Non-coding RNA Research 8 (2023) 385-391

KeAi

Contents lists available at ScienceDirect

Non-coding
RNA Research

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Non-coding RNA Research

journal homepage: www.keaipublishing.com/en/journals/non-coding-rna-research

Original Research Article ' A

Check for

MicroRNA miR-214-5p induces senescence of microvascular endothelial e
cells by targeting the JAG1/Notch signaling pathway

Hye-ram Jo ™", Jiwon Hwang *, Jae-Hoon Jeong "

2 Division of Radiation Biomedical Research, Korea Institute of Radiological & Medical Science, Seoul, 01812, South Korea
b Radiological and Medico-Oncological Sciences, University of Science and Technology, Daejeon, 34113, South Korea
¢ Department of Life Sciences, Korea University, Seoul, 02841, South Korea

ARTICLE INFO ABSTRACT

Keywords: During cellular senescence, irreversible cell cycle arrest is accompanied by morphological and genetic alter-
m{CYORNA ations. MicroRNAs (miRNAs) play a critical role in regulating senescence by modulating the abundance of crucial
'S“IR'214'51’ senescence regulatory proteins. Therefore, to identify novel senescence-associated miRNAs, we analyzed
enescence

differentially expressed miRNAs in microvascular endothelial cells (MVEC). Among the 80 differentially
expressed miRNAs in replicative senescent MVECs, 16 miRNAs of unknown gene ontology were used in the
senescence-associated p-galactosidase assay. Thus, we identified miR-214-5p as having high senescence-inducing
activity, inhibiting the proliferation and angiogenesis activity of MVECs. To reveal the senescence-regulating
mechanism of miR-214-5p, we searched for target genes through sequence- and literature-based analysis. Mo-
lecular manipulation of miR-214-5p demonstrated that miR-214-5p regulated the expression and function of
Jagged 1 (JAG1) in senescent MVECs. Silencing JAGI or downstream genes of JAG1-Notch signaling, accelerated
the senescence of MVECs. Additionally, ectopic overexpression of JAG1 reversed the senescence-inducing ac-
tivity of miR-214-5p. In conclusion, we identified miR-214-5p as a senescence-associated miRNA. Targeting miR-
214-5p may be a potential strategy to delay vascular aging and overcome the detrimental effects of senescence
and age-related diseases.

Microvascular endothelial cell
Notch signaling
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1. Introduction Hayflick and Moorhead reported in 1961 that normal human cells

possess a limited capacity for approximately 60 cell divisions [4]. When

Vascular endothelial cells are arranged as single-cell layers consti-
tuting the vascular lumen that play an essential role in maintaining
vascular homeostasis, such as angiogenesis, blood coagulation, and in-
flammatory immune response [1]. Vascular endothelial cells can un-
dergo senescence and dysfunction owing to various environmental and
genetic risk factors [2]. Dysfunction of endothelial cells can contribute
to cardiovascular diseases (CVD), such as atherosclerosis, hypertension,
stroke, and coronary artery disease. The incidence of CVD has recently
increased with the aging population. As endothelial senescence is a risk
factor for CVD [3], we investigated ways to prevent and control CVD by
regulating the senescence of vascular endothelial cells.

this limit is exceeded, cells enter irreversible growth arrest, known as
replicative senescence. In senescent cells, various cellular and molecular
changes occur [5], which are characterized by a flat and enlarged
cellular morphology [6]. Due to the increase in intracellular reactive
oxygen species (ROS) levels and DNA damage, cell growth is arrested
and no longer divides [7-9]. Moreover, senescent cells secrete various
growth factors, cytokines, and proteinases in the surrounding area,
referred to as the senescence-associated secretory phenotype (SASP)
[10]. In addition to the aforementioned physiological alterations,
changes in gene expression profiles occur, including small RNA
expression [11].

Abbreviations: miRNA, microRNA; SA-miRNA, senescence-associated microRNA; MVEC, microvascular endothelial cell; EC, endothelial cell; PDLs, population
doublings; siRNA, small interfering RNA; SA-p-gal, senescence-associated p-galactosidase; gqRT-PCR, quantitative reverse transcription PCR; UTRs, untranslated
regions; CVD, cardiovascular diseases; ROS, reactive oxygen species; SASP, senescence-associated secretory phenotype; GO, gene ontology; JAG1, Jagged 1; DLL,
Delta-like canonical notch ligand; HES1, Hairy/Enhancer of Split-1; HEY1, Hairy/Enhancer-of-split related with YRPW motif protein 1.

* Corresponding author. Division of Radiation Biomedical Research, Korea Institute of Radiological & Medical Sciences, 75 Nowon-ro, Nowon-gu, Seoul, 01812,
Republic of Korea.
E-mail address: jeongj@kirams.re.kr (J.-H. Jeong).

https://doi.org/10.1016/j.ncrna.2023.05.002

Received 10 February 2023; Received in revised form 10 April 2023; Accepted 1 May 2023

Available online 18 May 2023

2468-0540/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:jeongj@kirams.re.kr
www.sciencedirect.com/science/journal/24680540
http://www.keaipublishing.com/en/journals/non-coding-rna-research
https://doi.org/10.1016/j.ncrna.2023.05.002
https://doi.org/10.1016/j.ncrna.2023.05.002
https://doi.org/10.1016/j.ncrna.2023.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ncrna.2023.05.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.-r. Jo et al.

MicroRNAs (miRNAs) are small, non-coding, single-stranded RNA
with an average length of approximately 22 nucleotides. MiRNAs
function through base pairing with complementary sequences within
mRNA molecules, resulting in the post-transcriptional regulation of gene
expression [12]. MiRNAs are associated with various biological func-
tions such as development, cell proliferation, cell fate determination,
and regulation of cellular mechanisms [13,14]. Furthermore, numerous
miRNAs influence senescence by modulating the abundance of crucial
senescence regulatory proteins [15-17]; these are known as
senescence-associated miRNAs (SA-miRNAs) [17-19]. Therefore, un-
derstanding the molecular mechanisms of SA-miRNAs is vital to devel-
oping diagnostic tools and therapeutic opportunities for various
diseases.

The Notch signaling pathway mediates the interaction between
adjacent endothelial cells (ECs) to regulate differentiation, embryonic
development, and proliferation [20]. Mammalian cells express four
transmembrane Notch receptors (Notch 1-4) and five transmembrane
ligands [Jagged (JAG) 1, 2 and Delta-like canonical notch ligand (DLL)
1, 3, and 4], that are abundantly expressed in ECs [20,21]. The Notch
ligands JAG1 and DLL4 are antagonistic. They are involved in angio-
genesis and the development of vasculature through their balance [22].
In addition, endothelial-specific deletion of JAG1 causes embryonic
lethality and cardiovascular defects [21]. Moreover, overexpression of
JAG1 in tumors can promote angiogenesis [23]. Regarding cellular
senescence, it has been reported that JAG1 expression decreases with
aging in ECs [20], and inhibition of Notch signaling induces premature
senescence via a pl6-dependent pathway [20,24]. However, the
mechanism of JAG1 downregulation during cellular senescence has not
yet been fully elucidated.

Previously, we reported that SA-miRNAs downregulate the high
mobility group protein B2 (HMGB2) and contribute to cellular senes-
cence in the microvascular endothelial cells (MVECs) [25]. Here, we
focused on identifying more SA-miRNAs in MVECs as potential diag-
nostic means and promising therapeutic targets to delay vascular aging.

2. Material and methods
2.1. Cell culture

Human lung MVECs were purchased from Cell Applications (San
Diego, CA, USA) and cultured in EBM-2 medium supplemented with
EGM-2MV (Lonza, Hopkinton, MA, USA). In total, 5 x 10° cells were
plated in a 100-mm culture plate and cultured at 37 °C in a humidified
incubator with 5% CO,. The cells were passaged every 3 days via
trypsinization. Cell counts were determined at the end of every passage
after staining with 0.1% trypan blue using a hemocytometer. The cu-
mulative number of population doublings (PDLs) was calculated in
relation to the initial cell number.

2.2. Screening of differentially expressed miRNAs in senescent MVECs

The small RNA sequencing data were retrieved from the GEO data-
base (GSE192677) and bioinformatic data analysis were performed by
ebiogen (Seoul, Korea) as previously described [25].

2.3. Transfection of small interfering RNA (siRNA), miRNA, and miRNA
inhibitors

The siRNAs and synthetic miRNA mimics used in this study were
synthesized by Genolution Pharmaceuticals (Seoul, Korea). miRNA in-
hibitors involving 2'-O-methyl-modified oligoribonucleotide single
strands were purchased from Genolution Pharmaceuticals and Inte-
grated DNA Technologies (Singapore). MVECs (1.5 x 10° cells) were
reverse-transfected with 20 nM siRNA, miRNA, or 50 nM miRNA in-
hibitor using Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific). The sequences of the siRNAs and miRNA mimics are
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listed in Supplementary Table S1.

2.4. Senescence-associated f-galactosidase (SA-f-gal) staining and
SPiDER-f3-gal assay

Cellular SA-B-gal activity was measured as previously described [8].
After taking at least six images per well at random locations, the
numbers of SA-p-gal positive cells were counted manually. Cellular
senescence was confirmed by measuring p-galactosidase activity using a
SPiDER p-gal kit (Dojindo, Kumamoto, Japan). Briefly, 5 x 10° cells
were suspended in phosphate buffered saline (PBS) (with 1% fetal
bovine serum), diluted 1:1000 with a 1 mM stock solution of SPiDER
f-gal, and incubated for 15 min at 37 °C. The proportion of senescent
cells with high p-galactosidase activity was analyzed using a flow
cytometer.

2.5. Quantitative reverse transcription PCR (qRT-PCR)

Quantitative reverse transcription PCR was performed as previously
described [25]. To analyze miRNA expression, cDNA was synthesized
using the Mir-X miRNA First-Strand Synthesis Kit (Clontech Labora-
tories, Palo Alto, CA, USA). Quantitative PCR was performed using
KAPA SYBR® FAST qPCR Master Mix (Kapa Biosystems). The miRNA
expression was normalized to that of the reference genes (U6 control).
The primers used for mRNA and miRNA qRT-PCR are listed in Supple-
mentary Table S2. All fold changes were calculated using the AACt
method.

2.6. Tube formation assay

Tube formation activity was evaluated as previously described [26,
271. Briefly, 5 x 10* MVECs were seeded onto 24-well plates pre-coated
with BD Matrigel Matrix (BD Biosciences, San Jose, NJ, USA) and
incubated overnight to allow the formation of tube-like structures.
Time-lapse images of EC tube formation were acquired using an InCell
Analyzer 2000 (GE Healthcare Life Sciences, Little Chalfont, UK) and
quantified using ImageJ software (National Institutes of Health,
Bethesda, MD, USA) with the Angiogenesis Analyzer plugin.

2.7. Luciferase reporter assay

The 3'-UTRs (Untranslated regions) of human JAG1 (NM_000214.3)
were subcloned into the 3’ region of the luciferase gene of the pGL3UC
luciferase reporter vector [28]. The primer sequences used for amplifi-
cation of the JAG1 3'-UTR were 5-AAACTCTCTAGACAGACCGCG
GGCACTGC-3' and 5-GAGGCCACACTGTTCCATGT-3'. Mutations in
JAG1 3'-UTR were introduced by site-directed mutagenesis using the
primers  5-GCTTTAGACTTGAAAAGAGACTCCGAGGTGATCTGCTGC
AGGCT-3' and 5'-AGCCTGCAGCAGATCACCTCGGAGTCTCTT
TTCAAGTCTAAAGC-3'. The 293T cells were seeded in 24-well plates
and co-transfected with reporter plasmid pGL3UC-JAG1 3'-UTR (200
ng), pRL-CMV-Renilla plasmid (2 ng), and miRNAs (20 nM) using Tur-
bofect™ transfection reagent (Thermo Fisher Scientific, Waltham, MA,
USA). After 48 h, luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Firefly luciferase activity
was normalized to the Renilla luciferase activity.

2.8. Western blot analysis

Cells were lysed in RIPA buffer [20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
and protease inhibitors] and briefly sonicated. Protein content was
measured using the Coomassie (Bradford) protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA), and equal amounts of cell lysate
were separated via SDS-polyacrylamide gel electrophoresis and
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transferred to nitrocellulose membranes (GE Healthcare Biosciences,
Foster City, CA, USA). Membranes were immunoblotted with antibodies
against KLF5 (Novus, Littleton, CO, USA), Hairy/Enhancer-of-split
related with YRPW motif protein 1 (HEY1; Abcam, Cambridge, UK),
Hairy/Enhancer of Split-1 (HES1; Cell Signaling, Berkeley, CA, USA),
and JAG1 and p-actin (Santa Cruz Biotechnology, Dallas, TX, USA), and
detected via chemiluminescence using enhanced chemiluminescence
(ECL) detection reagents.

2.9. Overexpression of JAG1

The JAG1 gene of human origin (BC126205) was purchased from
Applied Biological Materials Inc. (Richmond, BC, Canada). The primer
sequences for the amplification of JAG1 were 5'- GTGCTGCTCGAG-
CACCATGCGTTCCCCACGGACGCG-3' and 5- AATGCCGCGGCCGCC-
TATACGATGTACTCCATTC-3'. The PCR-amplified JAG1 fragment was
cut using Xhol and NotI restriction endonucleases and subcloned into
the pLNCX2 vector (Clontech Laboratories, Inc., Mountain View, CA,
USA). Retroviruses were generated in a 293GPG packaging cell line and
transduced into MVECs in the presence of 4 pg/mL polybrene. After 2
d of incubation, transduced cells were aliquoted for western blotting,
SA-p-gal staining, proliferation assay, and tube formation assay. Anti-
biotics selection was not applied, which could induce stress-induced
senescence.

2.10. Statistical analysis

Data are presented as mean =+ standard error. All results were
analyzed for statistical significance using one-way and two-way analysis
of variance (ANOVA) with Fisher’s PLSD post-hoc test. P-values of 0.05
(*), 0.01 (**), and 0.001 (***) were considered as significant and were
compared with those of the control group. Statistical analyses were
performed using StatView, version 5.0.1.

3. Results
3.1. Screening of SA-miRNAs in MVECs

To identify unidentified SA-miRNAs, we analyzed small RNA
sequencing data obtained from the replicative senescent MVECs model
(GSE192677, [25]). The screening criteria for SA-miRNAs were as fol-
lows: 1) an increase of >1.3 times in old MVECs compared to that in
young MVECs, and 2) raw data reading of logy > 4. Eighty miRNAs
whose expression increased simultaneously in two or more of the three
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groups were selected (Fig. 1A, Supplementary Table S3). Among the
selected miRNAs, those whose gene ontology (GO) was not known were
selected (Fig. 1B). Through literature search, we excluded eight more
miRNAs whose target genes were known to regulate cell growth or
proliferation (Supplementary Table S4). Finally, 16 SA-miRNA candi-
dates were further used in functional study. To investigate whether the
selected miRNAs could induce premature senescence in young MVECs,
we transfected a mimic of each miRNA into young cells and performed
SA-p-gal assay (Fig. 1C). Compared with the negative control (miR-Cont,
black), six miRNAs significantly induced senescence under these
experimental conditions. We used miR-34a-5p (red), a well-known
senescence-inducing miRNA [19,29], as a positive control. Among
these, we selected miR-214-5p to further study its mechanism of action.

3.2. miR-214-5p is a SA-miRNA that regulates the senescence of MVECs

First, we analyzed miRNA levels using qRT-PCR in serially passaged
MVECs, confirming that the expression of miR-214-5p was increased in
senescent MVECs (Fig. 2A). Next, we measured senescence via the SA-
B-gal assay (Fig. 2B) and SPiDER-f-gal assay (Fig. 2C) after transfection
of miR-214-5p into young cells or an inhibitor of miR-214-5p into pre-
senescent MVECs. Both results showed that the inhibition of miR-214-
5p significantly delayed cellular senescence. Tube formation assays
measure the ability of ECs to form capillary-like structures and are one of
the most widely used in vitro assays to model the reorganization of
angiogenesis. Tube formation assay showed that miR-214-5p reduced
the angiogenic activity of young MVECs, whereas an inhibitor of miR-
214-5p improved the tube-forming activity of senescent MVECs
(Fig. 2D). These results suggested that miR-214-5p is a SA-miRNA that
regulates MVEC senescence.

3.3. miR-214-5p regulates the expression of JAGI in MVECs

To establish the mechanism by which miR-214-5p induces cellular
senescence, we explored target genes containing the miR-214-5p seed
sequence in the 3'-UTR using TargetScan v8.0, an miRNA target pre-
diction platform [30]. The 3'-UTR sequences aligned to the miR-214-5p
sequence are shown in Supplementary Table S4. Six candidate target
genes were selected, and their expressions were analyzed by qRT-PCR
(Fig. 3A). Among them, KLF5 and JAG1 mRNA levels decreased in
serially passaged MVECs, which coincided with their protein levels
(Fig. 3B). However, ectopic introduction of miR-214-5p or its inhibitor
changed only the expression of JAG1, but not KLF5 (Fig. 3C), suggesting
that KLF5 is not regulated by miR-214-5p in MVECs. Because it has been

A B Fig. 1. Screening of SA-miRNAs in MVEGCs. (A)
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reported that JAG1 expression decreases with age in the basal layer of
the epidermis [31], we speculated that senescence-associated induction
of miR-214-5p could lead to cellular senescence through down-
regulation of JAG1. The target specificity of miR-214-5p for JAG1 was
confirmed using a luciferase (Luc) reporter assay. When the Luc reporter
gene fused with the 3'-UTR sequence of JAG1 was co-transfected with an
miR-214-5p mimic, Luc activity decreased, which was abolished when
the miR-214-5p seed sequence in the 3'-UTR was mutated (Fig. 3D).
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Fig. 2. miR-214-5p is a SA-miRNA and regulates the
senescence of MVECs. (A) Expression of miR-214-5p
was analyzed by qRT-PCR in serially passaged
MVECs. (B) Old MVECs were transfected with an in-
hibitor of miR-214-5p and stained for SA-p-gal. The
proportion of SA-p-gal positive cells decreased
compared with the control. (C) Senescence was
quantitatively measured via SPiDER-B-gal staining
and flow cytometry. Young MVECs were treated with
miR-214-5p mimic, and old MVECs were treated with
miR-214-5p inhibitor. The proportion of SPiDER-f-gal
positive cells was statistically compared to each con-
trol on the right. (D) The effect of miR-214-5p on the
angiogenic activity of MVECs was analyzed via in vitro
tube formation assays. The total length of tube-like
structures in a field was compared to the control on
the right.
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Fig. 3. Identification of miR-214-5p target gene. (A)
The expression of candidate target genes of miR-214-
5p was analyzed by qRT-PCR in serially passaged
MVEGCs. (B) KLF5 and JAG1 protein levels were
determined via immunoblotting analysis in serially
passaged MVEGCs. (C) KLF5 and JAG1 protein levels
were determined in young MVECs treated with miR-
214-5p mimic and old MVECs treated with miR-214-
5p inhibitor. (D) Luciferase activities were measured
after co-transfection with the luciferase reporter gene
and a miR-214-5p mimic into 293T cells. The lucif-
erase reporter gene was fused with 3'-UTR sequences
of a wild-type JAG1 (wt) or a mutated sequence
(mut).
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3.4. JAGI silencing induced premature senescence in MVECs

Since we identified JAG1 as a specific target of miR-214-5p, we
investigated whether the depletion of JAGL1 is a significant factor that
induces cellular senescence. We used a siRNA knockdown model to
downregulate JAG1 expression in young MVECs. After siRNA trans-
fection, the decrease in JAG1 expression was confirmed by immuno-
blotting (Fig. 4A). Under these experimental conditions, JAG1 silencing
inhibited MVEC proliferation (Fig. 4B) and increased the proportion of
SA-p-gal-positive cells (Fig. 4C). In addition, the knockdown of JAG1
reduced the angiogenic activity of MVECs (Fig. 4D). These results

A R 151 JAGT C  con smeim  wAcier  smoiss s Fig. 4. JAG1 silencing induced premature senescence
§ g 2 g N o :z o T in MVECs. (A) Knockdown of JAG1 was confirmed via
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8 S 2010 * knockdown MVECs was analyzed via in vitro tube
3;:26 - e MU;' % formation assay and quantified using Image J
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suggest that downregulation of JAG1 by miR-214-5p could induce pre-
mature senescence of MVECs.

3.5. JAGI overexpression delayed replicative senescence in MVECs

Next, we investigated whether ectopic overexpression of JAG1
delayed senescence progression. Retrovirus-mediated JAGl over-
expression was established in exponentially growing MVECs and serially
passaged cells. JAG1 overexpression was confirmed by immunoblotting
(Fig. 5A). Overexpression of JAG1 substantially increased the prolifer-
ative potential of MVECs compared with that of the control (Fig. 5B). In
addition, JAG1 overexpression decreased the proportion of SA-p-gal-
positive cells (Fig. 5C) and maintained a higher tube formation activity
(Fig. 5D). Overexpression of JAG1 delayed replicative senescence in
MVECs, which contrasted with the results of the downregulation of
JAGI1.

3.6. miR-214-5p induces cellular senescence by inhibiting JAG1-Notch
signaling

JAG1, abundantly expressed in ECs, acts as a ligand for Notch
signaling and activates the transcription of downstream genes HES1 and
HEY1 [21,32]. To determine whether miR-214-5p-mediated cellular
senescence occurred owing to the inhibition of JAG1-Notch signaling,
we first investigated the expression of HES1 and HEY1 during senes-
cence. In serially passaged MVECs, transcriptions of HES1 and HEY1
were decreased (Fig. 6A), and their protein levels were decreased
(Fig. 6B), which is consistent with the results of miR-214-5p transfection
(Fig. 6C and D). Furthermore, silencing of HES1 and HEY1 with siRNA
(Fig. 6E) induced premature senescence in young MVECs (Fig. 6F).
These results suggest that miR-214-5p induces cellular senescence
through inhibition of JAG1-Notch signaling.

4. Discussion

MicroRNAs (miRNAs) are a class of small non-coding RNAs that
regulate gene expression. A single miRNA with a unique seed sequence
can target hundreds of mRNAs, often simultaneously regulating an
entire network or pathway [33]. In most cases, miRNAs control target
gene expression by interacting with the 3’-UTR of mRNA, degrading the
mRNA, and thereby inhibiting translation [34]. miRNAs are involved in
various biological processes [35], such as senescence [18,19,36], and
the abnormal expression of miRNAs is associated with many diseases
[37,38]. Several studies have profiled many miRNAs that show
increased or decreased expression during senescence [15-17]. For
example, the expression of miR-519, a tumor suppressor miRNA, is
increased in replicative senescent cells and can trigger senescence when
overexpressed in young fibroblasts or HeLa cancer cells [17]. Many
studies have identified SA-miRNAs targeting the p53-p21 axis and the
p16-pRb pathway, which are central to senescence and cell cycle arrest
mechanisms [39]. miR-152, which is increased in senescent cells, has
been reported to reduce cellular adhesion and induce senescence by
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inhibiting integrin o5 in human dermal fibroblasts [40]. Based on these
reports, we screened novel SA-miRNAs in MVECs and attempted to
elucidate the senescence-inducing mechanisms of miRNAs. After
investigating for miRNAs that increase in old ECs (Fig. 1A), we excluded
those whose gene ontology (GO) was associated with the cell cycle or
senescence (Fig. 1B). Finally, we introduced 16 miRNA mimics of un-
known GO into proliferating MVECs and performed SA-p-gal assay
(Fig. 1C). After the screening of SA-miRNAs, we confirmed the expres-
sion and the senescence-regulating activity of these miRNAs (data not
shown) from which we identified miR-664a-3p and miR-214-5p as
SA-miRNAs, and further studied miR-214-5p to reveal its target gene
and molecular mechanism in MVECs. We believe this study can be a very
representative example that shows miRNA-mediated cellular senescence
of ECs.

We first confirmed that miR-214-5p is SA-miRNA that regulates the
angiogenic activity of MVECs, a typical phenotype of endothelial cells
(Fig. 2). In various cancers, miR-214-5p inhibits proliferation, migra-
tion, and invasion [41-43]. Conversely, low miR-214-5p expression is
associated with aggressive features in anaplastic large-cell lymphoma
[44]. In addition, miR-214-5p inhibits the proliferation and migration of
abnormal trophoblasts [45]. Although miRNA-214 has been reported to
modulate senescence of vascular smooth muscle cells in carotid artery
stenosis [46], the underlying mechanism has not yet been reported.
Therefore, to determine the senescence-regulating mechanism of
miR-214-5p, we searched for the target gene of miR-214-5p. Six target
candidates were selected through sequence- and literature-based
searches, but only KLF5 and JAG1 gene expression decreased in seri-
ally passaged MVECs (Fig. 3A). However, ectopic introduction of
miR-214-5p or its inhibitor changed only JAG1 expression but not KLF5
in MVECs (Fig. 3C); therefore, we concluded that JAG1 is the target of
miR-214-5p, whose specificity was supported by the Luc reporter assay
(Fig. 3D).

JAG1, that is abundantly expressed in ECs, acts as a ligand for Notch
signaling and regulates angiogenesis and vasculature development
[21-23]. JAG1 expression is reduced in aged epidermis, and the inter-
action between JAG1 and Notch1 receptor prevents the accumulation of
senescent cells [31]. Therefore, we investigated whether JAG1 controls
senescence through Notch signaling in MVECs. JAG1 silencing induced
premature senescence in proliferating cells (Fig. 4) and ectopic expres-
sion of JAG1 delayed replicative senescence in MVECs (Fig. 5).
Furthermore, the expressions of HES1 and HEY1, key downstream target
genes of JAG1-Notch signaling, were decreased in senescent cells and
were regulated by miR-214-5p. In addition, knockdown of HES1 or
HEY1 caused premature senescence of MVECs (Fig. 6F). These results
suggest that downregulation of JAG1 by miR-214-5p induced senes-
cence of MVECs through the depletion of HES1 and HEY1.

HES1 and HEY1 are transcriptional repressors that regulate cell cycle
progression by inhibiting gene expression [47]. HES1 represses the
transcription of Phosphatase and Tensin Homolog (PTEN), inhibiting
PI3K/Akt-mediated phosphorylation and GSK3p [48]. HES1 promotes
cell cycle progression by transcriptional repression of the
cyclin-dependent kinase inhibitor p27 [49]. Without HES1, the levels of

Fig. 5. JAG1 overexpression delayed replicative
senescence in MVECs. (A) Ectopic JAGl was
introduced in MVECs (PDL30) and passaged seri-
ally to PDL45. Overexpression of JAGl was
confirmed via immunoblot analysis. (B) Cell pro-
liferation was determined by counting the viable
cells after trypan blue staining every 3 d. (C)
Senescence in MVECs (PDL41) was determined via
SA-p-gal staining and the proportion of SA-p-gal-
positive cells was compared to control. (D) Angio-
genic activity of JAG1-overexpressed MVECs was
analyzed via in vitro tube formation assay and
quantified.
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Fig. 6. miR-214-5p induces senescence through downregulation of JAG1-Notch signaling. Expressions of HES1 and HEY1 were analyzed via qRT-PCR (A) and
immunoblotting (B) in serially passaged MVECs. In miR-214-5p-transfected MVECs, the expressions of HES1 and HEY1 were analyzed by qRT-PCR (C) and
immunoblotting (D). Knockdown of HES1 and HEY1 using siRNA was confirmed by immunoblotting analysis (E) and HES1- and HEY1-downregulated MVECs were
stained for SA-p-gal (F). The proportion of SA-p-gal positive cells was compared to control in the right.

cyclin-dependent kinase inhibitors p27 and p57 increase significantly,
leading to impaired cell cycle progression [50]. Similarly, HEY1 is an
effective repressor of p57 [51]. In addition, Notch activates p53 via
HEY1-mediated inhibition of the key p53 inhibitor MDM2 [52].
Therefore, miR-214-5p-mediated downregulation of HES1 and HEY1
could induce cell cycle arrest at the G1 phase, leading to senescence of
MVECs.

5. Conclusions

In this study, we characterized differentially expressed miRNAs
during replicative senescence in microvascular endothelial cells. We
identified miR-214-5p as a senescence-associated miRNA, and JAG1 as a
prime target of miR-214-5p induced during cellular senescence. As miR-
214-5p-JAG1-Notch-HEY1/HES1 signaling plays a crucial role in
senescence, targeting miR-214-5p could be a potential strategy to delay
vascular aging and present a unique therapeutic opportunity to over-
come the detrimental effects of senescence such as CVD and other age-
related diseases.

Funding
This study was supported by a grant of the Korea Institute of

Radiological and Medical Sciences (KIRAMS), funded by Ministry of
Science and ICT (MSIT), Republic of Korea (No. 50531-2023).

CRediT authorship contribution statement
Hye-ram Jo: Investigation, Validation, Formal analysis, Visualiza-
tion, Writing — original draft. Jiwon Hwang: Investigation, Validation.

Jae-Hoon Jeong: Conceptualization, Supervision, Resources, Writing —
review & editing, Project administration, Funding acquisition.

Declaration of competing interest
The authors declare no potential conflicts of interest.
Acknowledgment

The authors thank Drs. V. Narry Kim and Y.H. Han for pGL3UC
luciferase reporter vector.

390

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ncrna.2023.05.002.

References

[1] G. Eelen, P. de Zeeuw, L. Treps, U. Harjes, B.W. Wong, P. Carmeliet, Endothelial
cell metabolism, Physiol. Rev. 98 (1) (2018) 3-58, https://doi.org/10.1152/
physrev.00001.2017.

G. Jia, A.R. Aroor, V.G. DeMarco, L.A. Martinez-Lemus, G.A. Meininger, J.

R. Sowers, Vascular stiffness in insulin resistance and obesity, Front. Physiol. 6
(2015) 231, https://doi.org/10.3389/fphys.2015.00231.

P.J. Hohensinner, C. Kaun, E. Buchberger, B. Ebenbauer, S. Demyanets, I. Huk, et
al., Age intrinsic loss of telomere protection via TRF1 reduction in endothelial cells,
Biochim. Biophys. Acta 1863 (2) (2016) 360-367, https://doi.org/10.1016/j.
bbamcr.2015.11.034.

L. Hayflick, P.S. Moorhead, The serial cultivation of human diploid cell strains,
Exp. Cell Res. 25 (1961) 585-621, https://doi.org/10.1016/0014-4827(61)90192-
6.

D. Demirci, B. Dayanc, F.A. Mazi, S. Senturk, The jekyll and hyde of cellular
senescence in cancer, Cells 10 (2) (2021), https://doi.org/10.3390/cells10020208.
Q.M. Chen, V.C. Tu, J. Catania, M. Burton, O. Toussaint, T. Dilley, Involvement of
Rb family proteins, focal adhesion proteins and protein synthesis in senescent
morphogenesis induced by hydrogen peroxide, J. Cell Sci. 113 (22) (2000)
4087-4097.

T. von Zglinicki, G. Saretzki, J. Ladhoff, F. d’Adda di Fagagna, S.P. Jackson, Human
cell senescence as a DNA damage response, Mech. Ageing Dev. 126 (1) (2005)
111-117, https://doi.org/10.1016/j.mad.2004.09.034.

G.P. Dimri, X. Lee, G. Basile, M. Acosta, G. Scott, C. Roskelley, et al., A biomarker
that identifies senescent human cells in culture and in aging skin in vivo, Proc.
Natl. Acad. Sci. U. S. A. 92 (20) (1995) 9363-9367, https://doi.org/10.1073/
pnas.92.20.9363.

P. Davalli, T. Mitic, A. Caporali, A. Lauriola, D.R.O.S. D’Arca, Cell senescence, and
novel molecular mechanisms in aging and age-related diseases, Oxid. Med. Cell.
Longev. 2016 (2016), 3565127, https://doi.org/10.1155/2016/3565127.

J.P. Coppe, P.Y. Desprez, A. Krtolica, J. Campisi, The senescence-associated
secretory phenotype: the dark side of tumor suppression, Annu. Rev. Pathol. 5
(2010) 99-118, https://doi.org/10.1146/annurev-pathol-121808-102144.

R. Faraonio, P. Salerno, F. Passaro, C. Sedia, A. Iaccio, R. Bellelli, et al., A set of
miRNAs participates in the cellular senescence program in human diploid
fibroblasts, Cell Death Differ. 19 (4) (2012) 713-721, https://doi.org/10.1038/
cdd.2011.143.

J. Inoue, J. Inazawa, Cancer-associated miRNAs and their therapeutic potential,
J. Hum. Genet. 66 (9) (2021) 937-945, https://doi.org/10.1038/s10038-021-
00938-6.

1. Alvarez-Garcia, E.A. Miska, MicroRNA functions in animal development and
human disease, Development 132 (21) (2005) 4653-4662, https://doi.org/
10.1242/dev.02073.

H.W. Hwang, J.T. Mendell, MicroRNAs in cell proliferation, cell death, and
tumorigenesis, Br. J. Cancer 94 (6) (2006) 776-780, https://doi.org/10.1038/sj.
bjc.6603023.

[2]

[3]

[4]

[5]

[6]

[71

(8]

91

[10]

[11]

[12]

[13]

[14]


https://doi.org/10.1016/j.ncrna.2023.05.002
https://doi.org/10.1016/j.ncrna.2023.05.002
https://doi.org/10.1152/physrev.00001.2017
https://doi.org/10.1152/physrev.00001.2017
https://doi.org/10.3389/fphys.2015.00231
https://doi.org/10.1016/j.bbamcr.2015.11.034
https://doi.org/10.1016/j.bbamcr.2015.11.034
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.3390/cells10020208
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref6
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref6
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref6
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref6
https://doi.org/10.1016/j.mad.2004.09.034
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.1073/pnas.92.20.9363
https://doi.org/10.1155/2016/3565127
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1038/cdd.2011.143
https://doi.org/10.1038/cdd.2011.143
https://doi.org/10.1038/s10038-021-00938-6
https://doi.org/10.1038/s10038-021-00938-6
https://doi.org/10.1242/dev.02073
https://doi.org/10.1242/dev.02073
https://doi.org/10.1038/sj.bjc.6603023
https://doi.org/10.1038/sj.bjc.6603023

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

- Jo et al

0.C. Maes, H. Sarojini, E. Wang, Stepwise up-regulation of microRNA expression
levels from replicating to reversible and irreversible growth arrest states in WI-38
human fibroblasts, J. Cell. Physiol. 221 (1) (2009) 109-119, https://doi.org/
10.1002/jcp.21834.

L.N. Bonifacio, M.B. Jarstfer, MiRNA profile associated with replicative senescence,
extended cell culture, and ectopic telomerase expression in human foreskin
fibroblasts, PLoS One 5 (9) (2010), https://doi.org/10.1371/journal.
pone.0012519.

B.S. Marasa, S. Srikantan, J.L. Martindale, M.M. Kim, E.K. Lee, M. Gorospe, et al.,
MicroRNA profiling in human diploid fibroblasts uncovers miR-519 role in
replicative senescence, Aging (Albany NY) 2 (6) (2010) 333.

R. Menghini, V. Casagrande, M. Cardellini, E. Martelli, A. Terrinoni, F. Amati, et
al., MicroRNA 217 modulates endothelial cell senescence via silent information
regulator 1, Circulation 120 (15) (2009) 1524-1532, https://doi.org/10.1161/
CIRCULATIONAHA.109.864629.

T. Zhao, J. Li, A.F. Chen, MicroRNA-34a induces endothelial progenitor cell
senescence and impedes its angiogenesis via suppressing silent information
regulator 1, Am. J. Physiol. Endocrinol. Metab. 299 (1) (2010) E110-E116,
https://doi.org/10.1152/ajpendo.00192.2010.

D. Qian, X. Wu, H. Jiang, P. Gao, C. Kuang, K. Wang, et al., Aging reduces
susceptibility of vascular smooth muscle cells to H(2)O(2)-induced apoptosis
through the down-regulation of Jaggedl expression in endothelial cells, Int. J. Mol.
Med. 28 (2) (2011) 207-213, https://doi.org/10.3892/ijmm.2011.671.

F.A. High, M.M. Lu, W.S. Pear, K.M. Loomes, K.H. Kaestner, J.A. Epstein,
Endothelial expression of the Notch ligand Jagged1 is required for vascular smooth
muscle development, Proc. Natl. Acad. Sci. USA 105 (6) (2008) 1955-1959.
N.M. Marchetto, S. Begum, T. Wu, V. O’Besso, C.C. Yarborough, N. Valero-
Pacheco, et al., Endothelial Jaggedl antagonizes dll4/notch signaling in decidual
angiogenesis during early mouse pregnancy, Int. J. Mol. Sci. 21 (18) (2020),
https://doi.org/10.3390/ijms21186477.

A. Trindade, A. Duarte, Notch signaling function in the angiocrine regulation of
tumor development, Cells 9 (11) (2020), https://doi.org/10.3390/cells9112467.
Y. Yoshida, Y. Hayashi, M. Suda, K. Tateno, S. Okada, J. Moriya, et al., Notch
signaling regulates the lifespan of vascular endothelial cells via a p16-dependent
pathway, PLoS One 9 (6) (2014), e100359, https://doi.org/10.1371/journal.
pone.0100359.

H.R. Jo, J.H. Jeong, MicroRNA-mediated downregulation of HMGB2 contributes to
cellular senescence in microvascular endothelial cells, Cells 11 (3) (2022), https://
doi.org/10.3390/cells11030584.

Y. Kubota, H.K. Kleinman, G.R. Martin, T.J. Lawley, Role of laminin and basement
membrane in the morphological differentiation of human endothelial cells into
capillary-like structures, J. Cell Biol. 107 (4) (1988) 1589-1598, https://doi.org/
10.1083/jcb.107.4.1589.

1. Arnaoutova, H.K. Kleinman, In vitro angiogenesis: endothelial cell tube
formation on gelled basement membrane extract, Nat. Protoc. 5 (4) (2010)
628-635, https://doi.org/10.1038/nprot.2010.6.

S.Y. Park, J.H. Lee, M. Ha, J.W. Nam, V.N. Kim, miR-29 miRNAs activate p53 by
targeting p85 alpha and CDC42, Nat. Struct. Mol. Biol. 16 (1) (2009) 23-29,
https://doi.org/10.1038/nsmb.1533.

T. Ito, S. Yagi, M. Yamakuchi, MicroRNA-34a regulation of endothelial senescence,
Biochem. Biophys. Res. Commun. 398 (4) (2010) 735-740, https://doi.org/
10.1016/j.bbrc.2010.07.012.

D.P. Bartel, MicroRNAs: target recognition and regulatory functions, Cell 136 (2)
(2009) 215-233, https://doi.org/10.1016/j.cell.2009.01.002.

H. Yoshioka, T. Yamada, S. Hasegawa, K. Miyachi, Y. Ishii, Y. Hasebe, et al.,
Senescent cell removal via JAG1-NOTCHI signalling in the epidermis, Exp.
Dermatol. 30 (9) (2021) 1268-1278, https://doi.org/10.1111/exd.14361.

S. Suresh, A.E. Irvine, The NOTCH signaling pathway in normal and malignant
blood cell production, J Cell Commun Signal 9 (1) (2015) 5-13, https://doi.org/
10.1007/512079-015-0271-0.

391

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Non-coding RNA Research 8 (2023) 385-391

B.P. Lewis, C.B. Burge, D.P. Bartel, Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets, Cell
120 (1) (2005) 15-20, https://doi.org/10.1016/j.cell.2004.12.035.

M. Ha, V.N. Kim, Regulation of microRNA biogenesis, Nat. Rev. Mol. Cell Biol. 15
(8) (2014) 509-524, https://doi.org/10.1038/nrm3838.

G. Fu, J. Brkic, H. Hayder, C. Peng, MicroRNAs in human placental development
and pregnancy complications, Int. J. Mol. Sci. 14 (3) (2013) 5519-5544, https://
doi.org/10.3390/ijms14035519.

S. Dimmeler, P. Nicotera, MicroRNAs in age-related diseases, EMBO Mol. Med. 5
(2) (2013) 180-190.

K.U. Tufekci, M.G. Oner, R.L. Meuwissen, S. Genc, The role of microRNAs in
human diseases, Methods Mol. Biol. 1107 (2014) 33-50, https://doi.org/10.1007/
978-1-62703-748-8_3.

S. Chakraborty, Interplay between miRNA and Human Diseases, 2017.

N. Suh, MicroRNA controls of cellular senescence, BMB Rep. 51 (10) (2018) 493.
M. Mancini, G. Saintigny, C. Mahe, M. Annicchiarico-Petruzzelli, G. Melino,

E. Candi, MicroRNA-152 and -181a participate in human dermal fibroblasts
senescence acting on cell adhesion and remodeling of the extra-cellular matrix,
Aging (Albany NY) 4 (11) (2012) 843-853, https://doi.org/10.18632/
aging.100508.

M. Zhang, D. Wang, T. Zhu, R. Yin, miR-214-5p targets ROCK1 and suppresses
proliferation and invasion of human osteosarcoma cells, Oncol. Res. 25 (1) (2017)
75-81, https://doi.org/10.3727/096504016X14719078133401.

C. Zheng, K. Guo, B. Chen, Y. Wen, Y. Xu, miR-214-5p inhibits human prostate
cancer proliferation and migration through regulating CRMP5, Cancer Biomarkers
26 (2) (2019) 193-202, https://doi.org/10.3233/CBM-190128.

H. Li, H. Wang, Z. Ren, MicroRNA-214-5p inhibits the invasion and migration of
hepatocellular carcinoma cells by targeting Wiskott-Aldrich syndrome like, Cell.
Physiol. Biochem. 46 (2) (2018) 757-764.

P. Di Battista, F. Lovisa, E. Gaffo, I. Gallingani, C.C. Damanti, A. Garbin, et al., Low
miR-214-5p expression correlates with aggressive subtypes of pediatric ALCL with
non-common histology, Front. Oncol. (2021) 1842.

F. Gong, W. Chai, J. Wang, H. Cheng, Y. Shi, L. Cui, et al., miR-214-5p suppresses
the proliferation, migration and invasion of trophoblast cells in pre-eclampsia by
targeting jagged 1 to inhibit notch signaling pathway, Acta Histochem. 122 (3)
(2020), 151527, https://doi.org/10.1016/j.acthis.2020.151527.

Y.L. Chen, J.J. Sheu, C.K. Sun, T.H. Huang, Y.P. Lin, H.K. Yip, MicroRNA-214
modulates the senescence of vascular smooth muscle cells in carotid artery
stenosis, Mol. Med. 26 (1) (2020) 46, https://doi.org/10.1186/510020-020-00167-
1.

0. Nakagawa, D.G. McFadden, M. Nakagawa, H. Yanagisawa, T. Hu, D. Srivastava,
et al., Members of the HRT family of basic helix-loop-helix proteins act as
transcriptional repressors downstream of Notch signaling, Proc. Natl. Acad. Sci. U.
S. A. 97 (25) (2000) 13655-13660, https://doi.org/10.1073/pnas.250485597.
M.A. Hermida, J. Dinesh Kumar, N.R. Leslie, GSK3 and its interactions with the
PI3K/AKT/mTOR signalling network, Adv. Biol. Regul 65 (2017) 5-15, https://
doi.org/10.1016/j.jbior.2017.06.003.

K. Murata, M. Hattori, N. Hirai, Y. Shinozuka, H. Hirata, R. Kageyama, et al., Hes1
directly controls cell proliferation through the transcriptional repression of
p27Kip1, Mol. Cell Biol. 25 (10) (2005) 4262-4271, https://doi.org/10.1128/
MCB.25.10.4262-4271.2005.

P. Monahan, S. Rybak, L.T. Raetzman, The notch target gene HES1 regulates cell
cycle inhibitor expression in the developing pituitary, Endocrinology 150 (9)
(2009) 4386-4394, https://doi.org/10.1210/en.2009-0206.

A. Zalc, S. Hayashi, F. Aurade, D. Brohl, T. Chang, D. Mademtzoglou, et al.,
Antagonistic regulation of p57kip2 by Hes/Hey downstream of Notch signaling
and muscle regulatory factors regulates skeletal muscle growth arrest,
Development 141 (14) (2014) 2780-2790, https://doi.org/10.1242/dev.110155.
M. Menard, C. Costechareyre, G. Ichim, J. Blachier, D. Neves, L. Jarrosson-
Wuilleme, et al., Hey1l- and p53-dependent TrkC proapoptotic activity controls
neuroblastoma growth, PLoS Biol. 16 (5) (2018), 2002912, https://doi.org/
10.1371/journal.pbio.2002912.


https://doi.org/10.1002/jcp.21834
https://doi.org/10.1002/jcp.21834
https://doi.org/10.1371/journal.pone.0012519
https://doi.org/10.1371/journal.pone.0012519
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref17
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref17
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref17
https://doi.org/10.1161/CIRCULATIONAHA.109.864629
https://doi.org/10.1161/CIRCULATIONAHA.109.864629
https://doi.org/10.1152/ajpendo.00192.2010
https://doi.org/10.3892/ijmm.2011.671
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref21
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref21
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref21
https://doi.org/10.3390/ijms21186477
https://doi.org/10.3390/cells9112467
https://doi.org/10.1371/journal.pone.0100359
https://doi.org/10.1371/journal.pone.0100359
https://doi.org/10.3390/cells11030584
https://doi.org/10.3390/cells11030584
https://doi.org/10.1083/jcb.107.4.1589
https://doi.org/10.1083/jcb.107.4.1589
https://doi.org/10.1038/nprot.2010.6
https://doi.org/10.1038/nsmb.1533
https://doi.org/10.1016/j.bbrc.2010.07.012
https://doi.org/10.1016/j.bbrc.2010.07.012
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1111/exd.14361
https://doi.org/10.1007/s12079-015-0271-0
https://doi.org/10.1007/s12079-015-0271-0
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1038/nrm3838
https://doi.org/10.3390/ijms14035519
https://doi.org/10.3390/ijms14035519
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref36
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref36
https://doi.org/10.1007/978-1-62703-748-8_3
https://doi.org/10.1007/978-1-62703-748-8_3
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref38
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref39
https://doi.org/10.18632/aging.100508
https://doi.org/10.18632/aging.100508
https://doi.org/10.3727/096504016X14719078133401
https://doi.org/10.3233/CBM-190128
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref43
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref43
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref43
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref44
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref44
http://refhub.elsevier.com/S2468-0540(23)00027-6/sref44
https://doi.org/10.1016/j.acthis.2020.151527
https://doi.org/10.1186/s10020-020-00167-1
https://doi.org/10.1186/s10020-020-00167-1
https://doi.org/10.1073/pnas.250485597
https://doi.org/10.1016/j.jbior.2017.06.003
https://doi.org/10.1016/j.jbior.2017.06.003
https://doi.org/10.1128/MCB.25.10.4262-4271.2005
https://doi.org/10.1128/MCB.25.10.4262-4271.2005
https://doi.org/10.1210/en.2009-0206
https://doi.org/10.1242/dev.110155
https://doi.org/10.1371/journal.pbio.2002912
https://doi.org/10.1371/journal.pbio.2002912

	MicroRNA miR-214-5p induces senescence of microvascular endothelial cells by targeting the JAG1/Notch signaling pathway
	1 Introduction
	2 Material and methods
	2.1 Cell culture
	2.2 Screening of differentially expressed miRNAs in senescent MVECs
	2.3 Transfection of small interfering RNA (siRNA), miRNA, and miRNA inhibitors
	2.4 Senescence-associated β-galactosidase (SA-β-gal) staining and SPiDER-β-gal assay
	2.5 Quantitative reverse transcription PCR (qRT-PCR)
	2.6 Tube formation assay
	2.7 Luciferase reporter assay
	2.8 Western blot analysis
	2.9 Overexpression of JAG1
	2.10 Statistical analysis

	3 Results
	3.1 Screening of SA-miRNAs in MVECs
	3.2 miR-214-5p is a SA-miRNA that regulates the senescence of MVECs
	3.3 miR-214-5p regulates the expression of JAG1 in MVECs
	3.4 JAG1 silencing induced premature senescence in MVECs
	3.5 JAG1 overexpression delayed replicative senescence in MVECs
	3.6 miR-214-5p induces cellular senescence by inhibiting JAG1-Notch signaling

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


