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Abstract

Endothelial cell (EC) aging plays a vital role in the pathogenesis of cardiovascular disease (CVD).
MicroRNAs have emerged as crucial regulators of target gene expression by inhibiting mRNA
translation and/or promoting mRNA degradation. We identify an aging-related and oxidative
stress-responsive microRNA, miR-181b, that inhibits endothelial cell apoptosis and senescence.
In gain-or-loss function studies, miR-181b regulated the expression of key apoptosis markers
(Bcl2, Bax, cleaved-Caspase3) and senescence markers (p16, p21, yH2AX) and the ratio of
apoptotic cells (TUNEL positive) and senescent cells (SA-pgal positive) in H,O»-induced ECs.
Mechanistically, miR-181b targets MAP3K3 and modulates a MAP3K3/MKK/MAPK signaling
pathway. MAP3K3 knockdown recapitulated the phenotype of miR-181b overexpression and
miR-181b was dependent on MAP3K3 for regulating EC apoptosis and senescence. In vivo,
miR-181b expression showed a negative correlation with increasing age in the mouse aorta.
Endothelial-specific deficiency of miR-181a2b2 increased the target MAP3K3, markers of
vascular senescence (p16, p21), and DNA double-strand breaks (yH2AX) in the aorta of aged
mice. Collectively, this study unveils an important role of miR-181b in regulating vascular
endothelial aging via a MAP3K3-MAPK signaling pathway, providing new potential therapeutic
targets for anti-aging therapy in CVD.
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Introduction

Aging is a major risk factor for the development of cardiovascular disease, and people

>65 years of age (especially >80 years of age) have a higher prevalence for all CVD?.
Manifestation of disease is the culmination of the interaction between inherent genotypes
and extrinsic factors, and aging is no exception?. Extrinsic factors can potently promote

or postpone cellular and molecular cardiovascular aging and are regulated by therapeutic
intervention, while genotype is a challenge to modify by current medical treatments?.
Therefore, unveiling the mechanisms of extrinsic factors affecting aging and uncovering key
nodes is valuable for anti-aging therapies. Oxidative stress, as an aging-accelerated extrinsic
factor, plays an important role in the pathological process of vascular aging by producing
excessive amounts of oxygen free radicals, which trigger senescence, and activate apoptotic
signals in endothelial cells*8. Apoptosis and senescence, as the key cellular response to
environmental damages, are hallmarks of aging and are increasingly implicated in the aging
process’-8. Oxidative stress induces cellular apoptosis in the intrinsic pathway by triggering
the mitochondrial outer membrane permeabilization (MOMP), a tightly regulated event
controlled by the Bcl2 family, including pro-apoptotic effector proteins, e.g. Bax and the
antiapoptotic proteins, e.g. Bcl29:10, Senescence includes replicative senescence (RS) and
stress-induced premature senescence (SIPS). While the former naturally progresses over
time, the latter is induced by extrinsic factors, e.g. oxidative stress'1. Senescent cells can

be identified by elevated senescence-associated B-galactosidase (SA-p-gal) activity, which is
the most widely and easily used gold standard12:13. As terminally growth arrest appears

in senescent cells, cell cycle regulators, e.g. p16 and p21, are also broadly employed
biomarkers!4. As a marker of DNA double-strand breaks and genomic instability in human
population studies, yH2AX is also an important senescent biomarker!®.

MicroRNAs (miRNAS), are an emerging class of biomarkers and potential therapeutic
targets for cardiovascular disease that negatively regulate gene expression by targeting
specific MRNAs for cleavage or translational repression6-18, Accumulating studies
highlight that miRNAs serve as key regulators in endothelial aging, often with an
amplifying effect from the onset and progression of aging-related diseases. For example,
miR-217, miR-34a, and miR-21 regulate endothelial aging by targeting SIRT1, a crucial
controller in vascular aging!9-21. miR-200c is induced by oxidative stress and regulates
endothelial apoptosis and senescence via targeting ZEB122, miR-181 family plays diverse
roles in regulating key aspects of physiological and pathological processes in endothelial
cells23. In our previous studies, systemic delivery of miR-181b demonstrated strong
anti-atherosclerosis effects in mice24. Increasing aging is an independent risk factor for
atherogenesis, and atherosclerosis per se is a disease of aging2°. Therefore, identifying the
potential effect of miR-181b in endothelial aging could open a new strategy to anti-aging
therapies in CVD.

MAPK signal transduction pathways play a crucial role in regulating aging-related
senescence and apoptosis26. MAPK cascades propel signal amplification and maintain
signaling fidelity depending on a series of kinase proteins from MKKK (MAPK kinase
kinase) through MKK (MAPK kinase) to a terminal MAPK such as p38, JNK, ERK1/2%7,
As a result of MAPK signal transduction, the expressions of aging markers (e.g. Bcl2, Bax,

FASEB J. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 3

p21) are regulated during the process of aging28-39. MAP3K3 (Mitogen-activated protein
kinase kinase kinase 3), a key upstream regulator in the MAPK cascade, directly modulates
phosphorylation of MKK3/MKK6 or MKK4, which then regulates substrates e.g. p38,
INK31.32 some studies demonstrate key effects of MAP3K3 in apoptosis and senescence in
diverse cell types!4:33-36,

In this study, we identify that miR-181b regulates endothelial aging by modulating the
MAPK signaling pathway. We explore the mechanistic basis for miR-181b regulation

of apoptosis and senescence in ECs that is dependent on a MAP3K3/MAPK signaling
cascade. Finally, using EC-specific miR-181a2b2 knockout mice, we explore pre-mature
aging markers for both senescence and apoptosis to reveal that this miR-181b-MAP3K3/
MAPK signaling pathway may figure prominently in anti-aging strategies in CVD.

Materials and Methods

Animal Studies

MiR-181a2b2flox/flox (C57BL/6J) and miR-181a2b2 systemic knockout (miR-181a2b2~/")
(C57BL/6J) mice were used as previously described3” and tamoxifen-inducible
endothelial-specific VE-cadherin (VECad-Cre-ERT2) (C57BL/6J) mice was kindly
provided by R. Adams38. Inducible endothelial cell-specific miR-a2b2 deficient

mice (MiR-181a2b2flox/flox; VECad-Cre-ERT?2) was generated by crossbreeding
miR-181a2b2flox/flox and VECad-Cre-ERT2 mice. For induction of Cre recombination,

4 weeks old male MiR-181a2b2flox/flox; VECad-Cre-ERT2 mice were treated with

either 4-hydroxytamoxifen (H6278, Sigma) (10 mg/kg, i.p.) or same volume of corn oil
vehicle for five consecutive days to generate ECs-specific miR-181a2bh2 deficient mice
(miR-181a2b2iECKO) and control mice (Ctrl). Male C57BL/6J mice at 20 weeks and 80
weeks old were purchased from Charles River Laboratory. Age- and cage-matched male
littermates were used for experiments. All mice were maintained under SPF conditions at an
American Association for the Accreditation of Laboratory Animal Care-accredited animal
facility at the Brigham and Women’s Hospital. All animal protocols were approved by the
Institutional Animal Care and Use Committee at Brigham and Women’s Hospital, Boston,
MA and conducted in accordance with the National Institutes of Health Guide for Care and
Use of Laboratory Animals.

Cell culture and transfection

HUVECs were purchased from Lonza (cc-2159) and cultured in EC growth medium EGM-2
(cc-3162, Lonza). HUVECSs were plated on 12-well plates at 60, 000/well or 150, 000/well
and allowed to grow to 80%-90% confluence under growing conditions or 70%—-80% for
transfection. Cells were stimulated with or without H202 (Sigma) at indicated dosage or
camptothecin (CPT, 10 uM, C9911, Sigma) for various times, according to the experiment:
Western blot, 2, 4, 8 or 16 hours; Real-time PCR, 1, 4 or 12 hours; Tunnel staining,

4 hours; senescence B-Galactosidase staining; 1 hour. Lipofectamine 2000 transfection
reagent (11668019, Invitrogen) was used for transfection, following the manufacturer’s
instructions. MiRNA negative control (NS-m) (AM17110, Ambion) or pre-miR-181b (181b-
m) (PM12442, Ambion) were transfected at 10 nM, and miRNA inhibitor negative control
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(NS-i) (AM17010, Ambion) or miR-181b inhibitor (181b-i) (AM12442, Ambion) were
transfected at 100 nM. SiRNA control (Ctrl si) (AM4636) and validated MEKK3 siRNA
(MEKKS3 si) (AM51331) from Invitrogen were transfected at 20 nM. For co-transfection
studies, NS-i (100 nM), 181b-i (100 nM), Ctrl si (20 nM), or MEKKS3 si (20 nM) were
transfected as indicated in respective experiments.

Luciferase activity assay

Putative miR-181b binding sites in the MEKK3 gene 3’'UTR were predicted by the
TargetScan algorithm. Individual wild-type or mutant binding site sequence was generated
by annealing the forward and reverse oligonucleotides containing Xhol and Xbal sticky
ends. The double-stranded oligonucleotides were ligated into the pcDNA3.1 (+) Luciferase
vector, by using T4 DNA ligase. HUVECs were plated on 12-well plates at 60, 000/well

up to 70%-80% confluency and transfected with 100 ng of wild-type or mutant MEKK3
reporter constructs and 10 ng Renilla plasmid (E2231, Promega). NS-m or 181b-m was
co-transfected at 10 nM final concentration for 12 hours. Transfected cells were collected in
200 ul reporter lysis buffer (E1910, Promega) and luciferase activity was measured using a
Dual-Luciferase reporter assay system (E1910, Promega). Each reading of luciferase activity
was normalized to the Renilla activity.

p-Galactosidase staining

B-Galactosidase activity assay was performed as previously described3?. Briefly, HUVECs
were transfected with and 24 hours post-transfection treated for 1 hours with H202 (30

uM) and cultured for another 3 days in normal growth medium before cells were fixed. p-
Galactosidase activity at pH 6 was measured using X-Gal staining kit (9860, Cell Signaling).

Immunofluorescence and Tunnel staining assay

For Immunofluorescence, 6 um frozen sections of aortic roots were fixed and permeabilized
with cold-acetone for 5 min and blocked in PBS containing 3% BSA for 1 hour at room
temperature. Sections were stained with rat anti-CD31 (BD Pharmingen, 550274, 1:30),
rabbit anti-p16 (1:100, ab51243, Abcam), rabbit anti-p21 (1:400, 2947, Cell Signaling),
rabbit anti-yH2AX (2577, 1:800, Cell Signaling), cleaved caspase3 (1:400, 9661, Cell
Signaling), Importin-a3 (1:100, ab84706, Abcam) and rabbit anti-MEKK3 (Cell Signaling)
in PBS at 4 oC overnight. After three washes with PBS, the sections were further incubated
with Alexa Flour 488-conjugated donkey anti-Rat 1gG (Invitrogen, A21208, 1:300) and
Alexa Flour 555-conjugated goat anti Rabbit 1gG (Invitrogen, 1:300) in PBS for 1 hour at
room temperature. Nuclei were stained for 5min at room temperature in PBS containing
DAPI (Cell signaling, 4083, 0.5ug/ml). Coverslips were mounted with ProLong Gold
antifade reagent (Invitrogen). Images were acquired on an upright Carl Zeiss LSM 510
confocal. The data were calculated from at least 40 cells for each group with 6-10 mice.
For each mouse, 2-5 plaques were selected and used for quantification. Tunnel protocol
was performed as described by manufacturer’s protocol (Millipore, ApopTaq Peroxidase
Detection kit).
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RNA isolation and Real-time gPCR

Tissues were homogenized using TissueLyser Il (Qiagen) according to manufacturer/s
instructions. RNA isolation was using TRIzol Reagent according to the manufacturer’s
instructions. Subsequent RT-gPCR was performed using a High-Capacity cDNA Reverse
Transcription Kit (4368813, Applied Biosystems). For SyberGreen-based assay GoTaq
gPCR Master Mix (A6001, Promega) was used, and for TagMan Universal Master

Mix 11, UNG (4440038, Life Technologies) was used. Expression of mRNAs and

miRNA expression were normalized to B-actin or U6 (Aglient, AriaMx Real Time

PCR System). Specific primers including miR-181b-5p (#001098), U6 (#001973),
human-HPRT (Hs05647472_cn), human-primary-miR-181b1 (Hs03302966_pri), human-
primary-miR-181b2 (Hs03302963_pri), mouse-HPRT (Mm00522878_cn), mouse-primary-
miR-181b1 (Mm03307120 pri) and mouse-primary-miR-181b2 (Mm03307414 _pri) were
purchased from Life Technologies. Changes in expression were calculated using delta delta
Ct method.

Western blot

Proteins were isolated using RIPA buffer (Boston BloProductus, BP-115) with protease
inhibitor and phosphatase inhibitor. Protein concentrations were determined using Pierce
BCA kit (Thermo Scientific). 20 ug protein were loaded per lane on a 4-20% Mini-
PROTEAN TGX Gel (Bio-Rad, 456-1096). Separated proteins were transferred to PVDF
membranes using the Transfer Turbo Blot system (Bio-Rad) and Trans-Blot Turbo RTA
Transfer Kit (Bio-Rad, 170-4272). The membrane was blocked with 5% nonfat milk

in TBST for 1 hour at room temperature. After blocking, the membrane was incubated
overnight at 4°C with antibodies against Bax (1:1000, 2772, Cell Signaling), Bcl-2 (1:1000,
3498, Cell Signaling), cleaved caspase-3 (1:1000, 9661, Cell Signaling), MEKK3 (1:1000,
5727, Cell Signaling), p16 (1:1000, ab51243, Abcam), p21(1:1000, ab109520, Abcam),
p-yH2AX (1:1000, 9718, Cell Signaling), p-MKK3/6 (1:1000, 12280, Cell Signaling),
p-SEK1/MKK4 (1:1000, 4514, Cell Signaling), p-JNK (1:1000, 9255, Cell Signaling),
p-p38 (1:1000, 8690, Cell Signaling), p-ERK1/2 (1:1000, 8544, Cell Signaling), p-IKBa.
(1:12000, 2859, Cell Signaling), JNK (1:1000, 9252, Cell Signaling), p38 (1:1000, 8690,
Cell Signaling), ERK1/2 (1:1000, 4696, Cell Signaling), IKBa (1:1000, 4814, Cell
Signaling), TAOK1 (1:1000, ah197891, Abcam) or B-actin (1:4000, 4970, Cell Signaling).
Quantification of protein bands were performed using a luminescent image analyzer
(BioRad, Chemidoc).

Statistical analysis

GraphPad 7.0 software package (GraphPad Software, Inc) was used for statistical analysis.
Unpaired two-tailed Student’s t test was used to determine statistical significance between
two groups for normally distributed continuous variables. For data without normal
distribution, non-parametric Mann-Whitney U test was used. All data were expressed as
mean + SEM. P < 0.05 was considered significant for all tests.
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miR-181b is an oxidative stress-responsive microRNA reduced by aging.

miR-181b is a key regulator in multiple processes of pathology and physiology. In our
previous studies, we found miR-181b exerted vasculo-protective effects in atherosclerosis,
insulin resistance, and thrombosis?44941, Aging, as an independent risk factor, threatens
vascular health and induces cardiovascular disease®2. In order to investigate the role of
miR-181b in vascular aging, we isolated RNA from the aorta of young (10 weeks old) and
aged (80 weeks old) C57BL/6 mice for RT-gPCR (Fig.1 A). Compared to young mice,
miR-181b expression of the aorta decreased by 40% in the aged mice. This decrease is in
line with other stimuli known to reduce miR-181b expression including hyperlipidemia.2443
We further assessed the expression changes of miR-181b, the dominantly expressed
miR-181 family member in endothelial cells??, in H,05-induced human umbilical vein
endothelial cells (HUVECSs). Expression of miR-181b was reduced in response to H,O5 in a
dose- and time-dependent manner (Fig.1 B-C).

miR-181b regulates apoptosis and senescence in ECs.

To assess the potential role of miR-181b in endothelial apoptosis and senescence,

we examined the effect of miR-181b on aging-relevant phenotypes in H,O,—induced
HUVECs by using gain- and loss-of-function experiments. Gain-of-function was induced
by miR-181b mimics for miR-181b overexpression. Loss-of-function was induced by use of
the complementary antagonist of miR-181b for miR-181b inhibition. We analyzed apoptosis
markers, including Bax, Bcl-2, cleaved-Caspase3, and TUNEL staining, in HyOp—induced
HUVECs. miR-181b overexpression reduced Bax, cleaved-Caspase3 protein expression by
17% and 54%, respectively, and increased Bcl-2 protein expression by 210% (Fig.2 A),
while miR-181b inhibitors increased Bax and cleaved-Caspase3 protein expression by 129%
and 127%, respectively, and reduced Bcl-2 protein expression by 45% (Fig.2 B). In TUNEL
assays, miR-181b overexpression decreased apoptotic cells (TUNEL™) by 25%, while
miR-181b inhibitors increased it by 30% (Fig.2 C). For induction of senescence, H,0, and
CPT, an inhibitor of DNA topoisomerase |, can trigger DNA strand breaks*4. In HUVECs
stimulated by H,O, or CPT, miR-181b overexpression reduced senescence markers, p16,
p21, and yH2AX (a specific marker of DNA double-strand breaks) protein expression by
42%, 30%, and 41%, respectively (Fig.3 A). Using senescence-associated pgal (SA-pgal) as
a marker of senescence in H,O,—induced HUVECS, we find that miR-181b overexpression
decreased senescence cells (SA-Bgal *) by 50%, while miR-181b inhibitors increased it by
30% (Fig.3 B). Taken together, these findings indicate that miR-181b can inhibit apoptosis
and senescence in HyOo—induced HUVEC:s.

miR-181b regulates a MAPK signaling pathway.

To identify potential signaling pathways subject to miR-181b regulation of apoptosis
and senescence, we overexpressed miR-181b using mimics. HUVECSs were treated with
H,0, for 5, 15, 30, and 60 minutes, and we evaluated the phosphorylation of related
signaling pathways. We found that miR-181b overexpression significantly reduced the
phosphorylation of MKK3/MKKG6 by 29%, and MKK4 by 36 % after 5, 15 minutes,
respectively (Fig.4 A). Furthermore, we investigated the phosphorylation of JNK or p38,
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which are the downstream substrates of MKK3/MKK®6 or MKK4, that directly regulate
transcription factors to affect gene expression®®. In H,O,-induced HUVECS, miR-181b
overexpression significantly reduced the phosphorylation of p38 by 48%, while JNK,
ERK1/2 was not impacted (Fig.4 A, Supplementary Figure 1). Interestingly, in H,O,-
induced HUVECs, miR-181b had no effect on the NF-xB signaling, a pathway that
miR-181b markedly repressed in response to TNF-a. or LPS*6 (Supplementary Figure 1).
Collectively, these data indicated that in response to HyO, miR-181b inhibited the MAPK
signaling pathway.

miR-181b targets the expression of MAP3K3.

Using algorithms of TargetScan, miRDB, and miRWalk, predicted targets of miR-181b
were identified (Fig.5 A). Aligning these potential targets with those known to be

involved in MAPK signaling pathways revealed two targets of interest, MAP3K3 and
TAOKZ1. Overexpression of miR-181b did not affect the protein expression of TAOK1 or
phosphorylated TAOK1 (Supplementary Figure 2). However, in miR-181b—overexpressing
HUVECs, mRNA expression of MAP3K3 was reduced by 40% (Fig.5 B), and protein
expression of MAP3K3 was reduced by 50% (Fig.5 C). In contrast, miR-181b inhibition in
HUVECs increased MAP3K3 mRNA expression by 50% (Fig.5 D) and protein expression
by 40% (Fig.5 E), suggesting that miR-181b is a negative regulator of MAP3K3. Analysis of
miR-181b-binding sites in the 3’-UTR of MAP3K3 by TargetScan revealed conserved sites
across species (Fig.5 F). To investigate whether the miR-181b binding site is functionally
active in the MAP3K3 3’-UTR, we generated a luciferase-reporter construct harboring
wildtype and mutant miR-181b binding sites (Fig.5 G). MiR-181b overexpression decreased
luciferase activity by 25% in luciferase-reporter constructs containing wildtype 3’UTR of
MAP3K3, while constructs that contained the mutated 3’-UTR was not affected (Fig.5 H).
Taken together, these findings indicate that miR-181b targets the 3’UTR of MAP3K3 to
repress its mMRNA and protein expression. Because MAP3K3, is known as a key upstream
regulator in the MAPK signaling cascade, and modulates signal transduction by directly
regulating phosphorylation of MKK3/MKK6, MKK431:32 these findings are in accordance
with the signaling pathway modulation observed by miR-181b (Fig.4 A).

MAP3K3 regulates endothelial apoptosis and senescence by modulating the MAPK
signaling pathway.

To investigate whether MAP3K3 deficiency can reproduce the inhibitory effects of
miR-181b by modulating the MAPK signaling pathway, we performed siRNA-mediated
knockdown studies in HUVECs*. For apoptosis, MAP3K3 knockdown reduced protein
expression of Bax and cleaved-Caspase3 by 16% and 21%, respectively, and increased Bcl-2
by 174% (Fig.6 A). MAP3K3 knockdown also decreased apoptotic cells (TUNEL+) by 25%
in H,Oo—induced HUVECs (Fig.6 B) and senescence cells (SA-Bgal +) by 50% (Fig.6 C).
Moreover, we evaluated if MAP3K3, as a key upstream regulator in the MAPK signaling
cascade, modulated the MAPK signaling pathway in H,Oo—induced HUVECs. Indeed,
MAP3K3 knockdown significantly reduced the phosphorylation of MAP2Ks, (e.g., MKK3/
MKK®6, MKK4), and MAPKSs, (e.g., ERK, p38) (Fig.6 D). Taken together, siRNA-mediated
knockdown of MAP3K3 recapitulates the effects of miR-181b on apoptosis and senescence
by modulating the MAPK signaling pathway in H,O,—induced HUVECs.
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miR-181b is dependent on MAP3K3 for regulating apoptosis and senescence in ECs.

To test whether the miR-181b-mediated effect on apoptosis and senescence is dependent

on MAP3K3, we used miR-181b inhibitors or mimics with simultaneous MAP3K3

SiRNA knockdown. In HUVECs stimulated with H,Oo, MAP3K3 knockdown reversed

the increased expression of Bax or cleaved-Caspase3 and the reduction of Bcl-2 mediated
by miR-181b inhibitors at the protein level (Fig.7 A). Furthermore, MAP3K3 silencing
neutralized the increase of apoptotic cells (TUNEL+) induced by miR-181b inhibitors (Fig.7
B). In SA-pgal staining of H,O,—induced HUVECs, MAP3K3 knockdown counteracted the
increase in senescence cells (SA-Bgal +) induced by miR-181b inhibitors (Fig.7 C). Finally,
silencing of MAP3K3 reinforced senescence induced by miR-181b overexpression (Fig.7
D).

miR-181b deficiency induces aging in vivo.

To investigate the effect of miR-181b on aging /n vivo, we first isolated the RNA

of different organs from systemic miR-181a2b2 knockout mice to examine the global
effect of miR-181b on apoptosis and senescence. We found the mRNA expression of

p21 was induced by systemic miR-181a2b2 knockout in several organs, while other
markers of apoptosis or senescence were unchanged (Supplementary Figure 3). To assess
the effects on apoptosis and senescence in ECs, we recently generated the endothelial-
specific miR-181a2b2 knockout (EC-miR-181a2b2 KO) mice to further explore the /n
vivo phenotype of miR-181b in the vascular endothelium.*3 These EC-miR-181a2b2 KO
mice harbor a marked reduction in miR-181b expression in the aortic intima, whereas
there was minimal change in miR-181a likely due to its much lower relative expression.43
Immunofluorescence staining results showed markedly increased positive cells of p21, p16,
YH2AX, and MAP3K3 in the aorta sinus of endothelial-specific miR-181a2b2 knockout
mice by 18 months (Fig.8) compared to controls. Taken together, these findings reveal that
deficiency of miR-181a2b2 triggers hallmarks of vascular endothelial senescence /n vivo.

Discussion

Aging is among the strongest risk factors that threatens health and contributes to organ
dysfunction. Cellular aging ultimately leads to organismal aging8. In the cardiovascular
system, endothelial aging alters endothelial homeostasis triggering atherosclerosis, coronary
heart disease, stroke, and a range of other ischemic cardiovascular diseases*2:49. A better
understanding of key drivers of endothelial aging may provide insights to promote reparative
cell and organismal function. In our study, we identified miR-181b as a key regulator in
endothelial aging by targeting MAP3K3, an upstream regulator of MAPK signaling. In
mice, miR-181b expression was inversely correlated with increasing age (Fig.1 A).

In the biological process of cells, miR-181b regulates a diverse array of cellular functions
and maintains cellular homeostasis by controlling cell death and cellular senescence, which
are two closely related pathways in aging. In our previous studies, miR-181b, as an
inflammation-responsive microRNA, inhibited ECs inflammation, which protected vessels
from atherosclerosis in ApoE—deficient mice?4. Apoptosis is an aging-related programmed
cell death. In different cell types, miR-181b broadly exerts inhibition on apoptosis, such
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as in hypoxia-evoked H9c2 cells®0, hypertrophic scar fibroblasts®!, AML cells®2, and
SW480 cells®3. However, to date there has not been a definitive study to illustrate the

effect of miR-181b on endothelial apoptosis. In this study, we identified the anti-apoptosis
phenotype of miR-181b in H,O,-induced ECs by gain- or loss-of-function. The intrinsic
pathway takes a dominant role in oxidative stress-induced apoptosis. Indeed, miR-181b
decreased Bax, a proapoptotic effector protein, and increased Bcl2, an antiapoptotic protein,
in response to H,O,-mediated oxidative stress (Fig.2 A, B). As the shared key mediator

of apoptosis by both intrinsic and extrinsic pathways, caspase3 is cleaved at an aspartate
residue to yield cleaved caspase-3, which then initiates cellular apoptosis. MiR-181b
overexpression decreased, while miR-181b inhibition increased the protein expression of
cleaved caspase3 in HoOo—induced ECs (Fig.2 A, B). Moreover, TUNEL positive cells were
also significantly reduced by miR-181b mimics, while increased by miR-181b inhibitor
(Fig.2 C). Collectively, these findings suggest that miR-181b plays a vital role in the
regulation of endothelial apoptosis.

In cancer biology, the effect of miR-181b on apoptosis is complicated®*. In human gastric
adenocarcinoma cells and human lung cancer cells, miR-181b induced Bcl-2 expression and
protected cells from apoptosis®®. miR-181b overexpression induced Bcl-2 and reduced Bax
and cleaved caspase3 expression, which decreased the proportion of apoptotic human colon
cancer cells6. In human cervical cancer cells, prostate cancer cells, and thyroid papillary
cancer cells, miR-181b also showed the anti-apoptotic effect®’—59, However, in chronic
lymphocytic leukemia and astrocytoma, miR-181b induced apoptosis8%-61. In different
non-tumor cell types, miR-181b usually exerts inhibition on apoptosis. miR-181b-5p
inhibited fibroblast apoptosis through MEK/ERK/p21 pathway®2. Cardiomyocyte apoptosis
is inhibited by miR-181b via directly targeting HMGB1%3. miR-181b suppressed mesangial
apoptosis by regulating TIMP3%4. In human renal proximal tubule cells, miR-181b inhibitor
promoted apoptosis and miR-181b overexpression attenuated apoptosis induced by MEG3
overexpression®. Finally, by interacting with NEAT1, inhibition of miR-181b induced
apoptosis in hypoxia-evoked cardiomyoblasts via PI3K/AKT/mTOR and JAK1/STAT3
pathways®0. Taken together, these data indicate that miR-181b can exhibit either anti-
apoptotic or pro-apoptotic effects in different cancer cell types, whereas in primary cells
miR-181b generally exerts anti-apoptotic effects.

Cellular senescence, a stable form of cell cycle arrest, is typically induced in response

to diverse stressors®6:67, Hallmarks of senescent cells include DNA damage, expression
of cyclin-dependent kinase inhibitors and senescence-associated p-galactosidase (SA-B-
gal), induction of the senescence-associated secretory phenotype, alterations in chromatin
remodeling, and metabolism88-69, In support of a role of miR-181b in endothelial
senescence, we found that miR-181b expression decreased in the aorta of aged mice
compared to young mice (Fig.1 A), and fell in response to H,O, treatment in endothelial
cells (Fig.1 B, C), which hinted at its potential regulation in the endothelial senescence. In
ECs stimulated by H,0, or CPT (which induces DNA double-strand breaks), miR-181b
overexpression reduced the cyclin dependent kinase inhibitor senescent markers, p16,

p21 and yH2AX, a definitive marker for DNA double-strand breaks’® (Fig.3 A). In the
SA-Bgal staining of H,O,—induced ECs, miR-181b overexpression potently reduced the
proportion of senescent ECs, while miR-181b inhibition induced it (Fig.3 B). To unveil the
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regulation of miR-181b on apoptosis and senescence in the vascular endothelium 7 vivo, we
utilized endothelial-specific miR-181a2b2 knockout mice, which showed robust expression
of senescent markers p16, p21, and yH2AX in aortic endothelium (Fig.8). Because there
was a potent decrease in p21 expression in aortas and several other organs in the systemic
miR-181a2b2 knockout (Supplementary Figure 3), it is likely that other cell types in addition
to endothelial cells contribute to cellular senescence in this mouse model. We recently

found that these mice develop accelerated atherosclerotic lesion formation in the aorta

when placed on a Western diet in the presence of AAV-PCSK9 gain-of-function mutation
overexpression.*3 While we have not performed formal longitudinal studies that would be
required to address the life span of these mice, the constellation of aging markers in the
vascular endothelium (Fig. 8) including yH2AX for DNA double strand breaks, p16 and
p21 for cellular senescence, and MAP3K3 for inflammatory signaling constitute some of the
key features found in several aging mouse models.”? Collectively, the miR-181b-mediated
regulation of apoptosis and senescence indicates that miR-181b plays an important role in
endothelial aging.

As an essential upstream regulator in the MAPK cascade, MAP3K3 regulates apoptosis and
senescence. MAP3K3 knockdown blocked mitochondrial impairment by inhibiting the loss
of mitochondrial membrane potential and cytochrome C expression as well as promoting
ATP synthesis and reduced apoptosis and mitochondrial damage in cardiomyocytes in
response to hypoxia/reoxygenation (H/R)34. MAP3K3 deficiency also increased the lifespan
in C.elegans and decreased the levels of ROS2. In the current study, we also found

that MAP3K3 knockdown reduced apoptosis and senescence markers in ECs responding

to H,0O, through the MAPK signaling pathway (Fig.6 A-D). Using a combination of
prediction algorithms and alignment with potential MAPK-associated targets, we verified
that MAP3K3 is a target of miR-181b in ECs. Importantly, miR-181b was dependent on
MAP3K3 to regulate EC apoptosis and senescence (Fig.7 A-D). Given the known cross-
talk between NF-kB and MAPK signaling pathways, it is possible that the reduction in
miR-181b expression in response to senescent stimuli may be mediated in part by NF-xB
site. In support, we identified several putative NF-xB binding sites in the promoter region
of MIR181B2 (Supplementary Figure 4), the dominantly expressed miR-181b isoform in
endothelial cells.2440 Future studies will be of interest to further delineate this potential
feedback loop. Taken together, these findings underscore a prominent role for miR-181b in
regulating apoptosis and senescence in ECs via a MAP3K3/MAPK pathway.

In summary, we identified miR-181b as an aging-related and oxidative stress-responsive
microRNA that inhibits endothelial cell apoptosis and senescence. MiR-181b expression
inversely correlated with increasing age in the aorta and was repressed by H,O,-treated
ECs. Gain or loss-of-function studies revealed that miR-181b regulated the expression of
key apoptosis (Bcl2, Bax, cleaved-Caspase3) and senescence markers (pl16, p21, yH2AX) in
H»05-induced ECs. On the molecular level, miR-181b targets MAP3K3, a known upstream
regulator of MAPK signaling. MiR-181b was dependent on MAP3K3 for regulating

EC apoptosis and senescence, and MAP3K3 knockdown recapitulated the phenotype of
miR-181b overexpression. EC-miR-181a2b2 KO mice showed increased expression of the
target MAP3K3, markers of vascular senescence (p16, p21), and DNA double-strand breaks
(YH2AX) in the aorta of aged mice. These findings establish an important role of miR-181b
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in regulating vascular endothelial aging via a MAP3K3-MAPK signaling pathway, providing
new insights for anti-aging therapies in the vascular endothelium.
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Fig.1. miR-181b expression isregulated by aging.

(A) miR-181b expression of the aorta between young (10w) and old mice (80w) (n=4). (B)
Expression of miR-181b in response to different concentrations of H,O, (n=4). (C) Kinetics
of miR-181b in ECs stimulated with H,05 (n=4).
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inhibitors (n=4-6).
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Fig. 4. miR-181b regulates MKKSMAPK signaling pathway
(A) miR-181b overexpression reduces the phosphorylation of MKK3/6, SEK1/MKK, p38

(n=3).
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Fig. 5. miR-181b targets MAP3K 3.

(A) The genes of MAPK signaling pathway targeted by miR-181b were predicted by
algorithms miRWalk, TargetScan, or miRDB. miR-181b mimics reduce mRNA expression
(n=3) (B) and protein expression (n=3). (C) of MAP3K3. miR-181b inhibition increases
MRNA expression (n=3). (D) and protein expression (E) of MAP3K3. (F) The binding

site in MAP3K3 3’UTR for miR-181b was conserved across species and predicted by
TargetScan3.1. (G) Schematic diagram of luciferase-reporter constructs containing wild-type
or mutated 3’UTR of MAP3K3. (H) miR-181b inhibits MAP3K3 with WT 3’-UTR but not
the MAP3K3 with the 3’-UTR mutation (n=4).
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Fig. 6. MAP3K 3 regulates endothelial apoptosis and senescence viaa MAPK signaling pathway.
(A) MAP3K3 knockdown regulates protein expression of Bax, Bcl-2, cleaved-Caspase3

in ECs (n=3). (B) Quantification of TUNEL staining in siRNA-transfected HUVECs
stimulated with H,05 (1hr, 30uM) (n=4-5). (C) Quantification of SA-Bgal staining in
siRNA-transfected HUVECs stimulated with H,O5 (1hr, 30uM) (n=4-6). (D) MAP3K3
knockdown modulates the phosphorylation of MKK3/6, SEK1/MKK, p38, and ERK1/2 in
ECs (n=3).
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Fig. 7. miR-181b is dependent on MAP3K 3 for regulating EC apoptosis and senescence.
(A) Dependency study of miR-181b inhibitor and MAP3K3 siRNA on protein expression of

Bax, Bcl-2, and cleaved-Caspase-3 (n=3). (B) Effect of miR-181b inhibitor in the presence
of MAP3K3 knockdown by siRNA on TUNEL staining in ECs (n=4-5). Effect of miR-181b
inhibitor (n=4-6) (C) or mimic (n=4-6) (D) in the presence of MAP3K3 knockdown on
SA-B-gal staining in ECs.
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Fig. 8. Endothelial-specific deficiency of miR-181a2b2 increases senescence markersin the aorta.
Immunofluorescence staining of p21, p16, y-H2AX, MAP3K3 in the aorta sinus of

miR-181a2b2 iEC KO old (n=11) or control mice (18 months) (n=8): representative images
are shown on the left, statistical diagrams are shown on the right.
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