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Hypoxia leads to significant cellular stress that has diverse
pathological consequences such as cardiovascular diseases
and cancers. MicroRNAs (miRNAs) are one of regulators of
the adaptive pathway in hypoxia. We identified a hypoxia-
induced miRNA, miR-34c, that was significantly upregulated
in hypoxic human umbilical cord vein endothelial cells
(HUVECGs) and in murine blood vessels on day 3 of hindlimb
ischemia (HLI). miR-34c directly inhibited BCL2 expression,
acting as a toggle switch between apoptosis and autophagy
in vitro and in vivo. BCL2 repression by miR-34c activated
autophagy, which was evaluated by the expression of LC3-
Il. Overexpression of miR-34c¢ inhibited apoptosis in HUVEC
as well as in a murine model of HLI, and increased cell
viability in HUVEC. Importantly, the number of viable cells
in the blood vessels following HLI was increased by miR-34c
overexpression. Collectively, our findings show that miR-
34c plays a protective role in hypoxia, suggesting a novel
therapeutic target for hypoxic and ischemic diseases in the
blood vessels.
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INTRODUCTION

Decreased blood flow results in hypoxia, leading to the dis-
eases including stroke (cerebral ischemia), heart infarction
(myocardial ischemia), and tumor angiogenesis (Michiels,
2004). MicroRNAs (miRNAs) are small regulatory RNAs that
repress gene expression by directly binding to the 3’ un-
translated region (UTR) of target mRNA (Bushati and Cohen,
2007). miRNAs are key regulators in cellular processes in-
cluding stress responses in the cardiovascular system, such as
hypoxia (Akkoc and Gozuacik, 2020) and arrhythmia (Guo et
al., 2022). Under hypoxic conditions, several miRNAs, such as
miR-21 and miR-34a, are known to be upregulated through
enhancing the biogenesis of miRNAs and then inhibit the ex-
pression of target mMRNAs involved in cell metabolism such as
angiogenesis and apoptosis (Chen et al., 2013; Nallamshetty
etal, 2013; Zhou et al., 2013).

Autophagy is a defense pathway from physiological
stimuli including hypoxic/ischemic stress. Autophagy is a
self-degradative system that is a critical pathway for clearing
damaged organelles and removing intracellular aggregates
(Glick et al., 2010; Marino et al., 2014). This process is mainly
stimulated by nonlethal cellular stresses (Glick et al., 2010;
Lee et al., 2020b) and consequently induces lysosomal deg-
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radation through the formation of autophagosomes and
autolysosomes (Glick et al., 2010; Mizushima et al., 2010).
Among the key regulators of autophagic flux, BCL2 inhibits
autophagy as it directly interacts with Beclin-1 (ATG6) which
is a critical factor in the regulation of autophagosome for-
mation (Fernandez et al., 2018; Marquez and Xu, 2012).
Microtubule-associated protein light chain 3 (LC3), a mem-
ber of the ATGS8 protein family, is widely used to monitor
cellular autophagy. LC3-Il is converted from a cytosolic LC3-I
that conjugated with phosphatidylethanolamine, which is
recruited and formed autophagosomes (Jang et al., 2020).
The amount of LC3-Il and the extent of LC3 conversion (LC3-I
to LC3-l) are regarded as indicators of autophagy activity
(Gustafsson and Gottlieb, 2009). Cardiac ischemia causes
upregulation of autophagy as assessed by increased LC3-lI
and Beclin-1, leading to cardioprotection (Gurusamy et al.,
2009). The ubiquitin-binding protein p62 (Sequestosome-1)
links the autophagy pathway and the ubiquitin—proteasome
system upon ubiquitinated protein degradation (Liu et al.,
2016). Since several studies have reported that increased
induction of autophagy is required for the survival of hypoxic
cells (Bellot et al., 2009; Tan et al., 2016; Zhang et al., 2008),
autophagy can play a protective role for cells undergoing hy-
poxia-induced stress. Nevertheless, the molecular mechanism
that hypoxia promotes autophagic activity has not been fully
understood in cardiovascular diseases.

Herein, we identified a new hypoxia-induced miRNA, miR-
34¢-5p, which is a major form of miR-34c, both in vitro and
in vivo by using human umbilical cord vein endothelial cell
(HUVEQ) lines and a mouse hindlimb ischemia (HLI) model,
respectively. During hypoxia, HUVEC lines significantly re-
duced the caspase 3/7 activity and increased cell viability, as
well as induced autophagy. Based on the computational pre-
diction, miR-34c directly repressed BCL2 which acts as a tog-
gle switch regulating autophagy/apoptosis (Marquez and Xu,
2012). Furthermore, miR-34c-mediated BCL2 repression can
activate autophagy in hypoxic HUVECs and mouse hindlimb
ischemic vessels. Our findings suggest that miR-34c have a
protective role against hypoxic stress and that miR-34c could
be a novel biomarker for hypoxia-related diseases.

MATERIALS AND METHODS

Cell culture

HUVECs were purchased from Lonza (Switzerland) and cul-
tured in EGM-2 media supplemented with 2% fetal bovine
serum (FBS) and an EGM-2 Bullet Kit (Lonza). For the experi-
ments, HUVECs were used between passages 5-9. HEK293T
cells (ATCC, USA) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone, USA) supplemented with
10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin
(Corning, USA).

To induce hypoxia, HUVECs were seeded in 100-mm dish-
es one day prior to induction. HUVECs were incubated in a
hypoxic chamber (1% 0O,, 5% CO,, and 90% N,) for 24 h
and 72 h. Alternatively, HUVECs were treated with hydrogen
peroxide (H,0,; i.e., dysoxia) (Sigma-Aldrich, USA) at 700 nM
for 24 h.
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Murine HLI model

A murine model of HLI was set up in 8- to 12-week-old
C57BL/6 mice (OrientBio, Korea). The mock control or
miR-34c-expressing lentivirus was injected through the tail
vein at a dose of 4 pg/mouse in 0.2 ml of phosphate-buff-
ered saline (PBS) once a day for three consecutive days, fol-
lowed by performing HLI on day 2. To establish the HLI mouse
model, mice were anesthetized with a mixture of tiletamine
and zolazepam (Zoletil 50; Virbac, Korea) and xylazine (Rom-
pun; Bayer Korea, Korea) following standard protocols. The
superficial femoral artery was ligated with 5-0 polypropylene
silk suture (Ethicon, USA), and the skin was closed. Mice
were sacrificed after 3 days, and the vessels were harvested.
For sham control, the procedures were performed except
ischemia by ligation. All the procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of
Asan Medical Center (approval No. 2018-12-216).

For H&E histological staining, the vessels were fixed in 4%
formalin overnight. The vessel samples were processed and
embedded in paraffin and stained with H&E by the Compara-
tive Pathology Core Facility, Convergence Medicine Research
Center, Asan Medical Center (Korea). The samples were
analyzed with an upright microscope (Zeiss, Germany), and
the images were acquired under 400x magnification. The
number of nuclei was quantitated in each mouse vessel. The
experiments were performed in 5-6 independent replicates.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR)

The total RNA was isolated from HUVECs or mouse tissue us-
ing TRIzol Reagent solution (Ambion, USA). To estimate miR-
34c expression, cDNAs were synthesized with predesigned
Tagman probes (hsa-miR-34c or U6 snRNA) with a TagMan
MicroRNA assay kit (Applied Biosystems, USA) in accordance
with the manufacturer’s instructions; then, a QuantStudio 5
Real-time PCR system (Applied Biosystems) was used. Mature
miR-34c expression was normalized to U6 snRNA, which
served as an internal control.

To measure gene expression, DNase-treated total RNA was
converted to cDNA using a Superscript lll reverse transcriptase
(Invitrogen, USA) and oligo dT primer (Invitrogen) according
to the manufacturer’s protocol. The cDNA was amplified
with SYBR green master mix (Applied Biosystems). All primer
sequences are listed in Supplementary Table S1. The relative
quantities of BCL2 or HIF-1To¢e mMRNA were normalized to both
HPRT and HuPO expression, which were used as internal
controls.

Luciferase reporter assay

The 3’ UTR region of BCL2 (413 bp) was cloned into a psi-
CHECK-2 vector (Promega, USA). Then, an miR-34c binding
site located in the BCL2 3" UTR was mutated using a stan-
dard site-directed mutagenesis protocol. The primer sequenc-
es used in this study are listed in Supplementary Table S1. The
luciferase plasmids were transfected into HEK293T cells using
Lipofectamine 3000 (Invitrogen). After incubation for 24 h,
luciferase activity was measured by performing a Dual-Glo
luciferase assay (Promega) using a GloMax 96 microplate
luminometer (Promega). After the Renilla luciferase activity



was normalized to the Firefly luciferase activity, the relative
luciferase expression was normalized to that of the mutant
sample.

Production of miR-34c-overexpressing HUVECs

For the overexpression of miR-34c, the human MIR34C
flanking region was cloned into a lentiviral vector (pLVX-puro
vector: Takara, Japan), as previously described (Kim et al,
2019). The pLVX-puro-miR-34c plasmids were cotransfected
into HEK293T cells with psPAX2 (Gag-Pro-Plo) and pMD2.
G (Env) using Lipofectamine 3000 (Invitrogen), according to
the manufacturer’s instructions. The supernatants containing
lentivirus were harvested and filtrated through a 0.45-um
syringe filter unit (Millipore, USA) after 48 and 72 h. One day
before lentivirus infection, HUVECs were seeded into tissue
culture plates. After polybrene (Millipore) was added to the
virus supernatants at 8 pg/ml, the culture media was replaced
with the virus particle-containing media. The second infec-
tion was performed after 24 h of incubation. One day after
the second infection, the cells were changed to fresh EGM-
2 media and treated with and without H,O, at 700 nM for
dysoxia. The cells were harvested after 24 h of incubation for
further assays.

For hypoxia by gas-induction, HUVECs were transduced by
lentiviruses containing MIR34C at one day after the cells were
seeded and cultured in a hypoxic chamber (1% O,, 5% CO,,
and 90% N,) for 72 h.

Caspase 3/7 and cell viability assays

HUVECs were seeded in 24-well plates and transduced by
miR-34c-expressing lentivirus as described above. The cells
were transferred to a 96-well white plate (Nunc, USA) in
triplicate. For the inhibition of miR-34c, HUVECs were seeded
and transfected with either an miR-34c inhibitor or a control
(mirVana, USA) in the presence or absence of H,0,. After 24-
48 h of incubation, the caspase 3/7 assays were conducted
using a Caspase 3/7-glo assay kit (Promega). The activity of
caspase 3/7 was measured using a GloMax 96 microplate
luminometer (Promega).

To estimate the cell viability of miR-34c-overexpressing or
inhibited HUVECs, the lentivirus-infected HUVECs or miR-34c
inhibitor-transfected HUVECs were transferred to a 96-well
transparent plate (Nunc), and a CCK-8 assay solution (Do-
jindo Molecular Technology, Japan) was added. After 3 h of
incubation, the samples were measured at an absorbance of
450 nm with a microplate reader (Tecan, Switzerland).

Reactive oxygen species (ROS) assay

The cell lysates from control or miR-34c-overexpressing
HUVECs under normoxia or hypoxia were prepared by ho-
mogenizing in PBS on ice. The ROS levels were determined
by an OxiSelect™ in vitro ROS/RNS assay kit (Cell Biolabs,
USA), according to the manufacturer’s instructions. The flu-
orescence intensity was measured and analyzed at 480 nm
excitation/530 nm emission using a fluorescence plate reader
(Victor X3; PerkinElmer, USA).

Western blotting
Total cell lysates were prepared with RIPA buffer (Biosesang,
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Korea) with a protease inhibitor cocktail (Roche, Switzer-
land). Protein samples were separated for 12%-15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare, USA). The membrane was
incubated with primary antibodies to anti-BCL2 rabbit (Cell
Signaling Technology, USA), anti-LC3B rabbit (Novus Biologi-
cals, USA), anti-p62 mouse (Santa Cruz biotechnology, USA),
anti-hypoxia-inducible factor (HIF)-1o mouse (Santa Cruz
Biotechnology), anti-BAX rabbit (Cell Signaling Technology),
and anti-p-actin rabbit (Bioss, USA) antibodies. The secondary
antibodies were goat anti-rabbit IgG horseradish peroxidase
(HRP)-conjugated (Santa Cruz Biotechnology) and goat
anti-mouse IgG HRP-conjugated antibodies (Santa Cruz Bio-
technology). Proteins were detected with enhanced chemi-
luminescence (ECL) solution (Pierce, USA) and analyzed with
ImageQuant LAS 4000 (GE Healthcare). The band intensities
were quantitated using ImageStudio Lite software (ver. 5.2;
LI-COR Biosciences, USA).

Statistical analysis

All statistical analyses were performed with Student’s t-test
or one-way ANOVA with GraphPad Prism 6 (GraphPad Soft-
ware, USA). Statistical significance is indicated by *P < 0.05
or **P<0.01.

RESULTS

miR-34c is upregulated under hypoxic condition

To evaluate the expression of miR-34¢ under hypoxic con-
dition in vitro, miR-34c levels were assessed in HUVEC lines
under hypoxic conditions using a Tagman microRNA assay
(Figs. TA and 1B). To induce hypoxia to HUVEC lines, the
cells were cultured in a chamber with 1% O, gas, or treated
with H,0,, that has be commonly used as a phenocopy of
hypoxic effects (Azimi et al., 2017; Han et al., 2018; Stegen
et al., 2016). Nonetheless, when we treated H,0,, we call it
as dysoxia for clarity. The expression of miR-34¢ was found to
be significantly upregulated during hypoxia or dysoxia by ap-
proximately 5-fold and 1.7-fold, respectively, in 3 days (Figs.
1A and 1B). In addition, we adopted a murine HLI model
to confirm whether miR-34c expression is also increased by
hypoxia affecting the blood vessels in vivo. The expression of
miR-34c was significantly increased in the ischemic vessels
within 3 days, compared with the sham control (Fig. 1C). The
expression of HIF-1a was increased when hypoxic/ischemic
stress occurred (Supplementary Fig. S1). Collectively, these
results suggest that miR-34c¢ could be associated with the re-
sponse to hypoxia.

Enhanced miR-34c expression promotes cell viability

Cell viability and apoptosis was assessed in miR-34c-overex-
pressing HUVECs, to investigate the effect of miR-34c on the
response to hypoxia. Using a lentiviral system, miR-34c was
dramatically overexpressed in HUVECs, and hypoxia further
increased miR-34c expression over 10,000 folds (Supplemen-
tary Fig. S2A). The cell viability of miR-34c-overexpressing
HUVECs was significantly elevated both in normoxia and in
dysoxia (Fig. 2A). The caspase 3/7 activity was slightly in-
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Fig. 1. Elevated expression of miR-34c in response to hypoxia both in vitro and in vivo. (A) The relative expression of miR-34c was
evaluated by TagMan microRNA assay in HUVEC lines under hypoxia by gas-induction (1% O,) at day 1 (open bars) and 3 (gray bars). The
graph shows mean = SEM (normoxia: n = 3, hypoxia: n = 6). **P < 0.01. (B) The relative expression of miR-34c was evaluated by TagMan
microRNA assay in HUVEC lines under dysoxia by the treatment of hydrogen peroxide (H,0,) at day 3. Relative quantity of miR-34c in
dysoxia was normalized to that of in normoxia control samples. n = 3; mean + SD; **P <0.01. (C) The relative expression of miR-34c was
evaluated at day 1 (open bars) and day 3 (gray bars) in the veins from a mouse HLI model. n = 3; mean £ SD; **P <0.01.
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Fig. 2. Cellular apoptosis and proliferation regulated by miR-34c in hypoxia. (A) CCK-8 assay and (B) caspase 3/7 assay of miR-34c-
overexpressing HUVECs with or without H,0, treatment were conducted to estimate cell viability and caspase 3/7-mediated apoptosis,
respectively. Cells were harvested at day 3 (n = 13-15; mean + SEM; *P < 0.05, **P < 0.01). (C) Western blot analysis for LC3-I/Il of LC3B
isoform protein was performed to determine autophagy in H,0,-treated HUVECs. Quantitation of LC3-Il expression was normalized to
that of g-actin or LC3-I (n = 4; mean + SEM; *P < 0.05). (D) Representative graph of the relative ROS levels in miR-34c-overexpressing
HUVECs with or without H,O, treatment. Mean = SEM were displayed (n = 2). Control, empty vector (mock) control; miR-34c, miR-34c-
overexpressing.
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creased in the mock control by dysoxia, compared with nor-
moxia, but when miR-34c was overexpressed, the increase
was abolished (Fig. 2B). The decrease of caspase activity by
miR-34c overexpression under dysoxia was statistically signif-
icant. The knockdown of miR-34c slightly increased caspase
3/7-mediated cell death regardless of hypoxia, while cell via-
bility was not affected by miR-34c knockdown (Supplemen-
tary Figs. S2B and S2C). The results suggest that the expres-
sion of miR-34c might prevent hypoxic cells from apoptosis,
resulting in increased cell survival.

As autophagy is essential for survival of hypoxic cells (Bel-
lot et al., 2009; Zhang et al., 2008), autophagic activity was
evaluated by the levels of LC3-ll, an autophagy-associated
form of LC3. The forced expression of miR-34c significantly
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promoted LC3-Il expression in dysoxia groups compared with
the mock control (Fig. 2C), indicating that autophagy was
activated in miR-34c-overexpressing HUVECs treated with
H,0,. Overexpression of miR-34c¢ reduced ROS formation in
HUVECs, implying that miR-34c expression could ameliorate
hypoxic cellular damage (Fig. 2D). These data demonstrate
that miR-34c enhanced cell viability by reducing apoptosis
and inducing autophagy, reducing the cell damage caused by
hypoxia.

BCL2 is a direct target of miR-34c, regulating autophagy

To understand the working mechanisms of miR-34c in re-
sponse to hypoxia, we searched for potential targets for
miR-34c using a bioinformatic algorithm tool (TargetScan
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Fig. 3. BCL2 repressed by miR-34c directly. (A) The secondary structure of precursor miR-34c was predicted by the Mfold web server
(mfold.rit.Albany.edu). The sequences of mature miR-34c-5p are highlighted in gray. (B) A target site of miR-34c-5p in BCL2 3’
UTR was predicted using the TargetScan prediction tool. The seed region is displayed in gray. Wild type (WT) represents the original
sequences, whereas MUT represents the mutated seed sequences. (C) A luciferase reporter assay was performed in control or miR-34c-
overexpressing HEK293T cells with psiCHECK-2 plasmids containing the WT or MUT sequences as described in (B). The relative luciferase
expression of the plasmids with WT was normalized to those of MUT (n = 5; mean = SEM; **P < 0.01). (D) The BCL2 mRNA levels were
analyzed in miR-34c-overexpressing HUVEC by RT-gPCR. The mRNA levels of HuPO and HPRT were used as internal control. (E) The BCL2
protein levels were analyzed in miR-34c-overexpressing HUVEC by western blotting. p-Actin was used as a loading control. The band
intensities of BCL2 were normalized to those of p-actin (n = 5; mean = SEM; *P < 0.05). Control, empty vector (mock) control; miR-34c,
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Mol. Cells 2022; 45(6): 403-412 407



Protective Role of miR-34c in Hypoxia
Soyoung Kim et al.

7.2) (Lee et al., 2020a). The potential target of miR-34c was
BCL2, which is well-known to be associated with autophagy
as well as apoptosis (Marino et al., 2014; Marquez and Xu,
2012) and suggested as a target gene of miR-34c¢ previously
(Li et al., 2018). Using the prediction tool, a putative binding
site for miR-34c¢ was identified in the 3" UTR of BCL2 (Fig.
3A). To confirm the in silico information, we examined the
efficacy of miRNA targeting using a luciferase reporter assay.
The luciferase activity was significantly lower in miR-34c-over-
expressing cells than in control cells, while reduced luciferase
activity was rescued by a mutation in the putative binding site
of 3" UTR of BCL2 that could not bind with miR-34c (Figs.
3B and 3C). These results indicate that BCL2 expression is di-
rectly regulated by miR-34c. The effect of miR-34c¢ expression
on endogenous BCL2 expression was validated at both the
mRNA and protein levels in HUVECs (Figs. 3D and 3E). These
results show that overexpression of miR-34c repressed BCL2
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mMRNA and protein expression in HUVECs under hypoxic as
well as normoxic conditions (Figs. 3D and 3E). The repression
was significant in hypoxia. Thus, miR-34c directly inhibited
BCL2 expression.

We further evaluated whether miR-34c-mediated BCL2
repression activates autophagic pathways. Autophagy was
evaluated by p62 and LC3 levels in miR-34c-overexpressing
HUVECs exposed to H,0, (Fig. 4). We also measured p62
and LC3-Il levels after treatment with chloroquine, an inhibi-
tor of autophagosome-lysosomal fusion, as a positive control.
Consistent with the results of Fig. 2C, the LC3 conversion
(LC3-I to LC3-I1) was significantly upregulated and p62 levels
were also significantly downregulated in miR-34c-overex-
pressing HUVEC under dysoxic condition (Fig. 4). In addition,
in response to hypoxia, overexpression of miR-34c inhibited
BCL2 expression and activated autophagy by decreasing p62
and increasing LC3-Il expression in HUVEC (Supplementary
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Fig. 4. Cellular autophagy induced by miR-34c in HUVECs upon hypoxia. The autophagy-related proteins, p62, and LC3-I/Il of LC3B
isoform were visualized by western blotting. p-Actin serves as a loading control. The expression of LC3-I/Il, p62, and BCL2 were quantified
and normalized to those of p-actin. Chloroquine (CQ) is an autophagy inhibitor that prevents autophagosome-lysosomal fusion, and
HUVECs was treated with 20 uM CQ for 24 h. Relative protein levels to normoxia control were indicated in the graphs (BCL2, LC3B:n =8,
p62:n=5; mean + SEM; *P < 0.05). Control, empty vector (mock) control; miR-34c, miR-34c-overexpressed.
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Fig. S3). The results suggest that downregulated BCL2 was
accompanied with cellular autophagy.

miR-34c-mediated BCL2 repression has a protective effect
against hypoxia in vivo

In light of the protective role of miR-34c in regulating BCL2
activity in response to hypoxia in vitro (Fig. 2D), we further
examined the effect of BCL2 repression by miR-34c in vivo
using a mouse HLI model. We injected lentivirus carrying the
MIR34C gene into mice via their tail veins and assessed the
protective effect on ischemic damage at day 3 (Fig. 5A). The
viable cells in the vessels were stained by H&E and quantified
by the number of nuclei. As seen in Fig. 5B, the ischemic
vessels were less thick in the mice injected with miR-34c-ex-
pressing vector. The forced expression of miR-34c allowed
approximately 30% more cells to survive in the hypoxic
veins (Fig. 5B). Taken together, the ischemic damage was
ameliorated in the blood vessels by miR-34c. The ischemic
vessels where miR-34c¢ was overexpressed showed repressed
BCL2 expression. Furthermore, miR-34c-mediated BCL2
repression enhanced the activity of autophagy in response
to ischemic damage of the vessels in vivo (Fig. 5C). These
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findings demonstrate that miR-34c inhibits BCL2 expression,
promotes cellular autophagic activity, and reduces apopto-
sis, suggesting that miR-34c can have a protective function
against hypoxic stress.

DISCUSSION

Herein we identified the role of miR-34c in autophagy and
its protective function against hypoxia. miR-34c is a member
of the miR-34 family, which consists miR-34a, miR-34b and
miR-34c. Because the chromosomal loci of miR-34a and miR-
34b/c are different, their functional activities can be differen-
tially regulated relying on the molecular and cellular context
despite miR-34s share the same seed sequences (Kim et al.,
2019). miR-34c was significantly overexpressed in HUVECs
upon induction of hypoxia and in hypoxic hindlimb vessels
within 3 days. Consistently, miR-34c is significantly increased
in hypoxic/ischemic injury to the rat liver via §-opioid recep-
tor activation (Zhi et al., 2017), and upregulated in mouse
pulmonary smooth muscle cells under hypoxic conditions
(Xu et al., 2012). The positive role of miR-34c in cell viability
appeared to be rather intrinsic even without stimuli and help-
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Fig. 5. miR-34c promotes autophagic activity in vivo. (A) Experimental scheme of miR-34c overexpression and mouse HLI. Lentiviruses
carrying MIR34C gene were injected for 3 consecutive days via the tail veins. At day 0, HLI was established, and the vessels were harvested
on day 3. (B) Representative images and quantitation of the number of nuclei in the H&E-stained mouse vessels. The arrows indicate the
examples of living cells. The graph shows the mean = SEM (sham control and miR-34c: n = 6, ischemia control: n = 5, ischemia miR-34c:
n =6, *P <0.05, **P < 0.01). Scale bars = 20 um. (C) Western blot analysis of autophagy markers (p62 and LC3-I/ll) and BCL2 in the
mouse vessels. An asterisk denotes the protein size of BCL2 (26 kDa). The size marker of 25 KDa is marked. p-Actin was used as a loading
control. Quantitation of the proteins was normalized to p-actin, and the LC3-1I/LC3-I ratio is indicated on the graph (mean £ SEM, n = 5;
*P < 0.05). Control, empty vector (mock) control; miR-34c, miR-34c-overexpressing.
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ful for HUVEC to survive under hypoxia. It is unlikely that the
increase from the CCK8 assay was a result of increased pro-
liferation, as miR-34c suppresses the proliferation of vascular
smooth muscle cells (Choe et al., 2015).

We further investigated BCL2 as a potential target of miR-
34c, as BCL2 is associated with both apoptosis and autopha-
gy (Fernandez et al., 2018; Marquez and Xu, 2012; Qi et al.,
2015). As expected, the overexpression of miR-34c repressed
the expression of BCL2, which was accompanied with de-
creased p62 and increased LC3-Il in vitro ad in vivo. BCL2 is
the BCL2 family protein that control cell survival primarily by
direct binding their partner proteins, e.g., BAX and Beclin-1
(Kale et al., 2018), leading to either anti-apoptotic pathway
or pro-apoptotic. BCL2 is known as not only an anti-apoptot-
ic protein but also an anti-autophagic protein and acts as a
toggle switch between apoptosis and autophagy (Marquez
and Xu, 2012; Pattingre et al., 2005). Our data showed that
miR-34c directly repressed BCL2 expression as well as that
of BAX since a binding site of miR-34c exists on the BAX 3’
UTR, suggesting that the BAX/BCL2 ratio would not change
(Supplementary Fig. S4A). As BAX/BCL2 ratio determines
the apoptotic potential of a cell (Del Principe et al., 2016;
Perlman et al., 1999), miR-34c-overexpression did not cause
apoptosis but autophagy, consequently enhancing cell viabil-
ity in HUVEC and the murine veins under hypoxic condition.
We are aware that miR-34c induces apoptosis and decreases
cell viability by repressing BCL2 in M4e laryngeal carcinoma
cell lines (Li et al., 2018). The expression of miR-34c is highly
enriched in adult murine testis and provokes germ cell apop-
tosis with the increase in BAX/BCL2 ratio by targeting ATF1
(Liang et al., 2012). In HeLa and SKOV3 cells, miR-34c targets
ATG4B, and overexpressed miR-34c alone suppresses rapa-
mycin-induced autophagy (Wu et al., 2017). This discrepancy
could be explained that the cellular consequences of miR-
34c¢/BCL2 axis might depend on cell types and stimulants
such as hypoxic stress. In our study, HUVEC was primary, not
immortalized, and we performed in vivo mouse HLI study to
validate the results. It is broadly accepted that an individual
miRNA can extensively regulate various transcripts (Baek et
al., 2008; Selbach et al., 2008). Therefore, it is possible that
the expression of miRNAs and their selection of target genes
depend on the cell types, stimulants, and timing. For instanc-
es, the regulation of target genes is finely tuned by miRNAs
during developmental stages (Bushati and Cohen, 2007).

Interacting with Beclin-1, BCL2 prevents autophagic activi-
ty (Fernandez et al., 2018; Glick et al., 2010; Qi et al., 2015).
Several studies described that BCL2 function appears to be
dependent on the intracellular localization such as endoplas-
mic reticulum (ER) and mitochondria. ER-localized BCL2 can
inhibit autophagy, while mitochondrial BCL2 cannot (De-
cuypere et al.,, 2012). A possible explanation is that the BCL2/
Beclin-1 complex is mainly present at the ER membranes un-
der cellular stresses (Maiuri et al., 2007). Our results showed
that the inhibition of BCL2 expression by miR-34c activated
cellular autophagy in HUVEC lines and a mouse HLI model.
In line with our observation, a recent paper uncovered that
disruption of the Beclin-1 and BCL2 interaction by phosphor-
ylation of BCL2 induces autophagy in limb remote ischemic
conditioned rats (Qi et al., 2015). Therefore, reduced BCL2
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expression could induce autophagy by disrupting BCL2/
Beclin-1 interaction, following the upregulation of miR-34c
upon hypoxia.

In our current study, forced expression of miR-34c¢ activat-
ed cellular autophagy and reduced ROS in HUVEC lines under
hypoxia, strongly supporting that miR-34c-stimulated auto-
phagy has a protective effect on the hypoxic stress-induced
cells. However, there are other miRNAs involved in ischemic
injury and autophagy. miR-26a plays a protective role in
ischemic myocardial injury in mice by regulating autophagy
through Usp15 (Liang et al., 2020). In addition, miR-15 and
miR-16 target BCL2 (Pekarsky et al., 2018), although miR-15
and miR-16 are downregulated in hypoxia (Nallamshetty et
al., 2013). Overexpressed miR-372 blcoks autophagy through
p62 upon starvation (Feng et al., 2014). Thus, we cannot ex-
clude the possibility that multiple miRNAs could cooperate to
induce autophagy in response to hypoxia, resulting in amelio-
rating ischemic injury.

In accordance with our current study, miR-34c expression
was slightly higher in the biopsy samples collected from
patients with CAV 1-month post-operatively than in those
from healthy control subjects (Supplementary Materials and
Methods, Supplementary Table S2, Supplementary Fig. S4B).
CAV, an accelerated form of coronary artery disease, is a
main limiting factor for the long-term survival of the cardiac
transplant patients (Pighi et al., 2020; Schmauss and Weis,
2008; Singh et al., 2015). Although cardiac transplantation is
the last chance for patients with end-stage heart failure, the
incidence rate of CAV progressively increases up to 50% at
10 years postoperatively (Pighi et al., 2020). However, the di-
agnosis of CAV is limited and difficult to recognize at the ear-
ly CAV development due to the lack of clinical symptoms for
ischemia (Schmauss and Weis, 2008). Therefore, it is essential
to identify the noninvasive biomarkers that detect CAV. Along
with miR-34a and miR-34b, miR-34c is upregulated in the
mouse heart by transverse aortic constriction, suggested as a
therapeutic target (Bernardo et al., 2012). In our unpublished
preliminary miRNA microarray study, miR-34c expression,
but not miR-34a, was elevated in a CAV patient sample com-
pared with healthy control. The results suggest that miR-34c
could be a diagnostic biomarker of CAV. However, it awaits
further investigations to reveal the mechanisms of miR-34c
directly involved in CAV development, as well as clinical stud-
ies with larger cohorts.

In conclusion, BCL2 was directly repressed by miR-34c,
resulting in cellular autophagy in HUVEC and mouse blood
vessels under conditions of hypoxic/ischemic stress both in
vitro and in vivo. As results, miR-34c played a protective role
in cellular viability of HUVEC upon hypoxia and in a murine
HLI model. Our present study suggests the role of miR-34c in
autophagy and provides insight on the protective effects of
miR-34c in response to hypoxia.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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