP3 and RECK
expression, which was reversed by anti-miR-205 treatment in mouse aortic endothelium
(Figure 5D and 5E). Taken together, these results suggest that miR-205 expression is AngIIsensitive and it targets TIMP3 and RECK, like miR-712. We also examined whether
expression of LRP-1, a previously identified target of miR-20526 was regulated by AngIIinduced miR-712 and miR-205 in our experimental model. As shown in Supplement Figure
IX, LRP-1 was downregulated by AngII-infusion in the abdominal aortic endothelial RNA,
however, its expression was not rescued by treatment with anti-miR-712 or anti-miR-205.
These results demonstrate that although LRP-1 expression is downregulated by AngII
infusion, it is not regulated by miR-712 or miR-205.
Treatment with anti-miR-205 prevents Ang II-induced AAA
To determine whether miR-205 plays an important role in AAA, AngII-infused ApoE-/mice were treated with anti-miR-205 or mis-matched control using the same protocol as
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 July 01.
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anti-miR-712. As shown in Figure 6A-C and Supplement Figure X, anti-miR-205 treatment
significantly decreased AAA incidence, mortality, and abdominal aorta dilation compared to
the mis-matched control. While the survival rate of AngII-infused and mis-matched group
was 56% (5/9), the anti-miR-205-treated group showed 88.8% survival rate at the 3 week
time-point (Figure 6A). Anti-miR-205 treatment reduced AAA incidence (2/9; 22.2 %)
compared to the mis-matched group (7/9; 77.7 %) (Figure 6B, p=0.056). Next, we tested the
effect of anti-miR-205 treatment on MMP activity as well in the same groups of mice by in
situ zymography. AngII-induced MMP activity was nearly blocked by treating the aorta
section of the AngII-treated mice with the MMP inhibitor GM6001 during the in situ
zymography assay (Figure 6D; upper right panel and Supplement Figure X). Anti-miR-205
treatment dramatically reduced the MMP activity compared to the mis-matched control
(Figure 6D and Supplement Figure XI).These results suggest that the AngII- and miR-205sensitive metalloproteinase activity is mostly accounted for by the MMP activity. Like antimiR-712, anti-miR-205 also did not affect AngII-induced systemic hypertension in these
mice (Figure 6E). Taken together, these results demonstrate that, like anti-miR-712, antimiR-205 treatment has a potent preventive effect on AAA induced by AngII infusion.
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AngII-sensitive miRNAs in the murine AAA are also upregulated in human AAA tissues
We tested whether some of the AngII-sensitive miRNAs identified in this mouse study,
including miR-205, -21, -1, 133b and 378 were also upregulated in human AAA tissues. For
this study, total RNAs prepared from de-identified human AAA paraffin sections (n=5) were
compared to those without the disease (non-AAA, n=4) from Origene. The detailed patient
and donor clinical information is described in Supplement Table III. miR-205 expression
was ;2-fold higher in AAA samples compared to the non-AAA (Figure 6F). Also, expression
of miR-21, miR-133b, and miR-378, but not miR-1,was significantly higher in human AAA
samples compared to the non-AAA. This result suggests that miRNAs, especially the human
homolog of miR-712, miR-205, identified in our AngII-induced murine AAA model appears
to be relevant in human AAA as well.

Discussion
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While searching for miRNAs regulated in abdominal aortic endothelium in the AngII
infused mouse model of AAA, we initially found miR-712 as an AngII-sensitive miRNA
both in vivo and in vitro. We showed that miR-712 directly targets the two key inhibitors of
MMPs, TIMP3 and RECK, that lead to activation of the metalloproteinases in the aorta wall
and AAA development in the mouse model. Moreover, we demonstrated the potent antiAAA effect of the anti-miR-712 in the AngII infused mice. Since miR-712 is a murinespecific miRNA24, however, its therapeutic potential in human AAA may be limited. This
led us to the identification of miR-205, a human homolog of the murine miR-712. Like
miR-712, expression of miR-205 was also increased by AngII, it regulated MMP activity by
targeting TIMP3 and RECK, and that anti-miR-205 treatment effectively prevented AAA
development in the AngII infusion model. Moreover, we found that expression of at least
four miRNAs including miR-205 identified in our AngII infusion mouse study was
significantly higher in the human AAA samples compared to the non-AAA samples. These
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results suggest a potential clinical relevance of these AngII-sensitive miRNAs identified in
this mouse model in human AAA.
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One of the exciting findings of this study was to observe that some of the miRNAs identified
from our AAA mouse model was also upregulated in human AAA tissues compared to that
of non-AAA. These miRNAs are miR-205, -21, -133b, and -378. Other investigators have
shown previously that miR-21 is upregulated in human AAA tissues as well as in the
abdominal aortas of AngII-infused mice15, consistent to our data. The miR-133b expression
was shown to be decreased in human AAA and thoracic aortic dissection tissues27-29. These
results are different from our current data and it may be due to the difference in the aortic
wall tissue RNA vs. endothelial RNA. While miR-29 was shown to be either increased or
decreased in the whole abdominal aortic wall tissue with AAA in mice16, 17, 30, our array
result using endothelial RNA did not show a significant change and therefore we did not
pursue it further. It is important to point out there are important limitations of our miRNA
expression results in human AAA samples due to the small number of samples used.
Additional studies involving much larger number of human AAA tissues and blood samples
with proper controls are warranted.
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In this study, we used in vivo endothelial miRNA array to identify AngII-sensitive miRNAs
using the AngII-infused mice. The reason that we used endothelial-enriched RNAs rather
than the whole aortic wall samples containing RNA mixtures coming from multiple cell
types including endothelial cells, smooth muscle cells and immune cells that could vary
greatly in different samples, which could largely dictate the outcomes of the array results
depending on the various cell mixtures in each sample. We have successfully used the same
approaches using endothelial-enriched RNAs obtained from the arteries exposed to
disturbed blood flow or stable flow to identify the mechanosensitive mRNA transcripts and
miRNAs in mice.23, 24
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Recently, we showed that miR-712 is a mechanosensitive miRNA, upregulated by disturbed
blood flow in in mouse arterial endothelial cells. We also showed that miR-712 is derived
from an unexpected source, pre-ribosomal RNA, RN45S gene, in the exoribonuclease
XRN1-dependent, but DiGeorge Syndrome Critical Region-8 (DGCR8)-independent
manner, suggesting that it is an atypical miRNA.24 In addition, we showed that miR-205 is
also mechanosensitive,human and mouse homolog of miR-712.24 Here, we now show that a
non-mechanical, humoral stimulus, AngII can also stimulate miR-712 and -205 expression
in endothelial cells in the mouse aorta in vivo and in vitro. In addition, AngII also stimulated
miR-712 and -205 expression in vascular smooth muscle cells as well. These results suggest
that AngII increases miR-712 and -205 production in multiple cell types of the aortic wall,
stimulating MMP activities in the overall aortic wall, resulting in AAA development.
We previously showed that the mechanosensitive miR-712 and -205 target TIMP324, but
here we identified another key endogenous MMP inhibitor, RECK, in response to AngII.
TIMP3 is a well-known endogenous inhibitor of MMPs and ADAM family members and
plays a key role in regulating ECM remodeling, endothelial permeability, and inflammation,
atherosclerosis and AAA.24, 31-33. TIMP3 expression is decreased in Marfan syndrome
patients with increased rate of aortic rupture.33 Also, the loss of TIMP3 has been shown to
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induce AAA in AngII infused mice34. RECK is a membrane-bound protein and is known to
suppress MMP activity and to induce angiogenesis in the metastatic cascade.35, 36 However,
its role in AAA has not been studied. Our current study clearly demonstrates the novel role
of RECK, as a downstream target of miR-712/205 and a key regulator of MMP activity, in
the murine AAA development. Also, an imbalance between MMPs and TIMPs/RECK has
been reported in the aortas of AAA patients.32, 37 In our study, the relative importance of
miR-712 vs.miR-205 and TIMP3 vs. RECK remains unresolved. Our result showed that
AngII upregulates both miR-712 and -205, which target both TIMP3 and RECK as well, all
of which lead to activation of the downstream MMP activity to a similar degree. These
results suggest that the two miRNAs as well as the two endogenous MMP inhibitors seem to
have similar contribution in regulation of MMP activity and/or that these miRNAs and
TIMP3/RECK may coordinate each other by an unknown mechanism.
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AAA is a progressive and deadly disease, especially when the aorta ruptures, but the
effective treatments are limited to surgical interventions. Unfortunately, there are no proven
effective pharmacological treatments that can regress, halt, or slow down the progressive
enlargement of the AAA, leading to its rupture, due in large part to a lack of mechanistic
insight into the pathogenesis of the disease.10 Currently, multiple clinical trials are
underway, testing the safety and efficacy of pharmacological treatments. These include
drugs that target AngII related pathways such as the angiotensin receptor blockers
(telmisartan and valsartan) and the ACE inhibitor; perindopril, and the broad MMP inhibitor
doxycycline.10, 11 It is interesting that the miRNAs, miR-712/205 identified in this study, are
AngII-sensitive and are potent and direct regulators of TIMP3 and RECK, the two key
endogenous upstream regulators of MMP activity. In addition, our study showed that
miR-205 is upregulated in the human AAA tissues, further supporting the hypothesis that
targeting this AngII-sensitive miRNA by anti-miR-205 would be a potential anti-AAA
therapy in human patients. Our mouse studies using anti-miR-712 or anti-miR-205, which
showed the potent preventive effect on AAA development by inhibiting MMP activity by
protecting TIMP3 and RECK expression in the AngII infused mouse model provides
additional support for the hypothesis.
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In summary, we demonstrate that miR-712 and its human/murine homolog miR-205 are
induced by AngII in the abdominal aorta cells and these miRNAs downregulate TIMP3 and
RECK expression, which in turn activates MMP activity, leading to AAA development. Our
study demonstrates a potent preventive effect of anti-miR-712 and anti-miR-205 in murine
models of AngII-infused AAA. Since miR-205 is also increased in human AAA tissues, use
of specific miR-205 inhibitors may be considered as a potential anti-AAA therapy.

Significance
AAA is a progressive and deadly disease with surgical intervention as the only treatment
option. Unfortunately, lack of effective pharmacological treatments result in progressive
enlargement of AAA, leading to its rupture, in large part due to incomplete mechanistic
insight of the disease pathophysiology. Here, using aortic endothelial miRNA microarray
from AngII-infused mice and subsequent validation studies in vivo, in vitro and human
tissues, we demonstrate that expression of miR-712 and its human homolog miR-205 is
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increased in the abdominal aortic wall cells both in murine and human AAA development.
Mechanistically, miR-712/205 family directly downregulate the two master controllers of
MMPs, TIMP3 and RECK, leading to activation of MMPs and eventual AAA development.
We also demonstrate a potent preventive effect of anti-miR-712/205 in the mouse model of
AngII-infused AAA. Since miR-205 is also increased in human AAA tissues, use of specific
miR-205 inhibitors may be considered as a potential anti-AAA therapy.
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Refer to Web version on PubMed Central for supplementary material.
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miRNA

microRNA

AngII

Angiotensin II

LNA

locked nucleic acid

MMP

matrix metalloproteinases

TIMP

tissue inhibitor of metalloproteinase 3

RECK

reversion inducing cysteine-rich protein with kazal motifs

qPCR

quantitative polymerase chain reaction
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Figure 1. Identification and validation of AngII-sensitive miRNA, miR-712 in in vivo and in vitro
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(A, B) Endothelial-enriched total RNAs, obtained from the abdominal aorta (C57BL/6 mice)
at 12 and 36hr post-AngII infusion (1 μg/kg/min), were analyzed by miRNA array and
quantitative PCR (qPCR). Twenty one miRNAs (18 up-, 3 down-regulated miRNAs at 36 hr
post-AngII implantation compared to the vehicle control) were selected based on foldchange (18 up-regulated miRNAs : >1.5 fold and 3 down-regulated miRNAs : <0.65 fold)
and statistical significance (p<0.05) in the miRNA array study. These miRNAs were further
validated by qPCR and their fold-change over the vehicle control are shown along with the
microarray results (compared to vehicle control; mean±S.E.; *p<0.05). Data were analyzed
by Student’s t-test. (C) Expression of miR-712 was determined by qPCR using endothelialenriched RNA from AngII-infused abdominal aorta and leftover RNA (media/adventitia)
obtained from AngII-infused C57BL/6 mouse (0-72hr). (D) miR-712 expression was tested
in immortalized mouse aortic endothelial cells (iMAECs) and vascular smooth muscle cells
(VSMC) in vitro (0-24hr). (C, D : Data were analyzed using ANOVA followed by Tukey’s
post hoc test, mean±S.E. *p<0.05; n=4). (E) Abdominal aortas of C57BL/6 mice obtained at
2-days post AngII-infusion were subjected to fluorescence in situ hybridization using
digoxigenin-labeled miR-712 probe (red) and confocal microscopy, (n=4). Blue: DAPI
nuclear stain; Arrows indicate cytosolic miR-712.
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Figure 2. Identification of TIMP3 and RECK as direct targets of miR-712
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(A,B) TIMP3 and RECK expression were determined by qPCR in iMAECs treated with
AngII (100 ng/ml) and pre-miR-712 (20 nM) with or without anti-miR-712 (400 nM) (n=4;
p<0.05). (C-E) Endothelial-enriched RNAs were prepared from suprarenal artery of AngII
(1 μg/kg/min)-infused mice, which were injected with mis-matched control or anti-miR-712
(5 mg/kg; injected subcutaneously, s.c.) twice (one and two days before AngII infusion).
miR-712, TIMP3 and RECK expression was determined by qPCR . (n=4; p<0.05). (F,G)
iMAECs transfected with dual-luciferase reporter plasmids containing wild-type (WT) or
mutant (Mut) of TIMP3-3’UTR (F) and RECK-3’UTR (G), were treated with AngII (100
ng/ml), pre-miR-712 (20 nM) or control pre-miR (20 nM) and anti-miR-712 (400 nM).
Firefly luciferase activity (normalized to control Renilla luciferase) indicating TIMP3 and
RECK expression was determined using Luc-Pair miR Luciferase Assay Kit. (H-J) Frozen
sections of abdominal aortas obtained from AngII-infused C57BL/6 mice were used for
immunofluorescence staining with antibody specific to TIMP3 (H) and RECK (I) shown in
red (scale bar =20 μm) and in situ zymography (J) using DQ-gelatin (green) to determine
MMP activity. As a control, some abdominal aorta sections were incubated with the MMP
inhibitor GM6001 (J, right bottom panel; scale bar =100 μm). (K) iMAECs, pretreated with
AngII (100 ng/ml) and/or premiR-712 (20 nM) for 1 day, were further treated with antimiR-712 or mismatched control at 400 nM each as well as siRNAs against TIMP3 and
RECK (siRECK or siTIMP3), respectively, at 100 nM each for 1 day. MMP activity was
determined by cell-based ELISA using DQ-gelatin. Data (Figure 2A-G and K) were
analyzed using ANOVA followed by Tukey’s post hoc test, and values represent the mean
±S.E.(*p<0.05;n=4; in triplicate). Blue: DAPI, and green: auto-fluorescent elastic lamina,
IEL : internal elastic lamina, L : lumen, AFU : arbitrary fluorescence unit.
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Figure 3. Inhibition of miR-712 prevents AngII-induced AAA
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ApoE-/- mice (24-26 weeks) injected with mis-matched control or anti-miR-712 (5 mg/kg
each) were infused with AngII (1 μg/kg/min) or vehicle for 3 weeks via osmotic minipumps.
(A,B) The survival and incidence rate of AngII-induced AAA in anti-mR-712 treated group
compared to saline or mis-matched anti-miR controls are shown. Survival rates were
estimated with Kaplan-Meier analysis (p=0.34). The significance of the incidence were
tested by Fisher’s exact test (p<0.05; n=10 each group). (C) Maximal abdominal aortic
diameter quantitated using the H&E stained section; compared to saline or mis-match
control group.The data was analyzed using the Kruskal-Wallis test followed by the MannWhitney U-test using Bonferroni correction to adjust the probability (*p<0.05; n=10 each
group). (D) shows in situ zymography using DQ-gelatin (green) to determine MMP activity
in AngII-infused abdominal aortic sections with saline, mis-matched control or antimiR-712 injected group (scale bar =100 μm). (E) shows systolic blood pressure measured in
AngII-infused mice treated with anti-miR-712 compared to saline or mis-matched controls
(n=10 each group). (F) Elastin fragmentation was evaluated by histochemical staining with
Orcein elastin stain kit using aorta sections of saline, mis-matched control and anti-miR-712
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treated groups.Upper panels : low magnification (scale : 500 μm); lower panels : high
magnification (scale bar : 100 μm; elastin : dark brown). (G) shows quantitation of elastin
degradation. The data was analyzed using the Kruskal-Wallis test followed by the MannWhitney U-test using Bonferroni correction to adjust the probability (*p<0.05; n=6 each
group).
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Figure 4. Treatment with anti-miR-712 inhibits AngII-induced inflammation of endothelial cells
and peripheral leukocytes (PBMCs)
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(A,B) Abdominal aortic explants as well as PBMCs were obtained from vehicle or AngIIinfused (1 μg/kg/min; 2 days) C57BL/6 mice that were also treated with mis-matched or
anti-miR-712 (5 mg/kg, s.c; 2 daily injections prior to AngII implantation). PBMCs (labeled
with fluorescent Calcein) were then incubated for 30 min with the abdominal aortic explants
with their endothelial side up, and the PBMCs adhered to the endothelial surface was
counted by confocal microscopy. Data were analyzed using ANOVA followed by Tukey’s
post hoc test, and values represent the mean±S.E. *p<0.05; n=4; green indicates PBMCs;
scale bar = 200 μm). (C) Macrophage (F4/80+) infiltration was examined by the
immunostaining the abdominal aorta section obtained in the frozen sections described in
Figure 3D (scale bar, 100 μm; n=5 each group).
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Figure 5. TIMP3 and RECK are direct targets of miR-205, a human homolog of miR-712

(A) TIMP3 and (B) RECK expression was determined by qPCR in iMAECs pre-treated with
premiR-205 (20 nM), anti-miR-205 (400 nM) or mis-matched control (400 nM) for 2 days,
followed by AngII (100 ng/ml) treatment for another 1 day (n=4; *p<0.05; in triplicate). (CE) Endothelial-enriched RNAs were prepared from the abdominal aortas of vehicle or
AngII-infused mice, which were pre-treated with mis-matched control or anti-miR-205 (5
mg/kg; injected subcutaneously, s.c.) twice (one and two days before AngII infusion), and
miR-205, TIMP3 and RECK expression was determined by qPCR (n=4; *p<0.05; in
triplicate). All data were analyzed using ANOVA followed by Tukey’s post hoc test, and
values represent the mean±S.E.
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Figure 6. anti-miR-205 prevents AAA development in AngII-infused mice and some of AngIIsensitive miRNAs that are upregulated in human AAA tissues
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ApoE-/- mice treated with anti-miR-205 or mis-matched control (5 mg/kg) were infused with
AngII for 3 weeks. (A, B) The incidence and survival rate of AngII-induced AAA in antimR-205 treated group compared to mis-matched controls are shown. Survival rates were
estimated with Kaplan-Meier analysis (p=0.13). The significance of the incidence were
tested by Fisher’s exact test (p=0.056; n=9 each group). (C) Maximal abdominal aortic
diameter was quantitated using the H&E stained section.The data was analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney U-test using Bonferroni correction to
adjust the probability (*p<0.05 compared to mis-matched control, n=9 each group). (D)
shows in situ zymography using DQ-gelatin (green) to determine MMP activity in vehicle or
AngII-infused abdominal aortic sections with mis-matched control or anti-miR-205 treated
group (n=4, scale bar =100 μm). Some sections from the AngII + mis-matched control
treated mice were incubated with GM6001 (upper right panel). (E) shows systolic blood
pressure measured in AngII-infused mice treated with anti-miR-205 compared to mismatched controls (n=9). (F) Expression of AngII-sensitive miRNAs, miR-21, miR-1,
miR-133b, miR-378 and miR-205 was determined by qPCR using total RNAs obtained from
paraffin sections of human AAA tissues (n=5) and non-diseased (non-AAA) tissues (n=4)
using RNU6B as an internal control (*p<0.05 as determined by student’s t-test compared to
non-AAA; value represent the mean±S.E.).
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