1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Circulation. Author manuscript; available in PMC 2016 March 03.

-, HHS Public Access
«

Published in final edited form as:
Circulation. 2015 March 3; 131(9): 805-814. doi:10.1161/CIRCULATIONAHA.114.013675.

Oxidative Stress Activates Endothelial Innate Immunity via
Sterol Regulatory Element Binding Protein 2 (SREBP2)
Transactivation of MiRNA-92a

Zhen Chen, PhDY”, Liang Wen, MD, PhD1*, Marcy Martinl:2, Chien-Yi Hsu, MD34, Longhou
Fang, PhD?, Feng-Mao Lin, PhD?, Ting-Yang Lin!, McKenna J. Gearyl, Gregory Geary,
PhD8, Yongli Zhao, MD’, David A. Johnson, PhD8, Jaw-Wen Chen, MD34, Shing-Jong Lin,
MD, PhD34, Shu Chien, MD, PhD?, Hsien-Da Huang, PhD>, Yury I. Miller, MD, PhD?, Po-
Hsun Huang, MD, PhD34, and John Y-J. Shyy, PhD18

1Dept of Medicine, School of Medicine, University of California, San Diego, CA

2Biochemistry and Molecular Biology Graduate Program, University of California, Riverside, CA
3Division of Cardiology, Dept of Medicine, Taipei Veterans General Hospital, Taipei, Taiwan
4Cardiovascular Research Center, National Yang-Ming University, Taipei, Taiwan

SInstitute of Bioinformatics and Systems Biology and Dept of Biological Science and Technology,
National Chiao Tung University, Hsin-Chu, Taiwan

6Dept of Kinesiology and Health Sciences, California State University, San Bernardino, CA
’Cardiovascular Research Center, Medical School, Xi’an Jiaotong University, Xi’an, China
8Division of Biomedical Sciences, School of Medicine, University of California, Riverside, CA

°Dept of Bioengineering, University of California, San Diego, CA

Abstract

Background—Oxidative stress activates endothelial innate immunity and disrupts endothelial
functions, including eNOS-derived NO bioavailability. Here, we postulated that oxidative stress
induces sterol regulatory element binding protein 2 (SREBP2) and microRNA-92a (miR-92a),
which in turn activate endothelial innate immune response, leading to dysfunctional endothelium.

Methods and Results—Using cultured endothelial cells (ECs) challenged by diverse oxidative
stresses, hypercholesterolemic zebrafish, and Ang ll-infused or aged mice, we demonstrated that
SREBP?2 transactivation of microRNA-92a (miR-92a) is oxidative stress-inducible. The SREBP2-
induced miR-92a targets key molecules in endothelial homeostasis, including Sirtuin 1, Kriippel-
like factor 2 (KLF2), and KLF4, leading to NOD-like receptor family, pyrin domain-containing 3
(NLRP3) inflammasome activation and eNOS inhibition. In EC-specific SREBP2 transgenic mice,
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locked nucleic acid (LNA)-modified antisense miR-92a (LNA-92a) attenuates inflammasome,
improves vasodilation, and ameliorates Ang Il-induced and aging-related atherogenesis. In
patients with coronary artery disease, the level of circulating miR-92a is inversely correlated with
EC-dependent, flow-mediated vasodilation and is positively correlated with serum level of IL-1p.

Conclusions—Our findings suggest that SREBP2-miR-92a-inflammasome exacerbates
endothelial dysfunction during oxidative stress. Identification of this mechanism may help in
diagnosis and/or treatment of disorders associated with oxidative stress, innate immune activation,
and endothelial dysfunction.
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endothelial cell; microRNA; sterol regulatory element binding proteins; inflammation; oxidative
stress; inflammasome; endothelial dysfunction

Introduction

Oxidative stress, imposed by pathophysiological conditions such as hypertension,
hyperlipidemia, and aging, triggers inflammatory responses of vascular endothelial cells
(ECs). Although not viewed as typical immunogenic cells, ECs are suggested to be sentinel
cells that detect danger signals, initiate innate immune responses, produce pro-inflammatory
cytokines and chemokines, and recruit immune cells.12 Such increase in the endothelial
innate immunity has emerged as an important mechanism underlying the interplay among
oxidative stress, inflammation, and endothelial dysfunction.

Sterol regulatory element-binding proteins (SREBPs) are master regulators in cholesterol
and lipid homeostasis.3 Decreases in the intracellular level of fatty acid or cholesterol
activate SREBP1 or SREBP2 through a 2-step proteolytic cleavage, and the resulting mature
N-terminal SREBPs transactivate genes involved in cholesterol and lipid synthesis.
Recently, SREBPs have been implicated in innate immune responses in vascular cells, due
to their regulation of inflammasomes, the intracellular multi-protein complexes mediating
the activation of caspase-1 and subsequent maturation of interleukin 1p (IL-1f)/interleukin
18 (IL-18).% Im et al. showed that SREBP1 activates the NOD-like receptor family, pyrin
domain-containing 1 (NLRP1) inflammasome in LPS-stimulated macrophages® and we
reported that SREBP2 activates NLRP3 inflammasome in ECs under disturbed flow.5
Importantly, ectopic expression of SREBP2 in murine endothelium is sufficient to aggravate
atherosclerosis, partially through the increased caspase-1-dependent IL-1f production,
which suggests a primary role of EC innate immunity in atherogenesis.® In human aortic
sections, activated SREBPs are observed in macrophages and ECs in the atherosclerotic
lesions.” Although these studies suggest that SREBPs are critical regulators in vascular
innate immunity, the upstream stress stimuli that induce or activate SREBPs and the SREBP
downstream targets that disturb EC homeostasis are largely unexplored.

Stimuli such as disturbed flow and oxidized lipids that impose oxidative stress in ECs
increase SREBP levels.68:9 They also induce microRNA-92a (miR-92a), a crucial miRNA
that inhibits EC angiogenesis and impairs EC function.10-12 At the molecular level, miR-92a
targets Kruppel-like factor 2 (KLF2), KLF4, and possibly Sirtuin 1 (SIRT1), all of which are
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tightly associated with redox balance, eNOS-derived NO bioavailability, and the
inflammatory state.10.12-14 |n regards to endothelial innate immune response, KLF2, KLF4,
and SIRT1 suppress the production or antagonize the effect of 1L-1p.15-17 In terms of
translational implications, administration of locked nucleic acid (LNA)-modified antisense
miR-92a (LNA-92a) prevents ischemic injury in pigs and ameliorates hyperlipidemia-
induced atherosclerosis in mice.1118 Despite the involvement of miR-92a in EC
dysfunction, the molecular mechanism underlying stress-induction of miR-92a in ECs and
its link to endothelial innate immunity is unclear.

Given the common stimuli (e.g. disturbed flow and oxidized lipids) and convergent
functional consequences (i.e. endothelial inflammation and dysfunction) of SREBP2 and
miR-92a, we postulated that oxidative stress induces SREBP2 and miR-92a, which in turn
activate innate immune response, leading to dysfunctional endothelium. Here, we
demonstrate that the SREBP2 transactivation of miR-92a is a ubiquitous response to
oxidative stress. Downstream, this redox-sensitive pathway decreases the expression of anti-
inflammatory genes, including SIRT1, KLF2, and KLF4, thus resulting in increased
inflammasome and impaired eNOS-NO bioavailability. Furthermore, studies of zebrafish,
mouse, and human samples suggest an inverse correlation between miR-92a level and
functional endothelium.

Crosslinking immunoprecipitation (CLIP) and chromatin immunoprecipitation (ChiP)

For CLIP, HUVECs were irradiated with UV light at 400 mJ/cm? to crosslink RNA and
proteins. Cells were then lysed in a buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.1% NP-40, 1 mM EDTA, and 100 U/ul RNase inhibitor. The lysates were incubated
with protein G Dynabeads conjugated with anti-AGO2 (clone 4G8; Wako Chemicals) at 4°C
overnight. Mouse 1gG was used as an isotype control. The immunoprecipitated RNAs were
then extracted with Trizol. For ChlP, HUVECSs were treated with 0.75% formaldehyde for
20 minutes at room temperature. After sonication, the SREBP2-bound chromatin was
immunoprecipitated by rabbit anti-SREBP2(N) (Abcam) conjugated to protein A
Dynabeads. Protein and RNA were degraded by proteinase K and RNase A, respectively.
The purified chromatin DNA was then used as the template for g°PCR. As an isotype control,
rabbit 1gG was used in ChlP.

Flow cytometry and NO bioavailability assay

Active caspase-1 was detected in living ECs with use of the Fluorescent Labeled Inhibitor of
Caspases (FLICA) caspase-1 assay kit (ImmunoChemistry Technologies). FLICA-FAM-
YVAD-FMK is a cell-permeable, non-toxic fluorochrome inhibitor of caspase-1 that
interacts with the enzymatic-reactive center of activated caspase-1 via the YVAD
recognition sequence, thus forming a covalent thioether adduct with the enzyme through the
FMK moiety. The resulting green fluorescence is a direct measure of caspase-1 activity,
which was analyzed by FACS with 488-nm excitation and 530-nm emission. NO was
detected as the accumulated nitrite/nitrate, the stable breakdown product of NO, in cell
culture media by use of a nitrate/nitrite fluorometric assay (Cayman Chemicals).
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In vivo Ang Il infusion and administration of LNA

All animal experiments were approved by UCSD IACUC. EC-SREBP2(N)-Tg and
ApoE~~/EC-SREBP2(N)-Tg mice were created as described.® LNAs were designed and
synthesized by Exigon Inc, with the following sequences 5’-
AGGCCGGGACAAGTGCAAT-3" (LNA-92a) and 5-TAACACGTCTATACGCCCA-3
(LNA-control). Male ApoE~~/EC-SREBP2(N)-Tg and their age- and gender-matched
ApoE~" littermates were used for the Ang 11 infusion and LNA injection. As illustrated in
Supplemental Figure 1, one week before Ang Il infusion, mice received tail-vein injections
of LNA-control or LNA-92a at 16 mg/kg BW, a dose that effectively inhibits miR-92a
expression.1 Osmotic minipumps (Alzet, Model 1004) filled with Ang 11 solution were
implanted subcutaneously into the dorsal side of mice. Ang Il was released at 1 pug/kg/min
for 28-day. The second dose of LNA was given 10 days after the minipump implantation.
The animals were sacrificed at the end of 28-day post minipump implantation.

IK17-EGFP Tg zebrafish

Tg(hsp70l: Hsa.IK17-EGFP) zebrafish with temperature-inducible expression of the EGFP-
labeled single-chain human mAb IK17 (i.e. IK17-EGFP) was described.19 IK17-EGFP is
driven by hsp70 and hence can be induced by heat shock at 37°C. Zebrafish larvae at 5-day
post fertilization were fed a normal diet or high-cholesterol diet (HCD) containing 4%
cholesterol for 4-week. One group of HCD-fed fish were subjected to heat shock (1 hour at
37°C) once every 3-day to maintain IK17-EGFP expression during the feeding period. The
expression of IK17-EGFP was confirmed by microscopy (excitation at 488 nm).

Clinical samples, measurement of circulating miR-92a, IL-1p and flow-mediated dilation

(FMD)

All clinical samples were obtained at Taipei Veterans General Hospital, with informed
consent and IRB approval (protocol number: 2014-02-002A). The baseline characteristics of
patients are summarized in Supplemental Table 1. Sera were collected after an 8-hour
overnight fast. Circulating miR-92a level was measured as described.20 IL-1p level was
assessed by ELISA (Human IL-1p Quantikine ELISA Kit, R&D Systems). Each standard
and plasma sample was analyzed twice, and the mean value was used in all subsequent
analyses. Endothelium-dependent FMD was assessed by use of a 7.5-MHz linear array
transducer (Hewlett-Packard Sonos 5500) to scan the brachial artery in longitudinal sections,
as described?! (Supplemental methods).

Statistical analysis

Data from in vitro experiments are expressed as mean+SD from at least 3 independent
experiments, unless otherwise noted. Data from in vivo studies are expressed as mean=SEM.
Two groups were compared by Student’s t test. Differences among multiple groups were
evaluated by ANOVA followed by the Bonferroni post hoc test for equal sample sizes or
Tukey-Kramer test for unequal sample sizes. Correlational analyses were performed using
Spearman’s correlation after determining the (non-)normal distribution of the data. Values
of p < 0.05 was considered statistically significant.
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Supplemental methods

Additional experimental procedures are described in “Supplemental Methods”.

Results

SREBP2 and miR-92a are induced by oxidative stress in ECs

We first sought to test whether SREBP2 and miR-92a are induced by H,O,, Ang I, and
oxidized LDL (ox-LDL), all of which directly or indirectly increase ROS in ECs to result in
inflammatory responses. All 3 stimuli induced and activated SREBP2 in HUVECs, as
evidenced by increased level of the SREBP2 precursor, as well as mature form of SREBP2
[i.e., SREBP2(N)] (Figure 1A). The activation of SREBP2 was associated with induction of
SREBP2 transactivation targets such as LDLR and squalene synthase (Figure 1B). Notably,
H50,, Ang |1, and ox-LDL also dose-dependently increased the level of miR-92a (Figure 1,
C-E). Pretreatment with the ROS scavenger EUK-134, a catalase/SOD mimetic,22
attenuated the H,O5-, Ang Il-, and ox-LDL-induced SREBP2 and miR-92a levels (Figure 1,
F-H). These results indicate that SREBP2 and miR-92a are induced by oxidative stress in
ECs.

SREBP?2 transactivates miR-92a under oxidative stress

To examine whether SREBP2 transactivates miR-92a in response to oxidative stress, we
performed bioinformatics analysis for putative sterol regulatory elements (SRES) in the
promoter region of the miR-17-92 cluster. We found 8 SREs in the promoter region of the
human miR-17-92 cluster, which are conserved in the mouse gene (Figure 2A; Supplemental
Table 2). To validate this in silico prediction, we overexpressed the active/mature form of
SREBP2, i.e. SREBP2(N) in ECs, which increased the level of miR-92a (Figure 2B).
Conversely, knockdown of SREBP2 with siRNA inhibited H,0,-induced miR-92a (Figure
2C). To demonstrate enhanced transactivation of miR-92a by SREBP2 under oxidative
stress, we performed ChlIP assays to assess the direct binding of SREBP2 to SREs in the
miR-17-92 promoter. H,0, treatment of ECs or ectopic expression of SREBP2(N) in ECs,
mimicking SREBP2 induction by oxidative stress, substantially enriched SREBP2(N)
binding to segments of miR-92a promoter containing the predicted SREs (Figure 2, D and
E). Thus, oxidative stress-activated/induced SREBP2 transactivates miR-92a.

Oxidative stress-induced miR-92a increases endothelial innate immunity

Recent findings suggest that SREBP induction or activation increases innate immunity,
specifically, via NLRP3 inflammasome activation in ECs and macrophages.>-® Because
oxidative stress activates SREBP2-miR-92a (Figures 1 and 2), we examined whether
oxidative stress activates inflammasome, and if so, the role of miR-92a in this innate
immune response in ECs. H,0,, Ang |1, and ox-LDL all increased the cleaved form of
caspase-1 and IL-1p, hallmarks of inflammasome activation (Figure 3, A and B).
Importantly, pre-miR-92a, mimicking miR-92a induction by SREBP2, also increased the
cleavage of caspase-1 and IL-1f (Figure 3, C and D). Conversely, transfecting ECs with
anti-miR-92a blocked these inflammasome-related events in H,O,-stimulated ECs (Figure
3, E and F). These results were further confirmed by using flow cytometry to detect the
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active caspase-1 in living cells (Figure 3, G and H). Therefore, the SREBP2-miR-92a axis
contributes to oxidative stress-induction of the endothelial innate immune response, as
evidenced by inflammasome activation.

miR-92a targeting SIRT1, KLF2, and KLF4 increases endothelial innate immunity but
decreases NO bioavailability

Oxidative stress-induced miR-92a should target KLF2, KLF4 (previously validated)12.14 and
SIRT1 mRNAs (previously predicted)0, to result in increased I1L-1f production but
decreased NO hioavailability. Thus, we first verified the direct targeting of the SIRT1 3’
untranslated region (3’UTR) by miR-92a (Supplemental Figure 2A). Using a luciferase
reporter containing SIRT1 3'UTR or its mutant, we confirmed that miR-92a directly targets
SIRT1 mRNA (Supplemental Figure 2, B and C), which agrees with pre-miR-92a-decreased
levels of SIRT1 mRNA, protein, and activity (revealed by increased acetylation of SIRT1
substrates p53 and NF-xB) (Supplemental Figure 2, D and E).

We next assessed whether oxidative stress increases the recruitment of miR-92a and its
targeted SIRT1, KLF2, and KLF4 mRNAs to Argonaute (AGO)-mediated-miRNA-induced
silencing complex (miRISC) in ECs. H,05, Ang Il, or ox-LDL treatment increased the
association of miR-92a, SIRT1, KLF2, and KLF4 mRNAs with miRISC in ECs (Figure 4,
A-C). As a control, H,O, did not change the association of miR-92a with non-specific
RNAs such as a-tubulin mRNA and 5S ribosomal RNA (5S rRNA) (data not shown). In
agreement with the co-enrichment of miR-92a and its target mMRNAs in miRISC, these
stimuli decreased the luciferase activity in ECs transfected with luciferase reporters
conjugated to the 3’'UTR of SIRT1, KLF2, and KLF4 containing the miR-92a binding/
responsive elements (MREs) as compared with untreated cells. This reduction of luciferase
activity was restored by co-transfection of anti-miR-92a (Figure 4, D-F). Functionally, anti-
miR-92a ameliorated the HoO5-decreased mRNA and protein levels of SIRT1, KLF2, and
KLF4 as well as eNOS expression and activity (Figure 4, G-I). The suppression of SIRT1,
KLF2, and KLF4 by H,0, was mimicked by SREBP2(N) overexpression, whereas co-
transfection with anti-miR-92a restored the levels of SIRT1, KLF2, and KLF4 (Figure 4J).
Furthermore, the effect of ectopic expression of SIRT1, KLF2, and KLF4 was similar to
anti-miR-92a in reversing the H,O,-induced EC inflammation (i.e., caspase-1 activation and
IL-1B production) and HoO»-impaired NO bioavailability (Figure 4, K and L). Collectively,
oxidative stress induction of SREBP2-miR-92a and the subsequent SIRT1, KLF2, and KLF4
targeting increases endothelial innate immunity and impairs eNOS-NO bioavailability, two
key features of endothelial dysfunction.

SREBP2 induction of miR-92a leads to impaired EC functions in the vessel wall

We next examined whether miR-92a is oxidative stress-inducible in the vessel wall in vivo
in mouse and zebrafish models. The aortic miR-92a level was higher in the Ang Il-infused
C57BL6 mice than normotensive controls (Figure 5A). Consistent with increased oxidative
stress in the aging vessel,23:24 the miR-92a level in the aortas was also higher in 12-than 3-
month-old C57BL6 mice (Figure 5B). We also used a hypercholesterolemic zebrafish model
with accelerated vascular accumulation of oxidized lipids with enhanced oxidation-specific
epitopes (OSEs).19-25 Four-week HCD significantly increased miR-92a level in the trunks,
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where major blood vessels are located. This induction was substantially inhibited in
zebrafish expressing 1K17, a human mAb against malondialdehyde-LDL and ox-LDL19:26
(Figure 5, C and D). Thus, miR-92a was also induced in the zebrafish in an oxidative stress-
dependent manner. To examine whether SREBP2 increases miR-92a in the endothelium in
vivo, we assessed the miR-92a level in intima isolated from EC-SREBP2(N)-Tg mice with
the active form of SREBP2 overexpressed only in the endothelium.® Ectopic expression of
SREBP2(N) increased the miR-92a level and decreased mRNA level of SIRT1, KLF2,
KLF4, and eNOS in the intima (Figure 5E). Furthermore, an endothelial innate immune
response was induced, as evidenced by increased IL-13 mRNAs level in EC-SREBP2(N)-Tg
mice (Figure 5E). Consistent with the reduced eNOS expression, flow-mediated
vasodilation, a hallmark of endothelial dysfunction was attenuated (Supplemental Figure 3).
To address whether miR-92a mediates the detrimental effects of SREBP2 in the vessel wall,
we inhibited miR-92a with LNA in the carotid arteries of EC-SREBP2(N)-Tg mice. While
miR-92a was significantly inhibited by LNA, the mRNA levels of SIRT1, KLF2, KLF4, and
eNOS were substantially increased and that of IL-1f decreased in mice receiving LNA-92a
as compared with control LNA (Figure 5F). Functionally, LNA-92a administration
improved the flow-mediated vasoreactivity (Figure 5G).

To evaluate the detrimental effect of the SREBP2-miR-92a pathway at the disease level, we
used a model of EC-SREBP2(N)-Tg in an ApoE '~ background treated with Ang I1 (1
pHg/min/kg). With a regular diet, Ang Il infusion accelerates atherosclerosis.2” Thus, the
etiology of atherosclerosis in this model is due mainly to the oxidative stress-induced
endothelial dysfunction rather than diet-induced hyperlipidemia. The experimental design is
outlined in Supplemental Figure 1, and the efficacy of LNA-92a was confirmed by the
decreased miR-92a but increased mRNA levels of miR-92a targets, i.e., SIRT1, KLF2, and
KLF4, as well as eNOS (Supplemental Figure 4A). Noticeably, atherosclerosis, including
overall lesion size and that in the aortic arch, was reduced in mice treated with LNA-92a as
compared with control LNA. Furthermore, the inhibitory effect of LNA-92a on
atherosclerosis was apparent in both 3- and 12-month-old animals (Figure 6, A and B,
Supplemental Figure 4, B and C). Lung ECs from LNA-92a-treated mice showed decreased
inflammasome activity, as indicated by the decreased expression and cleavage of caspase-1
(Figure 6C). The miR-92a level in CD31* microparticles (MPs) collected from sera was
higher in Ang II-challenged ApoE~/~/EC-SREBP2(N) mice than their ApoE ™/~ littermates
(Figure 6D), which suggests that the SREBP2-induced miR-92a in the endothelium was
released into the circulation.

miR-92a level is inversely correlated with EC function in patients

To investigate whether circulating miR-92a level is associated with EC function in human
patients, we assessed the serum miR-92a level in relation to FMD, the clinical readout for
endothelial function.2® The circulating level of miR-92a was indeed inversely correlated
with FMD in 85 patients with diagnosed stable coronary artery disease (CAD) (Figure 7A).
Conversely, the levels of miR-92a and IL-13 were positively correlated in these patients
(Figure 7B). Furthermore, the level of circulating miR-92a was positively correlated with
miR-92a abundance in the CD31* MPs (Figure 7C), which suggests that miR-92a in
circulation in part originats from the endothelium. Therefore, the serum level of miR-92a
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could indicate endothelial dysfunction and innate immunity under certain cardiovascular
events.

Discussion

Here, we demonstrate that oxidative stress activates the endothelial innate immune response
by inducing SREBP2-miR-92a. This finding presents a novel function of SREBP2 in
addition to its canonical role in cholesterol synthesis and uptake. The induction of this
pathway is a common response of ECs to disturbed flow, H,O,, Ang Il, ox-LDL, and
oxidized palmitoyl-arachidonylphosphatidyl choline (ox-PAPC), all of which cause
oxidative stress612 (Figure 1, and Supplemental Figure 5). This response is attenuated when
ECs are pretreated with the ROS scavengers SOD/catalase mimetic EUK-134 or cell-
permeable SOD (Figure 1, Supplemental Figure 5), which suggests that the SREBP2-
miR-92a pathway is redox-sensitive. In vivo, miR-92a is induced in the mouse aorta with
increased oxidative stress from Ang Il infusion or aging (Figure 5, A and B). Similarly,
miR-92a is induced in zebrafish by HCD (Figure 5C). Because IK17 antagonizes ox-
LDL1929, the IK17 inhibition of miR-92a further indicates that oxidized lipids and
lipoproteins likely induce miR-92a in zebrafish. Together, these in vitro and in vivo findings
strongly suggest that oxidative stress-induced miR-92a is a conserved mechanism among
vertebrates. Consistent with this conclusion is the observation that miR-17-92 promoters
from human, mouse, and zebrafish all contain multiple putative SREs (Supplemental Tables
2 and 3). Intriguingly, when ECs are supplemented with 25-hydroxycholesterol (25-HC)
which blocks the canonical cholesterol-sensing pathway, ox-PAPC and disturbed flow are
still able to activate SREBP23 (Supplemental Figure 5C). Thus, oxidative stress induction of
miR-92a via SREBP2 differs from miR-33 induction, which responds to sterol depletion.30
As an SREBP2 intronic miRNA, miR-33a targets the cholesterol transporters ABCA1 and
ABCG1 for restoration of cellular cholesterol homeostasis.3? However, miR-92a
downregulates KLF2, KLF4, and SIRT1 to affect endothelial innate immunity and function.
Thus, the redox-sensitive SREBP2, by transactivating miR-92a, mediates the innate immune
response in ECs under oxidative stress (Summarized in Figure 7D). Because the
endothelium does not readily accumulate lipid and cholesterol, these results suggest that the
major functional relevance of oxidative stress-induction of SREBP2 in ECs is increased
innate immunity rather than cholesterol synthesis, uptake, and storage.

The miR-17-92 cluster is upregulated by c-Myc and NF-xB in cancer cells, fibroblasts, and
epithelial cells.31:32 Although STAT3 regulates miR-92a in ECs,1! whether STAT3 directly
transactivates miR-92a is unknown. Given that (a) NF-B upregulates SREBP2,33 (b)
STATS3 crosstalks with NF-xB,34 and (c) SREBP2 and c-Myc are both basic helix-loop-
helix transcription factors and likely share transactivating targets that contain E-box in their
promoter regions,3> SREBP2 is likely involved in a network regulating miR-92a. Indeed, the
H»05-induced miR-92a is attenuated in ECs if RelA (i.e., NF-xB p65 subunit) or c-Myc has
been knocked down (Supplemental Figure 6A). Because toll-like receptors (TLRs) are key
mediators in innate immunity and most, if not all TLRs are expressed in ECs, we have also
examined the TLR pathway involved in the oxidative stress-induced miR-92a. When we
inhibited myeloid differentiation factor 88 (Myd88), a common signaling adaptor
downstream of TLRs except TLR3, the ox-LDL-induced miR-92a was suppressed
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(Supplemental Figure 6B). In line with this, Myd88 inhibition also attenuated the activation
and induction of SREBP2 in LPS-stimulated macrophages and the consequent foam cell
formation.32 Therefore, SREBP2-miR-92a may act as a critical nexus linking oxidative
stress and endothelial innate immune response and subsequent inflammation.

Most, if not all, oxidative insults suppress SIRT1, KLF2, and KLF4, as well as uncouple
eNOS in ECs.14:36-38 Because of the positive effect of SIRT1, KLF2, and KLF4 on the NO
bioavailability, the finding that SREBP2-miR-92a suppresses the expression of SIRT1,
KLF2, and KLF4 (Figures 4, 5) reveals a post-transcriptional mechanism by which oxidative
stress diminishes NO bioavailability, thus resulting in endothelial dysfunction. Another new
finding is the SREBP2-miR-92a induction of inflammasome in ECs (Figure 3). Given that
SIRT1 deacetylates and inhibits NF-xB39 (Supplemental Figure 2) and that KLF2 and KLF4
suppress both IL-1f expression and IL-1p-mediated inflammatory responses, %16 miR-92a-
induced innate immune responses (i.e., inflammasome and IL-1f induction) likely also
involve targeting SIRT1, KLF2, and KLF4. Indeed, ectopic expression of these genes
reversed H,O,-stimulated inflammasome activation (Figure 4K). Notably, SIRT1 can
deacetylate and inhibit SREBP2.40 Hence, the miR-92a suppression of SIRT1 would further
potentiate SREBP2 and inflammasome under oxidative stress. Interestingly, activated
caspase-1 proteolytically cleaves not only pro-1L-1f but also SIRT1.41 While increasing
mature IL-1p production and decreasing the level of SIRT1, the oxidative stress-induced
miR-92a may provoke a vicious loop of innate immune responses in ECs via
inflammasome-dependent activation of caspase-1.

Within the pathophysiologic context, 3 factors would contribute to increased vascular
oxidative stress in ApoE~~/EC-SREBP2(N)-Tg mice receiving Ang Il (Figure 6). First, Ang
1 accelerates atherogenesis in ApoE ™~ mice with increased oxidative stress without altering
the lipid profile.2” Second, ectopic expression of SREBP2(N) in the endothelium increases
miR-92a level (Figure 5C), which enhances the innate immune response in the intima,3
independent of other immuno-sensitive cells. Third, aging is an independent factor
contributing to increased oxidative stress in the vessel wall.23 Noticeably, either in LNA-
control or LNA-92a group, aging still aggravates atherosclerotic lesion area (Figure 6, A and
B; Supplemental Figure 4B). This observation suggests that part of the atherosclerotic
process in adulthood is less dependent on miR-92a. Because atherogenesis is a complex and
multi-factorial process, the aging-induced SREBP2-miR-92a may still be involved in
atherosclerosis. Indeed, both SREBP2 and miR-92a levels are increased in the aortas of 12-
month-old mice relative to 3-month-old mice (Figure 5B, Supplemental Figure 7). Thus, we
could not rule out the possibility that Ang Il may induce higher level of miR-92a in 12
month-old mice, which may require higher degree of miR-92a inhibition to ameliorate the
lesion development. In terms of the therapeutic potential of targeting miR-92a in treating
cardiovascular impairments, Bonauer et al demonstrated that antagomiR-92a significantly
improves reperfusion in an ischemic hindlimb model;1° Hinkel et al showed that LNA-92a
reduces infarct size and preserves cardiac function in a porcine ischemia/reperfusion
model:18 and Loyer et al. found that LNA-92a attenuates atherogenesis in
hypercholesterolemic LDLR ™~ mice.!! These therapeutic effects involving miR-92a
suppression are probably associated with ameliorated endothelial inflammation and
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dysfunction. To this end, we observed a pleiotropic effect of LNA-miR-92a in decreasing
blood pressure and incidence of aneurysms (data not shown) for which endothelial
dysfunction is an independent risk factor.

The increase in miR-92a level in CD31* MPs from ApoE~"/EC-SREBP2(N) mouse sera
suggests that miR-92a is released from the endothelium into the circulation under SREBP2
activation (Figure 6D). This mechanism is likely common to the human vasculature and is
supported by the positive correlation between the miR-92a level in CD31* MPs and
circulation (Figure 7C). Such an increase could be due, in part, to the increase in EC-derived
MPs under pathophysiological conditions,*2 and/or to the augmentation of miR-92a
packaged into MPs resulting from increased miR-92a level in ECs. Although the mechanism
for EC miR-92a secretion into the circulation via MPs remains to be determined, the
translational relevance of this data is demonstrated by the finding that the circulating
miR-92a level is inversely correlated with FMD, a clinical readout of EC-dependent NO
bioavailability, and positively correlated with IL-1f3, the end-product of inflammasome
activation (Figure 7, A and B). Because IL-1f can be largely produced by myeloid cells, we
propose that oxidative stress-induced miR-92a increases endothelial innate immune
response, which predisposes the endothelium to other detrimental factors, including the
macrophages-mediated inflammatory response. Thus, the positive correlation between
circulating miR-92a and serum IL-1f levels in patients with stable CAD suggests that
miR-92a is indicative of vascular inflammation. In line with this, we also observed a
significant positive correlation between the circulating miR-92a level with that of high-
sensitivity C-reactive protein (hs-CRP), the marker of systemic inflammation in the same
group of patients (R=0.502, p<0.001, data not shown). Because of the endothelium-derived
nature of miR-92a,1143 assessment of circulating miR-92a, in conjunction with CRP may
provide further insight into cardiovascular diseases that are initiated from or highly
associated with endothelial dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
H,0,, Ang 11, and ox-LDL induce SREBP2 and miR-92a in ECs. (A, B) HUVECs were

treated with H,O, (100 uM), Ang 11 (100 nM), or ox-LDL (100 pg/ml) for 16-hour. (A)
Cellular proteins were collected for immunoblotting (IB) of SREBP2 precursor and mature
form of SREBP2 [SREBP2(N)]. Bar graphs are densitometry quantifications of the ratios of
SREBP2 precursor or mature SREBP2 to $-actin level. (B) RNA were collected for RT-
gPCR analysis of mMRNA encoding LDLR and squalene synthase. (C-E) Tagman miRNA
gPCR analysis of miR-92a level in HUVECs treated with various concentrations of H,O,,
Ang Il, and ox-LDL for 16-hour. (F-H) HUVECs were pretreated with EUK-134 (1 uM) for
2-hour and then incubated with H,O,, Ang Il or ox-LDL for 16-hour. SREBP2 was detected
by IB and miR-92a level by Tagman miRNA gPCR. Data are mean=SD from at least 3
independent experiments. * p < 0.05 compared to respective control or between indicated
groups.
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Figure 2.

SREBP?2 transactivates miR-92a under oxidative stress. (A) Bioinformatics analysis of SREs
in the promoter region of human miR-17-92 cluster. (B) RT-gPCR and Tagman miRNA
gPCR analyses of SREBP2 and miR-92a levels in HUVECs infected with Ad-null or Ad-
SREBP2(N). (C) miR-92a level in HUVECs transfected with SREBP2 siRNA (10 nM) or
control RNA and then treated with H,O,. (D,E) ChIP assays were performed with SREBP2
antibody or a nonspecific 1gG in extracts from HUVECs treated with H,O, (in D) or
infected with Ad-SREBP2(N) (in E). The enrichment of SREBP2(N) binding to the putative
SREs in the promoter region of miR-17-92 was quantified by qPCR, with non-treated group
(in D) or Ad-null group (in E) set to 1. * p < 0.05 compared to respective control or between
indicated groups.
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Figure 3.
Oxidative stress-induced miR-92a increases endothelial innate immunity. 1B of caspase-1

and IL-1B in HUVECs (A) treated with H,O, (100 uM), Ang Il (100 nM) or ox-LDL (100
pg/ml) for 16-hour; (C) transfected with control RNA or pre-miR-92a (20 nM) for 72-hour;
or (E) transfected with control RNA or anti-miR-92a for 48-hour before H,0, treatment for
24-hour. Quantification in (B,D,F) is relative expression of caspase-1 and IL-1p, to that of -
actin. (G,H) Flow cytometry quantification of active caspase-1 in HUVECs transfected as in
(E). Histograms in (G) are representative results and data in (H) are mean£SD from 5
independent experiments, with the percentage of caspase-1* cell in control RNA group set to
1.
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Figure 4.

Oxidative stress-induced miR-92a targets SIRT1, KLF2, and KLF4 to increase endothelial
innate immunity. (A—C) Following 16-hour treatment of H,O,, Ang I, or ox-LDL, AGO-
miRISC was immunoprecipitated and the AGO-bound miR-92a and SIRT1, KLF2 and
KLF4 mRNAs were quantified by RT-gPCR. Mouse IgG was used as an isotype control.
(D-F) BAECs were transfected with luciferase reporter containing 5 tandem miR-92a
binding/responsive elements (MRES) in SIRT1 3UTR, 2 tandem MREs in KLF2 3’-UTR, or
KLF4 3’-UTR together with anti-miR-92a or control RNA for 24-hour and then treated with
H»0,, Ang I, or ox-LDL for 16-hour. Luciferase activity was measured and normalized to
that of Renilla. (G-1) HUVECs were transfected with anti-miR-92a or control RNA for 48-
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hour before H,0, treatment. (J) HUVECs were infected with Ad-null or Ad-SREBP2(N)
before transfection with control RNA or anti-miR-92a. (K, L) HUVECs were infected with
Ad-null or Ad-SIRT1, Ad-KLF2, and Ad-KLF4 together for 48 h, and then treated with
H»0, for 24-hour. The mRNA levels of SIRT1, KLF2 and KLF4 were assessed by RT-
gPCR (G). The levels of proteins shown in (H, J, K) were revealed by IB. (I, L) The NO
level in the medium was measured by a fluorometric assay (I, L).
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Figureb5.
Oxidative stress induction of miR-92a and inflammasome in vivo. (A,B) Tagman miRNA

gPCR of miR-92a level in whole aortas isolated from 8-week-old C57BL6 with or without
Ang Il infusion (A) and C57BL6 at 3 month- and 12 month-old (B). (C,D) hsp70: 1K17-
EGFP Tg zebrafish were fed a normal diet or HCD. IK17-EGFP was heat shock-induced
(HS) in one group of HCD-fed fish. The trunk regions were collected for miR-92a gPCR
(C). IK17 induction was confirmed by visualization of EGFP (D). Bar = 0.1 cm. (E,F) RT-
gPCR analysis of miR-92a and mRNA levels of various genes in intima isolated from EC-
SREBP2(N)-Tg and that from wild-type littermates (WT) pooled from 4 animals in each
group (E) and carotid arteries of EC-SREBP2(N)-Tg with local delivery of control LNA
(LNA-Ctrl) or LNA-92a (F). (G) Vasodilatory function of carotid arteries from EC-
SREBP2(N) Tg mice treated as in (F). n denotes number of animals used and * indicates p <
0.05 compared to respective control or between indicated groups.
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12-month-old

Relative miR-92a
level in CD31* MPs

Inhibition of miR-92a mitigates oxidative stress-induced atherosclerosis in mice. (A, B) En

face imaging of mouse aorta and quantification of lesion area

in ApoE~/~/EC-SREBP2(N)

mice fed normal chow and infused with Ang Il (1 pg/min/kg) for 28-day. The age of mice

and tail-vein injection of LNA are as indicated. Bar = 0.5 cm.

(C) Caspase-1 in lung ECs

isolated from 3-month-old ApoE~~/EC-SREBP2(N) mice receiving LNA-Ctrl or LNA-92a
was detected by I1B. (D) miR-92a was detected in CD31" microparticles (MPs) isolated from
sera of 3-month-old ApoE ™~ or ApoE~-/EC-SREBP2(N) mice treated with Ang 11. IgG
was used as an isotype control in MP isolation from sera of ApoE~~/EC-SREBP2(N) mice.
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miR-92a inversely correlates with EC function in human patients. (A—C) Correlations
between circulating miR-92a level and (A) FMD; (B) serum IL-1 concentration; and (C)
miR-92a level in serum CD31* MPs from patients with stable CAD. While n denotes
number of patients, rs is Spearman’s correlation coefficient. (D) Schematic illustration of the
hypothesis “oxidative stress activates EC innate immune response and impairs EC function
through induction of SREBP2-miR-92a”. SREBP2 transactivation of miR-92a, through
targeting SIRT1, KLF2, and KLF4, activates inflammasome and inhibits eNOS-derived NO
bioavailability. Therefore, SREBP2-miR-92a-inflammasome may be a crucial pathway
linking oxidative stress, inflammation, and endothelial dysfunction.
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