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MicroRNAs (miRNAs) as a biomarker of pathology and reg-
ulators of gene expression have been well established through
numerous publications over the last 10 years. Oxidative
stress-related tissue damage is an important component of
many diseases, and more and more studies are focused on
discovering the signature of the regulatory interactions
between redox signaling and specific miRNAs attributing to
the disease. Reactive oxygen species has two faces—the good
ROS and the bad ROS. Sustained high levels of ROS can
cause intracellular damage while oxidants are also important
intracellular signaling molecules, and multiple studies over
the last two decades have implicated redox-dependent signal-
ing as essential to a host of cellular decisions including differ-
entiation, growth, cell death, and senescence. This makes it
all the more important for a well-regulated cellular ROS level,
and miRNAs fill in the role of maintaining this homeostasis.
A dysregulation of normal physiological miRNA levels can
thus lead to oxidative damage and development of disease.

This special issue on microRNA regulation of oxidative
stress encompasses cutting edge articles that focus on the role
of microRNAs in regulating redox biology in several patho-
logical conditions.

(i) Atherosclerosis. Endothelial cell apoptosis under
oxidative stress plays a critical role in the initiation
and progression of atherosclerosis. T. Li et al. have
discovered the role of miRNA-210 in protecting
human umbilical vein endothelial cells against
oxidative stress-induced apoptosis. miRNA-210 is
one of the most well-characterized hypoxamiRs.

(ii)

(iii)

The authors discovered that overexpression of
miRNA-210 inhibited apoptosis and reduced ROS
level in HUVECs treated with H,0, and downreg-
ulated caspase levels. Thus, miRNA-210 has a pro-
survival and antiapoptotic effect on HUVECs
under oxidative stress.

Vascular diseases. Endothelial cell dysfunction is
implicated in various vascular diseases. Intracellu-
lar exchange of miRNAs can happen through
packaging and releasing through exosomes. H. Liu
et al,, in their article, describe a unique cross-talk
between neural progenitor cells (NPCs) and endo-
thelial cells interacting through direct physical
contact or through paracrine mechanisms and
illustrate that miRNA-210 is the key player in the
protective effects of NPC-EXs on attenuating Ang
II-induced ROS overproduction and dysfunction
in endothelial cells, majorly through the Nox2/
ROS and VEGF/VEGFR2 signals.

Myocardial infarction. Cardiomyocytes are exposed
to oxidative stress during ischemia/reperfusion and
often undergo apoptosis. Y.-C. Fang and C.-H.
Yeh explore the role of miRNAs in influencing
cardiomyocyte apoptosis resulting from ischemia-
induced myocardial infarction. The authors deter-
mined that miRNA-302 expression is elevated by
hypoxia/reoxygenation injury, and this increase
in miRNA-302 expression aggravated cardiomyo-
cyte apoptosis by inhibiting antiapoptotic Mcl-1
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(iv)

(v)

(vi)

expression, thereby activating proapoptotic mole-
cules. These findings suggested that elevated
miRNA-302 levels can be detrimental to cells,
whereas decreased miRNA-302 levels are beneficial
and can lead to an effective therapeutic intervention.

Nrf2 and MAFG are two transcription factors
shown to be highly involved in the regulation of
numerous antioxidant and detoxifying genes. In
form of heterodimer, the complex Nrf2:MAFG
binds to and activates the transcription of antioxi-
dant/xenobiotic genes harboring antioxidant
responsive elements (ARE), located in their tran-
scription regulatory sequences. R. Caggiano identi-
fied a new “redoximiR” and discovered that
miRNA-128 directly targets MAFG and in the pro-
cess influences stress responses mediated by ARE-
dependent genes. This work highlights a potential
new prognostic and/or diagnostic marker for skele-
tal muscle diseases and cardiovascular ischemic
diseases.

Hodgkin lymphomas (HL). HL is a cancer that
starts in the lymphocytes. In their paper, P. Karih-
tala et al., for the first time, assessed the microRNAs
that regulate antioxidant enzymes in HL. In a group
of 41 HL patients, quantification of the miRNA
levels from freshly frozen lymph node samples
revealed that miRNA-23b correlated inversely with
CD3 and CD20 expressions and miRNA-144 with
CD3, CD20, and CD30. High MnSOD mRNA
levels associated with poor HL-specific outcome
in the patients with advanced disease, and high
miRNA-122 levels associated with worse HL-
specific survival in the whole patient population.
When standardized according to the CD30 expres-
sion, high miRNA-212 and miRNA-510 levels pre-
dicted worse relapse-free survival. The authors
therefore successfully identified novel biomarkers
for HL.

Type 2 diabetes mellitus (T2DM). T2DM is charac-
terized by inflammatory and oxidant status. L. Sun
et al. studied the effect of a fruit juice of Actinidia
chinensis Planch (FJACP) on the antioxidant and
anti-inflammatory status on 122 Type 2 diabetes
mellitus (T2DM) patients. The authors found that
the treatment resulted in higher levels of serum
miRNA-424, which was positively related to Keapl
and Nrf2 levels, while Keapl and Nrf2 levels were
positively related to the levels of SOD and GSH
and negatively related to proinflammatory IL-1
beta and IL-6. The authors thus concluded that
FJACP treatment can be developed as a novel non-
pharmaceutical intervention for T2DM patients.

Neurological disorders (stroke and dementia). J.
Song et al. investigated whether miRNA-let7A
controls the damage of brain endothelial cells in a
hyperglycemic state. Hyperglycemia can trigger

(vii)
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the disruption of blood-brain barrier (BBB), lead-
ing to diverse neurological diseases including
stroke and dementia. The authors found that
miRNA-let7A overexpression significantly pre-
vented cell death and loss of tight junction proteins
and attenuated proinflammatory response and
nitrite production in the hyperglycemic cells and
thus attenuated brain endothelial cell damage.
Manipulation of miRNA-let7A may therefore
provide a novel solution in controlling BBB dis-
ruption which is a major precursor of central
nervous system diseases.

Cancer and aging. Hepatocellular carcinoma
(HCCQ) is the fifth most common cancer and the
third cause of cancer-related mortality worldwide.
The study by Y. Wan identified miRNAs in
hepatocellular carcinoma (HCC) cells which are
involved in oxidative stress-response. An inte-
grated analysis of miRNA expression signature
revealed four miRNAs (miRNA-34a-5p, miRNA-
1915-3p, miRNA-638, and miRNA-150-3p) ele-
vated under oxidative stress and were found to
play an important role in antiapoptosis process.
The authors found that these four miRNAs were
associated with patients’ overall survival and thus
may offer new strategies for HCC diagnosis and
prognosis.

Wen Li et al, in their work, identified a direct
relationship between ULK1 and miRNA-93 and
suggested that autophagy may be important for
sustaining the viability of the cancerous cell line
during stressful hypoxia condition.

Cellular senescence or cell growth arrest drives
the aging process and age-related disorders.
Aging-induced dysregulation of miRNA biogene-
sis proteins is reported to promote aging and
aging-associated pathologies. The comprehensive
review article by H. Bu covers the importance
of miRNAs in regulating oxidative stress in the
context of aging and cellular senescence.

The findings reported in the article by J. Chao et al.
reveal novel mechanisms of kallistatin in protection
against senescence, aging, and cancer by modulat-
ing miR-34a and miR-21 levels and inhibiting oxi-
dative stress. Kallistatin is an endogenous protein
that regulates gene signaling via its active site and
the heparin-binding domain. Through its heparin-
binding site, kallistatin inhibits inflammation and
oxidative stress by antagonizing TNF-a-induced
NADPH oxidase activity and miR-21 expression,
NF-«B activation, and inflammatory gene expres-
sion in endothelial cells. Through its active site,
kallistatin inhibits miRNA-34a synthesis and stimu-
lates eNOS and SIRT1 expressions in endothelial
progenitor cells. Thus, by dual downregulation of
miRNA-34a and miRNA-21 expressions, kallistatin
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(viii
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=

treatment attenuates oxidative damage and cellular
senescence. Also, by silencing miRNA-21, kallista-
tin inhibits endothelial-mesenchymal transition
that is a major contributor to organ fibrosis and
tumor metastasis.

Hepatic steatosis: X.-Y. Guo studied a novel layer
of epigenetic interaction between circRNA and
miRNA and discovered a potential approach to the
therapy of lipid peroxidative damage. Their findings
reveal a circRNA-0046367/miR-34a/PPAR« regu-
latory system underlying hepatic steatosis. Expres-
sion of circRNA-0046367, which is an endogenous
modulator of miR-34a, is lost during hepatocel-
lular steatosis resulting in miR-34a’s inhibitory
effect on peroxisome proliferator-activated recep-
tor « (PPARa). PPARa restoration by circRNA-
0046367 normalization led to the transcriptional
activation of genes associated with lipid metabo-
lism, including carnitine palmitoyltransferase 2
(CPT2) and acyl-CoA binding domain contain-
ing 3 (ACBD3), thus ameliorating lipoxidative
stress and resulting in the steatosis resolution.

Chronic kidney disease. Renal tubulointerstitial
fibrosis (TIF) is a prominent pathological feature
of chronic kidney disease (CKD) leading to end-
stage renal failure. Blocking or reversing TIF is
one way to halt CKD progression. Y. Fang and
his team studied the role of miRNA-382 in an
obstructed kidney and reported that the abundance
of miRNA-382 was associated with silencing of
heat shock protein 60 (HSPD1) along with upreg-
ulation of 3-nitrotyrosine (3-NT) and downregu-
lation of thioredoxin (Trx). Their work identifies
a novel mechanism in which miRNA-382 contrib-
utes to the redox imbalance in the development of
renal fibrosis.

Taken together, the articles in this special issue contrib-
uted by the experts in the fields of oxidative stress biology
highlight the increasing importance of studying the role
of redox-sensitive microRNAs to identify more effective
biomarkers and develop better therapeutic targets for the
plethora of oxidative stress-related diseases.

Jaideep Banerjee
Savita Khanna
Akash Bhattacharya
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The expression of the core autophagy kinase, Unc51-like kinase 1 (ULK1), is regulated transcriptionally and translationally by
starvation-induced autophagy. However, how ULK1 is regulated during hypoxia is not well understood. Previously, we showed
that ULK1 expression is induced by hypoxia stress. Here, we report a new ULKIl-modulating microRNA, miR-93; its
transcription is negatively correlated with the translation of ULK1 under hypoxic condition. miR-93 targets ULK1 and reduces
its protein levels under hypoxia condition. miR-93 also inhibits hypoxia-induced autophagy by preventing LC3-I to LC3-II
transition and P62 degradation; these processes are reversed by the overexpression of an endogenous miR-93 inhibitor.
Re-expression of ULK1 without miR-93 response elements restores the hypoxia-induced autophagy which is inhibited by
miR-93. Finally, we detected the effects of miR-93 on cell viability and apoptosis in noncancer cell lines and cancer cells. We
found that miR-93 sustains the viability of MEFs (mouse embryonic fibroblasts) and inhibits its apoptosis under hypoxia.
Thus, we conclude that miR-93 is involved in hypoxia-induced autophagy by regulating ULK1. Our results provide a new
angle to understand the complicated regulation of the key autophagy kinase ULK1 during different stress conditions.

1. Introduction

Autophagy is a regulated and highly conserved process that
can develop double-membraned autophagosomes to degrade
large protein aggregates and damaged organelles upon fusing
with lysosomes [1, 2]. Autophagy can not only recycle
intracellular energy resources when the cell is deficient in
nutrients but also remove cytotoxic proteins and damaged

organelles under a lot of stress conditions including pathogen
invasion, hypoxia, and mitochondrial depolarization [3-5].
ULK1 is a mammalian homologue of yeast Atgl [6, 7]. As
an initiator of autophagy, ULK1 regulates autophagy through
interaction of upstream mTOR and AMPK and then trans-
duce signals to downstream mediators [8-13]. ULK1 protein
level can be regulated by a variety of stimuli such as nutrient-
depleted condition, energy deprivation, and hypoxia [14-16].
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In the initial stage of nutrient-depletion condition, the ele-
vated transcription of ULKI is immediately induced, but
after prolonged starvation, the ULKI1 protein level is
reduced because of the suppressed translation as well as
the increased degradation of ULKI1, which limits further
autophagy induction [17-19]. ULKI level is significantly
increased in response to inhibition of mitochondrial respi-
ratory complexes in cell treated with inhibitors of the
mitochondrial complex I (rotenone), complex II (thenoyl-
trifluoroacetone/TTFA), or complex III (antimycin A or
myxothiazol) [17]. Previously, we also found that ULK1 level
is induced in cells subjected to 1% oxygen stress condition or
by mitochondrial depolarized drug, FCCP, indicating that
the ULK1 level is regulated at both transcriptional and trans-
lational levels and is more complicatedly controlled than
previously thought [15, 16].

miRNAs are 17 ~ 22 nucleotide, noncoding and single-
stranded RNA molecules playing a role in a variety of patho-
physiologic processes including apoptosis, cell proliferation,
and differentiation [20-22]. It targets multiple genes via
blocking mRNA translation. Silencing Dicerl, a major com-
ponent of the miRNA-silencing machinery, increases the
levels of the Atg protein and the formation of autophago-
somes in cells [23]. Kapl, also known as TRIM28 (tripartite
motif protein 28), acts as a scaffold for a multimolecular
complex that silences transcription through the formation
of heterochromatin [24, 25]. Hematopoietic-restricted
deletion of Kapl fails to induce mitophagy (the process
of removing damaged mitochondrial through autophagy)-
associated genes [26, 27] and retains mitochondria due
to lack of repression of a subset of microRNAs, which
target mitophagy transcripts. We also found that hypoxia-
responsive miR-137 regulates mitophagy by targeting two
mitophagy receptors FUNDCI and NIX. These findings indi-
cate that miRNAs can regulate autophagy [28, 29]. Although
several studies on microRNA regulation of ULK1 have
been reported, those microRNAs do not respond to hypoxic
environments [30-38].

miR-93 plays a variety of roles in regulating cellular
homeostasis. For example, the expression of miR-93 causes
hypersusceptibility to vesicular stomatitis virus infection in
Dicerl-deficient mice [39]. miR-93 promotes the axon
growth of spinal cord neurons by targeting to EphA4 [40].
In proliferation, miR-93 promotes the proliferation of osteo-
sarcoma cells by targeting PTEN [41, 42].

Nevertheless, how microRNA-modulated key autopha-
gic machinery is involved in hypoxic condition remains
poorly understood. Here, we uncovered the regulating
mechanism between miRNA-93, ULKI1, and hypoxia-
induced autophagy.

2. Materials and Methods

2.1.  Reagents and  Antibodies. DMEM  (Gibco,
C11965500BT), fetal bovine serum (Gibco, 16000044), EBSS
(MACGENE, CC026), FITC Annexin V apoptosis detection
kit I (BD Biosciences, 556547), cell counting kit (YEASEN,
QF0026), lysis buffer (Beyotime, P0013), PVDF mem-
branes (Millipore, ISEQ00010), albumin bovine V (Solarbio,
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A8020), lipofectamine 2000 (Invitrogen, 11668027), Dual-
Luciferase Reporter Assay System (Promega, E1910), and
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining kit (Promega, G3250).
Bafilomycin Al was purchased from Sigma. The following
antibodies were used: anti-ULKI (Sigma-Aldrich, A7481),
anti-P62 (MBL, PMO045), anti-P62 (Abcam, ab56416),
anti-LC3B (Sigma, L7543), anti-c-Myc monoclonal antibody
(Sigma, C3956), anti-3-actin (Sino Biological, 100162-RP02-
100), anti-Gapdh (Transgen, HC301), anti-ULK1 (Sigma,
A7481), anti-ATG5 (Sigma, A0731), anti-ATG7 (Sigma,
A2856), anti-Beclinl (CST, 3738), anti-Tom20 (BD Biosci-
ences, 612278), DAPI (CST, 4083), HRP Affinipure goat
anti-mouse IgG (Earthox, E030110), and HRP Affinipure
goat anti-rabbit IgG (Earthox, E030120). The following
fluorescent secondary antibodies were used: Alexa Fluor
555-labeled donkey anti-mouse IgG antibodies (Invitrogen,
A31570) and Alexa Fluor 488-labeled donkey anti-rabbit
IgG antibodies (Invitrogen, A21206).

2.2. Cell Culture, Hypoxia, Starvation Treatment, and
Transfection. The methods we used in the Materials and
Methods were followed from our previous paper by Li et al.
[43]. MEFs (mouse embryonic fibroblasts), CHO (Chinese
hamster ovary cell), and HeLa cells were used in this
study. Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and 1% penicillin/
streptomycin (Beyotime, referred to as complete medium)
at 37°C and 5% CO,. To determine the levels of autophagy,
we starved cells for different times with EBSS. Hypoxic con-
ditions were achieved with a hypoxia chamber (Billups-
Rothenberg) flushed with a preanalyzed gas mixture of 1%
0,, 5% CO,, and 94% N,. Cell transfection was performed
using lipofectamine 2000 according to protocols provided
by manufacturers.

2.3.  Plasmids. Myc-ULK1 constructs were described
previously. The 3’ untranslated region (UTR) of ULKI
(NM_009469) was amplified from mouse cDNA. The
primers used were as follows: 5-GCGCTAGCCCAGGG
GTCCCTTGCCCAC-3' (UTR, F), 5-GGTCTAGAGTAAA
GTGTGGAAGTTGAGG-3' (UTR, R). PCR products were
cloned into pmirGLO dual-luciferase miRNA target expres-
sion vector (Promega) using Nhel and Xbal restriction sites,
named pmirGLO-ULKI. The corresponding binding site
mutation was also cloned using the following primers: 5-
TTTGTAAGTCACCGGTAACTGCCATGCATACAGAGA
CTGGA-3' (M-UTR, F), 5"-TCCAGTCTCTGTATGCATG
GCAGTTACCGGTGACTTACAAA-3' (M-UTR, R). Muta-
tion, named mutant pmirGLO-ULK]1, was created by site-
directed mutagenesis, changing “gcacttt” to “aactgcc.” Q5"
High-Fidelity DNA Polymerase (Bio Labs, M0491S) was
used for PCR reaction. The plasmids were sequenced to
verify the accuracy.

2.4. siRNAs and miRNAs. Five pairs of siRNAs were
designed and synthesized as follows by GenePharma: si-
ULK1-Mus-488 (sense: CCGUCAAAUGCAUUAACAATT,
antisense: UUGUUAAUGCAUUUGACGGTT), si-ULK1-
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Mus-2457 (sense: GCUGCUUAAGGCUGCAUUUTT, anti-
sense: AAAUGCAGCCUUAAGCAGCTT), si-ULK1-Mus-
3310 (sense: GCUGUGCAAAUGGUACAAUTT, antisense:
AUUGUACCAUUUGCACAGCTT), and negative control
(NC) and negative control FAM (sense: UUCUCCGAACG
UGUCACGUTT, antisense: ACGUGACACGUUCGGAGA
ATT). miR-93 mimics (93) and miR-93 inhibitor (IN-93)
were synthesized by RiboBio (Guangzhou, China) with refer-
ence to miRNA’s sequence information in miRbase. Mean-
while, NControl (NC) and inhibitor NControl (IN-NC)
were also synthesized as a negative control.

2.5. Luciferase Assay. Cells were seeded in 24-well plates 1
day before transfection. For reporter assays, the cells were
transiently cotransfected with 0.8 pg of reporter plasmid in
the presence of 100 nM scramble NC (NC), miR-93 mimics
(93), NC inhibitor (IN-NC), or miR-93 inhibitor (IN-93)
using lipofectamine 2000. Firefly and Renilla luciferase activ-
ities were measured consecutively by using dual-luciferase
reporter assay system according to the manufacturer’s
instructions. Independent experiments were performed
in triplicate.

2.6. qRT-PCR. Total RNA was isolated with TRIzol (Life
Technologies) followed by a DNase treatment to eliminate
contaminating genomic DNA (Thermo, B43) and reverse
transcription reaction (Thermo, K1622). Amplification and
relative quantification of cDNA was carried out with SYBR”
Premix Ex Taq™ (Tli RNaseH Plus) (TaKaRa, RR420A)
according to the manufacturer’s protocol. Relative quanti-
tative PCRs for miRNAs were performed with SYBR Prime-
Script miRNA RT-PCR Kit (TaKaRa, RR716) as described
before. Fold changes were calculated using the 2742
method with normalization to endogenous control. Primers
used were as follows: 5-CTCGCTTCGGCAGCACA-3' (U6-
F), 5~AACGCTTCACGAATTTGCGT-3' (U6-R). miR-93
qPCR primers were purchased from RiboBio (Guangzhou,
China). 5-CCAGGCAGACATTGAGAACA-3' (ULK1-F),
5-GTTGGCAGCAGGTAGTCAGG-3' (ULKI-R), 5-CCAC
CCAGAAGACTGTGGAT-3' (Gapdh-F), 5-CACATTGGG
GGTAGGAACAC-3' (Gapdh-R). Independent experiments
were performed in triplicate.

2.7. Western Blotting. Whole cell lysates used for immuno-
blotting were prepared in lysis buffer containing a phos-
phatase inhibitor (Roche, 4693116001) on ice. Lysates
were mixed with SDS loading buffer and boiled for
10 min. Protein samples were separated on SDS-PAGE gels
and then transferred to PVDF membrane. Membranes were
blocked by 5% nonfat milk (dissolved in PBST) for 1h at
room temperature. Corresponding primary antibody was
used for overnight incubation at 4°C, followed by HRP-
labeled secondary antibodies’ incubation at room tempera-
ture for 2 hrs. For loading controls, membranes were probed
with the antibody against f3-actin or Gapdh. Densitometric
ratios were quantified by Image]J software.

2.8. Immunofluorescence Microscopy. Cells were grown to
60% confluence on a coverslip. After treatment, the cells were
washed in PBS and fixed with 4% paraformaldehyde for

20 mins. After washed twice in PBS, the cells were perme-
abilized with 0.1% Triton X-100 (in PBS). Coverslips were
blocked in 1% albumin bovine V (in PBS) for 30 mins at
room temperature and then were incubated with primary
antibody diluted in PBS (0.01% Triton X-100) for 1 h at room
temperature. After washed with PBS for 4 x 5 mins, second-
ary antibodies were applied. Cell images were captured with
a TCS SPF5 II Leica confocal microscope and software
(LAS-AF-Lite_2.2.0_4758, Germany).

2.9. CCK-8 Assay. Cell viability was measured using the
CCK-8 kit. Briefly, 7x 10° cells in the logarithmic growth
phase were seeded into a 24-well plate and incubated in
500 uL complete medium overnight. MEFs and HeLa cells
were transfected with scramble NC (NC), miR-93 mimics
(93), NC inhibitor (IN-NC), or miR-93 inhibitor (IN-93)
individually for 12h, followed by the treatment of hypoxia
for another 24 h. Moreover, MEFs were transfected with
scramble NC (NC), miR-93 mimics (93), NC inhibitor
(IN-NC), or miR-93 inhibitor (IN-93) individually for
24h, followed by subjecting to starvation for another 1h.
The cell viability was detected according to the manufac-
turer’s instructions. The optical density (OD) at 450 nm
was measured using a microplate spectrophotometer (Biotek,
Epoch). Cell viability was presented using the normal group
as control.

2.10. Flow Cytometry. Cell apoptosis was also assessed by
flow cytometry after Annexin V-FITC/PI staining as manu-
facturer’s instructions. MEFs were transfected with scramble
NC (NC), miR-93 mimics (93), NC inhibitor (IN-NC), or
miR-93 inhibitor (IN-93) individually for 12h, followed by
the treatment of hypoxia for another 24 h. The normal group
was set as control. Analyses were carried out with a COUL-
TER EPICS XL-MCL™ flow cytometer (Beckman Coulter)
equipped with Expo32 ADC analysis software. The cellular
apoptosis rate was mapped by GraphPad Prism 5.

2.11. TUNEL Assay. Briefly, HeLa cells were transfected
with scramble NC (NC), miR-93 mimics (93), NC inhibitor
(IN-NC), or miR-93 inhibitor (IN-93) individually for 12h,
followed by the treatment of hypoxia for another 24h.
Analysis of apoptotic cells was performed using the TUNEL
staining kit following the manufacturer’s instruction, using
normal group as control. Cell images were captured with
an EVOS FL Auto Cell Imaging System (Thermo Fisher
Scientific). The nuclei were counterstained with 4',6-diami-
dino-2-phenylindole (DAPI) (blue). TUNEL-positive cells
had a pyknotic nucleus with dark green fluorescent stain-
ing, indicative of apoptosis.

3. Results

3.1. miR-93 Targets ULK1 and Regulates Its Expression.
ULKI is the initiation factor of autophagy, which belongs
to the family of serine/threonine kinases and is essential for
the induction of autophagy [44, 45]. However, ULKI-
modulating microRNAs are not well understood. In order
to determine the miRNA that targets ULK1, we used DIA-
NALAB to perform bioinformatics search. Interestingly, the



software showed that ULK1 is the target of miR-93. Predic-
tion of the interaction between miR-93 and 3’ UTR of
ULK1 was shown in Figure 1(a). ULK1 contains a miR-93
binding site in the 3' UTR (302-309 nucleotides). We then
used the dual luciferase carrier pmirGLO to verify whether
the miR-93 can identify and bind the 3' UTR of ULKI. The
3" UTR of ULK1 was cloned and inserted into the down-
stream of the firefly luciferase of plasmid pmirGLO. 100 nM
scramble NC (NC), miR-93 mimics (93), NC inhibitor
(IN-NC), or miR-93 inhibitor (IN-93) and a reporter gene
were cotransfected into MEFs, respectively. As shown in
Figure 1(b), the expression of miR-93 inhibited the firefly
luciferase enzyme activity. However, the IN-93 could restore
the activity of luciferase, suggesting the strong inhibitory
effect of endogenous miR-93. Real-time quantitative PCR
(qPCR) was performed by using U6 and Gapdh as the bench-
mark to detect the expression of miR-93 and ULK1 in either
MEFs or CHO cells. The results showed that overexpression
of exogenous miR-93 mimics or miR-93 inhibitor group was
successful. ULK1 and miR-93 were individually inhibited by
93 and IN-93 (Figures 1(c) and 1(d)). The NC, 93, IN-NC,
and IN-93 were also transfected into the cells for 24h to
detect the protein expression of ULK1 to confirm the
inhibitory effect of miR-93 by Western blotting. miR-93,
respectively, decreased the expression of ULK1 by 32%
(in MEFs) and 70% (in CHO cells). Nevertheless, miR-93
inhibitor increased the expression of ULK1 by 28% (in
MEFs) and 32% (in CHO cells) (Figures 1(e) and 1(f)). In
order to exclude the off-target effects of miR-93 and to
monitor a time course of the inhibitory effect of miR-93
to ULKI, some other autophagy-related genes were also
examined by Western blotting. The expression of ATGS5,
ATG?7, Beclinl, or Tom20 did not change when exoge-
nously overexpressed with miR-93 and did not increase
while exogenously overexpressed with miR-93 inhibitor
(IN-93) (Figures 1(g) and 1(h)).

3.2. miR-93 Suppresses Hypoxia-Induced Autophagy. In order
to find out whether miR-93 regulates the expression of ULK1
under the condition of hypoxia, cells were divided into four
groups according to the time of hypoxia. Similarly as before,
the protein levels of ULK1, P62, and LC3 transition con-
firmed that hypoxia could induce autophagy (Figure 2(a)).
In hypoxia groups, the expression levels of ULK1 and LC3-
I to LC3-1I transition were increased but the expression of
P62 was reduced (Figure 2(a)). The transcriptional and trans-
lational levels of ULK1 were higher than those in the normal
group (Figures 2(a) and 2(b)). In contrast, the expression of
miR-93 decreased during hypoxia (Figure 2(b)). Based on
the above findings, we hypothesized that miR-93 might play
an important role in hypoxia-induced autophagy. We then
transfected scramble NC (NC), miR-93 mimics (93), NC
inhibitor (IN-NC), or miR-93 inhibitor (IN-93) to examine
their roles in hypoxia-induced autophagy. We found that
miR-93 caused the downregulation of ULK1 as well as upreg-
ulation of P62, and decreased the ratio of LC3-II to LC3-I
under hypoxic condition (Figure 2(c)). In contrast, this effect
could be reversed by the endogenously overexpressed IN-93
during hypoxia. The expression of ULK1 in miR-93 group
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was lower than that in NC group. Compared to IN-NC
group, IN-93 group promoted the expressional level of
ULK1 (Figure 2(c)). Lysosomal inhibitor Bafilomycin Al
(BAF1) prevented the transition of LC3 and P62 protein deg-
radation under hypoxic condition, indicating that hypoxia
promotes the improvement of autophagic flux. The densito-
metric ratios from the samples were quantified by using
Image] (Figure 2(c)). The results were further examined by
immunofluorescence. The samples were stained with anti-
ULKI1 (green) and anti-P62 (red) antibodies. miR-93 inhib-
ited the expression of ULK1 as well as its puncta formation
during hypoxia (Figure 2(d)). On the contrary, miR-93
increased the P62 puncta under the same condition. Con-
versely, this effect could be reversed by IN-93, an inhibitor
of endogenous miR-93. Upon inhibition of endogenous
miR-93, ULK1 puncta increased accompanied by decreased
expressional level of P62 (Figure 2(d)).

3.3. The Knockdown of ULK1 by siRNA Suppressed Hypoxia-
Induced Autophagy. From the above results, we knew that
hypoxia could trigger the decrease of miR-93 and the
increase of ULK1 expression and consequently induce
autophagy. Therefore, the modulatory effect of miR-93 on
ULKI might become less relevant since the weakened expres-
sion of miR-93 under hypoxic condition. To determine the
relevance of miR-93 in the regulation of ULKI, siRNA of
ULK1 was used to reveal that if knocking down of ULK1
had the same effect similar to miR-93 in hypoxia-induced
autophagy. It is clear that siRNA, a class of double-stranded
RNA molecules, interferes with the expression of specific
genes by degrading mRNA after transcription (via comple-
mentary nucleotide sequences), resulting in no translation
[46, 47]. Four pairs of siRNAs (including negative control)
were designed, synthesized, and transfected into MEFs and
CHO cells. Fortunately, we found the most effective siRNA
interference site (488) attributing to its interference efficiency
in MEEF cells (~40%) and CHO cells (~60%) (Figures 3(a) and
3(b)). We then transfected si-ULK1 (488) and negative con-
trol RNA (NC) to examine their roles in hypoxia-induced
autophagy. We found that si-ULK1 caused the downregula-
tion of ULKI as well as upregulation of P62 and decreased
the ratio of LC3-II/LC3-I under hypoxic condition. The
expression of ULKI in si-ULK1 group was lower than that
in NC group. BAF1 prevented the transition of LC3 and
P62 protein degradation under hypoxic condition. The den-
sitometric ratios from the samples were quantified by using
Image] (Figure 3(c)). The results were further examined by
immunofluorescence. The samples were stained with anti-
ULKI1 (green) and anti-P62 (red) antibodies. si-ULK1 inhib-
ited the expression of ULK1 as well as its puncta formation
during hypoxia. On the contrary, si-ULK1 increased the
P62 puncta under the same condition (Figure 3(d)).

3.4. Re-Expression of ULKI without miR-93 Binding
Elements Restores Autophagy Inhibited by miR-93. In order
to verify that the inhibition of ULK1 is due to miR-93, we
evaluated the expression of ULKI1-Myc (CDS) which
lacked the miR-93 recognition element so that it can resist
miR-93-mediated inhibition. ULK1-Myc (CDS) transfection
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FIGURE 1: miR-93 targets ULK1 and regulates its expression. (a) Predicted binding sites of mmu-miR-93 to the 3' UTR of ULK1. The short
vertical lines indicate complementary paired bases of miR-93 and ULK1. The 302-309 nucleotides of ULK1 3’ UTR present the miRNA
regulatory element (MRE). The underlined bases were mutant MRE. (b) Luciferase reporter assay by the interaction between miR-93 and
the predicted MRE in MEFs. Each luciferase construct was cotransfected with scramble NC (NC), scramble IN-NC (IN-NC), miR-93
mimics (93), or miR-93 inhibitor (IN-93). At approximately 24h after transfection, the luciferase activity was detected. The firefly
luciferase activity was normalized to Renilla. Data were shown as the mean+S.D. from three independent experiments. **P < 0.01.
(c) miR-93 represses the endogenous ULK1 expression in MEFs. NC, 93, IN-NC, and IN-93 were transfected into MEFs. At 24h
after transfection, QPCR was performed to detect the expression of miR-93 and ULK1. Data were from three independent experiments.
*P <0.05 **P <0.01; ***P <0.001. (d) miR-93 represses the endogenous ULK1 expression in CHO cells. NC, 93, IN-NC, and IN-93 were
transfected into CHO cells. At 24 h after transfection, gPCR was performed to detect the expression of miR-93 and ULKI. Data were from
three independent experiments. **P < 0.01; ***P < 0.001. (e) Cell lysates in (c) were prepared and subjected to Western blot analysis by
using anti-ULK1 and anti-$-actin antibody. The densitometric ratios of ULK1/actin from the samples were quantified by using Image].
Data were from three independent experiments. Representative data are shown. (f) Cell lysates in (d) were prepared and subjected to
Western blot analysis by using anti-ULK1 and anti-$-actin antibody. The densitometric ratios of ULK1/actin from the samples were
quantified by using Image]. Data were from three independent experiments. Representative data are shown. (g, h) MEFs and CHO cells
were transfected with miR-93 (93) and miR-93 inhibitor (IN-93) for 24 h, 48 h, and 72 h, individually, setting group NC as a control. Cell
lysates were prepared and subjected to Western blot analysis by using anti-ULK1, anti-ATGS5, anti-ATG7, anti-Beclinl, anti-Tom20, and
anti-Gapdh. Data were from three independent experiments. Representative data are shown.
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effectively induced the P62 degradation and LC3-I to II
transition even in the presence of miR-93 under hypoxia
(Figure 4(a)). In order to distinguish the immunoreactivity-
derived signal from the background staining, MEFs were
fixed, permeabilized, and only stained with the second
antibody donkey anti-rabbit 488 or donkey anti-mouse 555.
As seen from Figure 4(b), there was no fluorescence signal
of MEFs. Consistent with Figure 4(a), immunofluorescence
results revealed that ULK1-Myc could effectively induce
P62 degradation which was inhibited by exogenous
overexpression of miR-93 under hypoxia as confirmed by
WB (Figure 4(b)).

3.5. The Effects of miR-93 on Cell Viability and Apoptosis in
Noncancer Cell Lines and Cancer Cells. Some genes involved
in cell death are associated with the autophagy pathway.
Excessive autophagy leads to cell death due to excessive
digestion of essential intracellular proteins and organelles,
which triggers the death signal [48-50]. Considering that
miR-93 is involved in hypoxia by targeting key autophagy
proteins, we assessed whether miR-93 is involved in cell
viability in nutrient-depleted condition or during hypoxia.
We used the cell counting kit to analyze and evaluate the cell
viability during either condition. The cell viability of MEFs
decreased to about 65%, in these conditions (Figures 5(a)
and 5(b)). Upon starvation, the cell viability of MEFs did
not change notably after the exogenous overexpression of
miR-93 or miR-93 inhibitor, compared to NC or IN-NC
group. Although the cell viability of MEFs between NC
+ starvation group and IN-NC + starvation group seemed to
be different, there was no significant difference between the
two groups (P = 0.09) (Figure 5(a)). Unlike starvation condi-
tion, in hypoxic condition, the miR-93 group recovered the
cell viability from 65% to 136% (+6%) compared with NC
group, while IN-93 further dampened the cell viability of
MEFs to about 74% (+21%) during hypoxia, (Figure 5(b)).
Although the cell viability of MEFs between NC + hypoxia
group and IN-NC + hypoxia group seemed to vary, there was
no significant difference between the two groups (P =0.21)
(Figure 5(b)). We subsequently examined whether miR-93
protected the cells from hypoxic stress by weakening cell apo-
ptosis. Flow cytometry analysis revealed that miR-93
decreased hypoxia-induced cell apoptosis of MEFs, which
was reversed by miR-93 inhibitor (IN-93) (Figure 5(c)).
Given that autophagy and hypoxia are implicated to play
an important role in cancer, we further investigated miR-
93-based regulation of ULK1, and hypoxia-mediated modu-
lation of miR-93 in human cancer cells. HeLa cells were used
to take cell viability test and TUNEL assay. As shown in
Figure 5(d), the cell viability of HeLa was dramatically
reduced under hypoxic condition, compared with normal
group. Interestingly, the exogenous overexpressed miR-93
(93) further accelerated the decrease of cell viability under
the stress of hypoxia. By contrast, miR-93 inhibitor (IN-93)
could reverse the cell viability by reducing the expression of
endogenous miR-93. In view of the interesting experimental
phenomena mentioned above, we did the TUNEL assay
afterwards. Nevertheless, the overall apoptosis differences
between groups were not significant (Figure 5(e)).
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4. Discussion

Here, we found that the expression of ULK1 was upregulated
but miR-93 level was declined under hypoxic condition.
Their expression patterns showed a negative correlation
(Figure 2). By using LAB DIANA, we uncovered a direct rela-
tionship of miR-93 and ULKI. The 3' UTR of ULKI1 had
miR-93 pairing sites. The luciferase activity assay, quantita-
tive RT-PCR, and Western blotting results showed that
miR-93, when overexpressed, regulated ULK1 at the tran-
scriptional and posttranscriptional levels. The inhibitory
effect of miR-93 on ULK1 was also observed under hypoxic
condition (Figure 2). Immunofluorescence showed that the
expression of ULK1 was declined and the P62 level was
increased by miR-93 (Figure 2). To determine the relevance
of miR-93 in the regulation of ULK1, siRNA of ULKI was
used to reveal that knockdown of ULK1 had the same effect
as compared to miR-93 in hypoxia-induced autophagy. Data
showed that hypoxia induced autophagy was indeed sup-
pressed after interference with ULK1 (Figure 3). This is con-
sistent with the results from miR-93. In order to verify that
the inhibition of ULK1 was caused by miR-93, we assessed
whether the ULK1 plasmid lacking the miR-93 recognition
element was able to resist miR-93-mediated inhibition.
Immunofluorescence and Western blotting indicate that
ULKI1 plasmid that lacks miR-93 recognition element can
rescue the autophagy inhibited by miR-93 (Figure 4).
Substantial progress helps us to understand the molecu-
lar mechanism of autophagy but there are still a lot of
unknowns needed to be further clarified. Recent evidence
that most autophagy genes can be regulated by miRNAs
increases a more complicated cellular layer control of
autophagy. Autophagy and microRNAs seem to have mutual
communications with each other. On one hand, microRNAs
regulate autophagy by directly targeting the autophagy genes
including Beclinl [51, 52], ATG3 [53], or ATGS5 [54] as well
as mitophagy genes, FUNDCI and NIX [29]. On the other
hand, autophagy activity modulates miRNA-mediated gene
silencing and degrades the core miRISC component [55].
We found the negative correlation of miR-93 and ULKI.
While ULKI is induced and miR-93 is decreased under hyp-
oxia. Interestingly, Hazarika et al. reported that hypoxia
induced an increased expression of miR-93 [56], but Ke
and colleagues observed a decreased level of miR-93 [41],
which is consistent with our observations. We thought that
the discrepancy may be due to the use of different cell types.
The cellular level of ULK1 is coordinately controlled by a
variety of mechanisms. During early stages of autophagy, the
E3 ligase complex AMBRAI-TRAF6 mediates K63-linked
polyubiquitination of ULKI to maintain its stability and
kinase activity [57]. On the contrary, Cullin/KLHL20 cata-
lyzes K48-linked polyubiquitination of ULK1 for proteasome
degradation during prolonged nutrient starvation, thus pro-
viding negative feedback loop of the autophagy control
[17]. Recently, Nazio et al. provide evidence that levels and
activity of ULK1 are temporally controlled by NEDDA4L-
mediated degradation and mTOR-dependent de novo pro-
tein synthesis to modulate the duration of the autophagy
response during prolonged starvation [19]. Similarly, the
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FIGURE 4: Re-expression of ULK1 without miR-93 response elements restores autophagy inhibited by miR-93. (a) MEFs were transfected with
scramble NC (NC) and miR-93 mimics (93) or cotransfected miR-93 mimics (93) with the indicated constructs (ULK1-Myc) for 24 h by using
the normal group as a control. Protein samples were collected and the expression of ULK1, Myc, LC3, and P62 was analyzed through Western
blot. Actin was used as a loading control. (b) MEFs were fixed and immunostained by donkey anti-rabbit 488 or donkey anti-mouse 555. Scale
bar, 20 um. (c) MEFs were treated the same as (a). Cells were fixed and immunostained by anti-ULK1 (green) and anti-P62 (red) antibodies.

Scale bar, 20 ym.

ULK1 expression is induced under hypoxia treatment. Our
previous results demonstrate that the level of ULK1 is regu-
lated by hypoxia from tens of minutes to 24 hours [15, 16].
But the expression of ULK1 declines if the hypoxic time is
longer than 36 hours, indicating that the ULK1 expression
is controlled by multiple cellular factors.

In this study, we have discovered that ULK1 is a new
target gene of miR-93. Unlike the effect of miR-93 in
nutrient-deprivation condition, our results show that miR-
93 was able to recover the cell viability and lower the rate of
apoptosis compared to the NC group under hypoxic condi-
tion in noncancerous MEFs, indicating that miR-93 might
contribute some beneficial effects to this kind of cells under
hypoxia. However, the effect of miR-93 in cancerous cell line
HelLa is quite different. The cell viability of HeLa was dramat-
ically reduced under hypoxic condition, compared with nor-
mal group. But, the exogenous overexpressed miR-93 (93)
further accelerated the decrease of cell viability under the

stress of hypoxia. By contrast, miR-93 inhibitor (IN-93)
could revert the cell viability by reducing the expression of
endogenous miR-93. The data suggests that autophagy
might be more important for sustaining the viability of
the cancerous cell line than noncancer cell lines during
stressful hypoxia condition. Nevertheless, the overall apopto-
sis differences between groups were not significant (Figure 5).
The different cell viability results of miR-93 in cancerous and
noncancerous cell lines under hypoxia condition demon-
strated a quite complex regulation of microRNA, autophagy,
and cells that undergo hypoxic stress. This may be because of
that the metabolism and oxygen consumption rate varies in
cancerous and noncancerous cell lines. The detailed molecu-
lar mechanism needs to be further investigated.

We also observed that hypoxia substantially increases
autophagy flux by upregulating the levels of ULKI and
suppresses the expression of miR-93 (Figure 2). This study
provides a novel insight into how the oscillation level of
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F1GURE 5: The effects of miR-93 on cell viability and apoptosis in noncancer cell lines and cancer cells. (a, b) CCK8 proliferation assays were
performed on MEFs transfected with indicated RNA for 12 h. MEFs were exposed to starvation or hypoxic conditions for another 24 h. The
graph represents the cell proliferation of three replicates with standard deviation represented by error bars. **P < 0.01; ***P < 0.001. (c) MEFs
were transfected with the indicated microRNAs or left untransfected for 12 h; the cells were exposed to hypoxic condition for another 24 h.
The cell apoptosis rate was detected by flow cytometry. Cellular apoptosis rate was calculated by GraphPad Prism 5. (d) HeLa cells were
transfected with scramble NC (NC), miR-93 mimics (93), scramble IN-NC (IN-NC), or miR-93 inhibitor (IN-93) for 12h, followed
by hypoxic treatment for another 24h. Normal group was set as control. The CCK8 proliferation assays were detected. *P < 0.05;
****P<0.0001. (e) HeLa cells were treated as (d), then subjected to TUNEL staining. DAPI (blue), TUNEL-positive cells (green).

Magnification, 20x.

ULK1 is maintained by miR-93, and miR-93-modulated key
autophagic machinery involved in hypoxic microenvironment.
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MAFG (v-Maf avian musculoaponeurotic fibrosarcoma oncogene homolog G) is a bZIP-type transcriptional regulator that belongs
to the small MAF (sMAFs) protein family. By interacting with other bZIP transcription factors, sMAFs can form homo- and
heterodimers governing either repressive or activating transcriptional functions. As heterodimeric partner of Nrf2, MAFG
positively influences the ARE-dependent antioxidant/xenobiotic pathways, at least in condition of a correct MAFG:Nrf2 balance.
MicroRNAs (miRs) participate to different regulatory networks being involved as fine-tuning regulators of gene expression.
However, the connections between cellular surveillance to stresses mediated by MAFG:Nrf2 and miR regulations are not well
understood. Here, we explored the impact of miR-128 in expression of genes related to stress response. Bioinformatic
predictions coupled with functional analysis revealed the presence of miR-128 binding site in the 3UTR of MAFG. Ectopic
miR-128 expression correlated with reduced expression of endogenous MAFG-dependent genes and negatively affected
ARE-mediated molecular phenotype based on Nrf2 activity. Indeed, miR-128 impairs redox-dependent pathways induced
in response to oxidative stress. Moreover, in condition of hypoxia, MAFG induction correlated with reduced levels of miR-128.
This lead to increased mRNA levels of HMOX-1 and x-CT for blunting stress. Overall, these findings identify MAFG as

novel direct target of miR-128.

1. Introduction

In response to oxidative and xenobiotic stresses, cells activate
numerous defense systems associated with both enzymatic
and not enzymatic activities. The events underlying these
redox-related responses are accomplished by a tight regula-
tion of gene expression patterns involving multilayered
regulatory mechanisms [1, 2]. Two transcription factors
shown to be highly involved in the regulation of numerous
antioxidant and detoxifying genes at transcriptional levels
are Nrf2 [nuclear factor (erythroid-derived 2)-like 2] [3-5]
and MAFG (v-Maf avian musculoaponeurotic fibrosarcoma
oncogene homolog G) [6]. In particular, in the form of het-
erodimer, the complex Nrf22MAFG binds to and activates
the transcription of antioxidant/xenobiotic genes harboring

antioxidant responsive elements (ARE)/electrophile respon-
sive elements (core ARE: TGACNNNGC), located in their
transcription regulatory sequences [7, 8].

The proteins of the MAF family, described for the first
time as a viral oncogene in their prototype v-Maf, are tran-
scription factors, which are widely known to participate in
gene expression regulation [9]. The MAF family consists of
7 members, which are grouped into “large” (c-Maf, MafA,
MafB, and Nrl) and “small” (MafG, MafK, and MafF) Maf
subfamily, based on their size [6]. Each member of the
MAF family harbors a basic-leucine zipper (b-ZIP) domain
involved in DNA binding and in dimer formation, either
with themselves or with different b-ZIP transcription factors,
in particular Nrf2 [10, 11]. In addition to the b-ZIP domain,
large Maf proteins also possess an acidic transcriptional
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activation domain (TAD) that, on the contrary, is absent in
the small Mafs (sMafs). For this reason, the regulatory activ-
ity of small Mafs on gene transcription can be positive or
negative, depending on their specific partner and on the pro-
moter context. In general, homodimers of sMafs lacking
TAD (i.e., MafG:MafK) repress gene transcription by binding
to the Maf recognition element (MARE: TGCTGACT
CAGCA) [6, 12]. The heterodimers with cap ‘n’ collar
(CNCQC) proteins such as p45 NF-E2 [13] or with NF-E2-
related factors (Nrfl, Nrf2, and Nrf3) [14, 15] as well as with
the Bach (BTB and CNC homology) factors (Bachl and
Bach2) [16], unlike homodimers, can either function as
transcriptional activators or repressors [6]. Among these, as
mentioned before, the Nrf2:sMaf heterodimers promote
transcription and represent the most relevant means for
adjusting a multitude of intracellular protein levels in
response to oxidative/electrophilic stresses [5]. Under basal
unstressed conditions, Nrf2 is polyubiquitinated and targeted
to 26S proteasome by the Kelch-like ECH-associated protein
1(Keapl)-Cul3 E3 ligase complex [17]. Stresses provoke
dissociation of Keapl through modification of specific cyste-
ine residues [18]. Thus, Nrf2 can migrate into the nucleus,
where in association with sMaf, in particular MAFG, binds
to the promoters of target genes harboring ARE sequences
to activate their transcription [8].

sMafs also interact with HIF-la to positively regulate
hypoxic responses [19]. On the other hand, Bachl:sMaf
heterodimers act as negative regulator of the HMOX-1 gene
and its role is supported by genetic data [20]. In addition,
Fang and colleagues recently demonstrated that high MAFG
levels driven by BRAF (V600) recruit Bachl as partner along
with CHDS, a chromatin remodeling factor, and DNMT?3B,
a DNA methyltransferase, to trigger epigenetic silencing of
genes frequently hypermethylated in melanoma and colo-
rectal cancer [21].

In the last decades, microRNAs (miRs) have added a new
layer of complexity to the regulatory mechanisms underlying
gene expression [22, 23]. miRs are small endogenous non-
coding RNAs that downmodulate protein expression at
posttranscriptional level. By interacting with specific regions,
generally localized in the 3'-untranslated regions (UTRs) of
transcripts, miRs mediate repression of mRNA translation
or stability [24, 25]. Given that each single miR could target
multiple transcripts and often a miR regulates several targets
of the same pathway, they supervise cellular signaling and
networks involved in fundamental biological processes,
including stress responses [26-28].

Numerous studies have shown that miR-128 is involved
in different cellular processes such as differentiation, apopto-
sis, senescence, and metabolism [29-32]. Here, we investi-
gated its role in the stress/antioxidant networks regulated
by the heterodimeric complex Nrf2:MAFG. We demon-
strated that miR-128 by targeting MAFG influences stress
responses mediated by ARE-dependent genes.

2. Materials and Methods

2.1. Cell Cultures and Reagents. Human embryonic kidney
HEK293 cells and mouse myogenic C2C12 cells were

Oxidative Medicine and Cellular Longevity

obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Thermo Fisher SCIEN-
TIFIC, Italia, Monza, Italy) supplemented with fetal bovine
serum (FBS) (Invitrogen) at 10% for HEK293 and 20% for
C2C12 cells. To induce differentiation of C2C12 cells, cul-
ture medium was replaced to near-confluent cultures (about
90%) with DMEM containing 2% horse serum (Thermo
Fisher SCIENTIFIC).

Hypoxia (2% O,) for 4h was induced when C2C12 cells
were at 85% confluence. After being washed three times with
phosphate-buffered saline (PBS), cultures were transferred to
a 37°C incubator within a hypoxic chamber (93% N,, 5%
CO,, 2% 0,), and culture medium was replaced with a saline
buffer that was prebubbled for five minutes with the same gas
mix, to provide an average O, pressure (14.7 mmHg) equiva-
lent to that in the ambient air of the chamber.

Treatments with diethylmaleate (DEM) (Sigma-Aldrich,
Milan, Italy) were performed for 2h (HEK293) or 4h
(C2C12) using a final concentration of 200 M in complete
culture medium.

2.2. Plasmid Constructs and Transfections. The plasmid
expressing miR-128 (pCMV-miR-128) was obtained by clon-
ing the human ARPP21 intronic region of 284bp encom-
passing the pre-miR-128-2 sequence with 100bp upstream
and downstream flanking sequences into pRcCMVneo vec-
tor. This fragment was prepared from human IMR90 DNA
by PCR using the following oligonucleotides: 5'-ACgTA
AAAgCTTAAgAAggCTATTgACAATCCAg-3' and 5'-CgA
CATATCTAgATTTggTCAgCAggAATgaCAC  harboring
HindIII and Xbal restriction sites, respectively. The identity
of the cloned region was established by digestion and con-
firmed by sequencing. The expression of mature miR-128
was evaluated by Northern blot (Supplementary Materials
available online at https://doi.org/10.1155/2017/9308310) in
HEK293 cells and miR-128 levels measured by reverse
transcription-quantitative real-time PCR (RT-qPCR).

The luciferase constructs were produced by cloning the 3’
UTR regions with the miR-128 site/s of candidate genes into
the pGL3-control vector, downstream the Firefly luciferase
gene (Promega, Madison, WI, USA). The 3'UTR fragment
of MAFG was amplified by PCR using human IMR90 DNA
with primer pairs containing Xbal sites: 5'-ATCATTCTA
GAGGATCCATGCAGGCATGCTGGCTCC-3" and 5'-AT
CATTCTAGATTCAAGCTACTATCAGACAATGT-3'. The
3'UTR of Nrf2 was obtained from the full length cDNA
(LM.A.G.E.: 4548874) by using the following primers with
Xba sites: 5'-ACGTACTCAGATTTAGGAGGATTTGAC
CT-3' and 5'-ACGTACTCAGATAACAGTCATAATAAT
CCTTTATTA-3'. The orientation of the cloned fragments
was established by digestion and confirmed by sequencing.
The pGL3 constructs with the reverse orientation were used
as negative controls. All the plasmids bearing the 3'UTR frag-
ments were transfected in HEK293 cells with Lipofectamine
2000 Reagent (Thermo Fisher SCIENTIFIC) in 24-well plates
(40.000 cells/well), according to the manufacturer’s instruc-
tions, and cotransfected with synthetic pre-miR-128 (ID:
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PM1176) or pre-miR-negative control number 1 (100 nM)
(Thermo Fisher SCIENTIFIC) as well as with pCMV-miR-
128 or pCMVneo (ratio 1:5). Transfections of cells with
synthetic pre-miR-128 or pre-miR negative control were
performed as previously described [33].

The plasmid expressing the FLAG-tagged Nrf2 and the
plasmids GSTAI-LUC, x-CT-LUC, and NQOI1-LUC
bearing the promoters of the respective genes driving the
expression of luciferase reporter gene have been described
previously [34, 35].

2.3. Luciferase Reporter Assay. The pGL3-3'UTR constructs
(100ng) were cotransfected with the Renilla luciferase
reporter plasmid (20 ng) as an internal control using Lipo-
fectamine 2000 (Thermo Fisher SCIENTIFIC) in HEK293
cells in the presence of miR-128 or negative control. Lucifer-
ase activity was measured at 24h after transfection using a
dual luciferase reporter assay (Promega) according to the
manufacturer’s instructions and performed on a 20/20"
Luminometer (Turner BioSystems, Sunnyvale, CA, USA).
Relative luciferase activity was calculated by normalizing
the Firefly luminescence to the Renilla luminescence and
then calculated relative to the control. C2C12 cells plated
in 24-well plates (30.000 cells/well) were cotransfected with
the GSTA1-LUC, x-CT-LUC, and NQOI1-LUC constructs
(500 ng) and FLAG-Nrf2 or empty vector (60 ng) and simul-
taneously with miR-128 expressing plasmid or empty vector
(500 ng) using Lipofectamine® LTX Reagent (Thermo Fisher
SCIENTIFIC) according to the manufacturer’s instructions.
All the transfections also contained a Renilla luciferase
construct (40 ng) for internal normalization. Cells were then
harvested at 36h after transfections, and luciferase activity
was determined as described above.

2.4. Western Blotting. Total proteins were extracted from
transfected cells/treated cells with a buffer containing
0.02M HEPES (pH?7.9), 0.4 M NaCl, 0.1% NP-40, 10% v/v
glycerol, 1 mM NaF, 1 mM Na;VO4, and a protease inhibitor
cocktail (Sigma-Aldrich). Cytoplasmic and nuclear proteins
were fractionated as previously described [34], and cyto-
solic/nuclear fractions were evaluated by using the antibody
of UCHL3 [36]. Cellular protein extracts were loaded on
SDS-PAGE, followed by blotting to PVDF membranes. After
blocking in nonfat milk solution, membranes were probed
with specific primary antibodies (indicated below) and then
incubated with horseradish peroxidase-conjugated second-
ary antibodies for 1h. Protein bands were visualized
using the ECL chemiluminescence system (Amersham,
Buckinghamshire, UK).

Murine adductor muscles were homogenized using the
program Protein_1 on a gentleMACS tissue Dissociator
(Miltenyi Biotec) [37]. Briefly, tissues were lysated in a buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% NP-
40, 1mM EDTA, 0.25% sodium deoxycholate, 10 mM NaF,
10 uM Na,;VO4, 1 mM PMSF, and protease inhibitor cocktail
(10 g/mg aprotinin, 10 g/ml pepstatin, and 10 g/ml leupep-
tin). Lysates were centrifuged at 14,000 rpm for 15 min, and
protein concentrations were measured using Bio-Rad assay

kit (Bio-Rad) and immunoblotting was performed as
described [38].

MAFG antibody was from GeneTex (GTX114541);
HIF-1a antibody was from Novus Biologicals (NB100-105).
Antibody of FLAG M2 was from Sigma-Aldrich. Antibodies
of Nrf2 (number SC-13032), BMI-1 (number SC-390443),
HMOZX-1 (number SC-136960), tubulin (number SC-8035),
UCHL3 (number SC-100340), and vinculin (number SC-
7649) were from Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA.

2.5. Reverse Transcription-Quantitative Real-Time PCR (RT-
qPCR). Total RNA was extracted using TRIzol reagent
(Thermo Fisher SCIENTIFIC), and ¢cDNA was synthesized
from one ug of RNA using random primers and iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA,
USA). mRNA levels were quantified using IQ SYBR green
supermix (Bio-Rad Laboratories) on the CFX96 real-time
system instrument (Bio-Rad). Specific primers located in dif-
ferent exons of the same gene were designed to detect relative
mRNA levels. The housekeeping -2 microglobulin or c-ABL
genes were used for internal normalization. All the PCR
reactions were performed in triplicate, and PCR products
were also visualized on agarose gels after ethidium bromide
staining. The oligonucleotide sequences are reported in
Supplemental Table S2. Relative fold variations were
calculated using the 27*“* method by the formula:
2~ (sampleACt—controlACt)  \vhere ACt is the difference between
the amplification fluorescent thresholds of the gene of
interest and the internal reference gene/s used for nor-
malization [39].

To detect the levels of mature miR-128, total RNA was
prepared with TRIzol reagent (Thermo Fisher SCIENTIFIC)
and miR amounts were evaluated by using the TaqgMan
miRNA assay kit (Thermo Fisher SCIENTIFIC). For normal-
ization of RNA levels, the amounts of small nucleolar RNA
RNUG6 (Thermo Fisher SCIENTIFIC) were measured [39].

2.6. Animal Studies. All experiments involving animals were
conforming to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication 8th edition, update 2011) and were
approved by the animal welfare regulation of the University
of Naples Federico II, Italy. Wild-type C57BL/6 male mice
(age 8 to 9 weeks) were included in the study and maintained
under identical conditions of temperature (21 + 1°C), humid-
ity (60+5%), and light/dark cycle and had free access to
normal mouse chow.

2.7. Peripheral Ischemia Procedure. Mice were anesthetized
with an intraperitoneal injection of 1 ml/kg (50 mg/kg) of a
mixture of 50% tiletamine and 50% zolazepam (50 mg/ml
tiletamine and 50 mg/ml di zolazepam, Zoletil 100) plus xyla-
zine 5mg/kg (Sigma-Aldrich). The adequacy of anaesthesia
was confirmed by the absence of reflex response to foot
squeeze. Hindlimb ischemia was induced as previously
described (PI, n=7) [40]. Briefly, the proximal and distal
portions of the left femoral artery were ligated and arteriect-
omy was performed between these two sites. Mice were laid



on a heating pad (37°C) under anaesthesia, and their blood
flow was measured by a laser Doppler perfusion imager
(Perimed, Periscan, USA) in the ischemic and nonischemic
limbs before and 0 and 4 hours after surgery, to confirm
vascularization impairment after the procedure. SHAM-
operated animals underwent the same procedure without
femoral artery ligation (SHAM, n=4). All SHAM-
operated controls and all mice subjected to peripheral
ischemia (PI) survived.

2.8. Statistical Analysis. For the statistical analyses, the
Student’s t-test was used; data were considered significant
at a value of p < 0.05.

3. Results

3.1. MAFG Is a Novel Direct Target of miR-128. A previous
study of Venkataraman et al. reports that miR-128 promotes
intracellular ROS increases [31]. Given that Nrf2 signaling is
the main driver of the transcriptional program inducing the
expression of a wide range of antioxidant genes [3-5], we
hypothesized that miR-128 would affect this regulatory path-
way. Thus, we used in silico prediction programs to search
for putative targets of miR-128 among the components of
Nrf2 pathway. TargetScan, miRanda, and RNAhybrid algo-
rithms predicted conserved seed region/s of miR-128 in the
3'UTRs of Nrf2 and MAFG as well as on the Nrf2-regulated
gene x-CT (Supplemental Table S1). Since Nrf2 and MAFG
are transcription factors and both implicated in the activa-
tion of ARE-dependent transcription [8], we performed fur-
ther analyses on these genes. To assess whether Nrf2 and
MAFG are direct targets of miR-128, the entire 3'UTR of
Nrf2 and a region encompassing the mir-128 seed sequence
of MAFG (250 bp) were cloned into the pGL3-vector down-
stream of the luciferase gene. Moreover, to validate specificity
of miR-128 interaction with 3'UTRs, mutant reporter con-
structs (mut) harboring the same regions cloned in the oppo-
site orientation were prepared. Figure 1(a) shows that ectopic
expression of synthetic pre-miR-128 slightly decreases the
luciferase activity of the construct harboring the 3'UTR
region (wt) of Nrf2 in HEK293 cells. In the same conditions,
miR-128 overexpression however significantly (p <0.05)
reduced the activity of the reporter construct bearing the
wild-type 3'UTR (wt) of MAFG compared to miR-SCR-
transfected cells (Figure 1(b)). Conversely, mutant MAFG
reporter construct (mut) did not respond to miR-128
increases (Figure 1(b)).

To set up a more physiological miR-128 hyperexpression,
we also prepared a construct (pCMV-miR-128) that drives
miR-128 overexpression from the ARPP21 genomic region
(see Materials and Methods). We confirmed that ectopic
expression of miR-128 through pCMV-miR-128 (of about
100 folds at 24 h posttransfection, Supplemental Figure S1)
in HEK293 cells indeed reduced the luciferase activity of
the MAFG-3'UTR reporter construct while there was no
effect on the Nrf2-3'UTR construct, very similar to the results
obtained with synthetic pre-miR-128 (data not shown).

To validate the above results on the expression of endog-
enous MAFG protein, we next performed Western blotting
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analysis on extracts from HEK293 cells transfected for 24h
either with synthetic pre-miR-128 or with pCMV-miR-128.
Figure 1(c) shows that endogenous protein levels of MAFG
are significantly reduced in condition of miR-128 overex-
pression, compared to the negative control-transfected cells.
In the same conditions, the downregulation of BMI-1 protein
levels, a known miR-128 target, is also detected (Figure 1(c)).

We also observed that miR-128 hyperexpression corre-
lates with MAFG downregulation (Supplemental Figure S2)
in physiological/pathological conditions, like differentiation
of mouse C2C12 myoblasts [41, 42] or atrophic stimulation
of differentiated C2C12 [43]. Taken together, the above
reported results suggest that miR-128 represses the expres-
sion of the MAFG protein.

3.2. miR-128 Influences the Basal Expression of Some
MAFG-Regulated Genes. Following the observation that
MAFG is negatively regulated by miR-128, we aimed to test
the effects of miR-128 on MAFG-dependent transcriptional
activity. To this end, we examined the mRNA levels of
various MAFG-regulated genes [15, 44] such as AKRI1DI,
ALDH3, CCDC53, HMOX-1, Nrf2, PCBD2, and UCHLI1
upon miR-128 hyperexpression (Figure 2(a)). The results
show that in HEK293 cells, the basal expression of AKR1D1,
ALDH3, and PCBD2 genes was reduced in conditions of
miR-128 overexpression. These results further support a
role of miR-128 in the regulation of a set of MAFG-
dependent genes.

MAFG is a known basic leucine zipper (bZIP) protein
that was shown to interact with other transcription factors,
in particular with Nrf2 to activate the expression of numer-
ous genes [7, 15]. Furthermore, MAFG could enhance
nuclear retention of Nrf2 [45]. Therefore, we next deter-
mined whether the Nrf2 levels are influenced by miR-128
overexpression. Nrf2 is present at very low levels in the cells;
thus to stabilize its levels, we exposed wild-type HEK293 and
transfected HEK293 cells to low concentration of diethyl-
maleate (DEM), a glutathione depleting agent [46], for 2h
before harvesting. Western blotting analysis was used to
detect the endogenous Nrf2 protein levels after exposure to
DEM (Figure 2(b)). In HEK293 control cells, Nrf2 was found
substantially increased in the cytosol and also weakly
enhanced in the nucleus by DEM exposure. In the same
conditions of treatments, cells transfected with miR-128 did
not result in reduced accumulation/translocation of Nrf2
compared to cells transfected with empty vector. These
results are also in line with the data obtained by 3'UTR lucif-
erase assays that demonstrated that miR-128 is not involved
in Nrf2 posttranscriptional regulation.

Since miR-128 has site/s in the 3'UTR of MAFG con-
served among mammals (Supplemental Table 1) and since
targets of miRNA are cell-type specific, we also examined
the effect of miR-128 on the expression of endogenous mouse
MAFG using the mouse myogenic C2C12 cell line. The
results showed that ectopic expression of miR-128 also
promotes downregulation of MAFG protein in the mouse
context (Figure 2(c)). In the same conditions, as expected,
BMI-1 protein levels were downregulated. In parallel, we
evaluated whether the changes observed for MAFG-
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F1GuRE 1: Validation of miR-128 targets by luciferase assay in HEK293 cells. (a) HEK293 cells were transiently transfected with the luciferase
construct bearing wild-type (wt) or inverted (mut) 3'UTR fragment holding putative miR-128 target sites of human Nrf2. The alignment of
miR-128 with Nrf2-3'UTR is indicated at the top. Cells were simultaneously transfected with either 100nM of pre-miR-128 (miR-128)
or pre-miR negative control (miR-SCR). The pRLSV40 encoding Renilla luciferase plasmid was used as an internal control. Dual luciferase
assays were performed as described in the Materials and Methods. Transfections were performed in triplicate, and the ratio (+SD) Firefly/
Renilla luciferase activity from three independent experiments were averaged and expressed as percentage of the respective transfections
performed with miR-SCR control. *p < 0.05. (b) Luciferase constructs containing wild-type (wt) or mutated (mut) 3'UTR of MAFG with
predicted miR-128 site (indicated on the top) were cotransfected with either 100 nM of pre-miR-128 (miR-128) or pre-miR negative
control (miR-SCR) in HEK293 cells and luciferase activity quantified as described in (a). *p < 0.05. (c) Western blotting analysis of MAFG
and BMI-1 levels on total proteins from HEK293 cells transfected for 24h with either 100nM of pre-miR-128 (miR-128) or pre-miR
negative control (miR-SCR); vinculin was used as a loading control.

dependent genes in HEK293 are also present in mouse
C2C12 after miR-128 overexpression. As shown in
Figure 2(d), the basal mRNA levels of AKRID1, ALDH3,
and UCHLI genes were reduced in conditions of miR-128
hyperexpression. These results support a role of miR-128 in
the regulation of MAFG protein levels and of MAFG-
dependent genes also in mouse contexts.

3.3. Ectopic Expression of miR-128 Influences the Expression
of an Array of ARE-Dependent Genes. MAFG as bZIP protein
interacts with Nrf2 to facilitate its binding to the ARE
consensus within the regulatory regions of numerous

cytoprotective genes. To determine whether MAFG down-
regulation through miR-128 also affects the basal transcrip-
tion of an array of genes that are typically regulated by the
Nrf2:MAFG heterodimer [8, 11], we examined the mRNA
levels of representative genes such as GCLC, GSTA-1,
NQOI, x-CT, and SQSTM1 in C2CI12 cells overexpressing
miR-128. The mRNA levels of Nrf2 and p21"V*4*! were used
as controls, since it has been demonstrated that these genes
are not dependent on MAFG regulation [8]. As shown in
Figure 3(a), the mRNA levels of GCLC, NQO1, and SQSTM1
were significantly (p < 0.05) downregulated in C2C12 cells,
whereas other Nrf2 target genes such as x-CT and GSTA-1
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FIGURE 2: miR-128 downregulates the expression of MAFG and MAFG-regulated genes in human and mouse contexts. (a) HEK293 cells were
transfected with either CMV-miR-128 construct or negative control vector (CMV-neo). After 24 h, total RNAs were isolated and the relative
mRNA levels of the indicated genes were calculated through quantitative real-time PCR by comparing the levels associated to miR-128
expressing- versus CMV-neo control cells, after normalization with c-ABL. Data were reported as relative to the vector control, which was
set equal to 100. Each column in the panel represents the mean +SD of 3 independent experiments. *p < 0.05. (b) HEK293 cells were
transfected with either pre-CMV-miR-128 or negative control (CMV-neo). After 22h, cells were treated for 2h with 200 uM DEM.
Untransfected HEK293 cells were used as positive control for DEM treatment. Nrf2 protein levels were determined by Western blotting
on cytosolic [C] and nuclear [N] extracts. UCHL3 was used as a control of extract preparations. (c) CMV-neo or CMV-miR-128 were
transiently transfected into C2C12 cells for 30 h, and Western blotting analysis of MAFG and BMI-1 was performed on total protein
extracts; vinculin was used as a loading control. (d) mRNA levels of AKR1D1, ALDH3, CCDC53, HMOX-1, Nrf2, PCBD2, and UCHLI1
genes were analyzed as described in (a) at 30 h after transfection in C2C12 cells. Each column in the panel represents the mean + SD of at
least 3 independent experiments. *p < 0.05.
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FI1GURE 3: miR-128 provokes modifications of ARE-dependent genes at basal levels and impairs Nrf2 activity. (a) Analysis of GCLC, GSTA-1,
NQOI, x-CT, SQSTM1, Nrf2, and p21WAF1 expression in C2C12 cells by RT-qPCR after miR-128 overexpression. mRNA levels in
miR-128-transfected cells are expressed as percentage of the levels found in cells transfected with CMV-neo, after normalization with
the c-ABL. Each column represents the mean +SD of 3 independent experiments of transfections. *p < 0.05. (b) The promoter regions
of GSTA-1 (GSTAI-LUC) or NQO1 (NQOI-LUC) or x-CT (x-CT-LUC) containing ARE motifs cloned into PGL3 basic vector were
transiently cotransfected with pRLSV40 encoding Renilla luciferase, in the presence or absence of miR-128 expressing vector. They
were also cotransfected with FLAG-Nrf2 or with equivalent amount of empty plasmid, as indicated. 30h after transfections, the
Firefly/Renilla luciferase activities were assessed and the values were reported as relative to the luciferase activities obtained with the
respective LUC construct, which were set equal to 1. The results are representative of three independent experiments, each performed
in triplicate. *p < 0.05. Representative Western blotting of FLAG-Nrf2 overexpression is also presented. Tubulin protein levels were

used as loading controls.

were upregulated. These findings indicate that protein reduc-
tion of MAFG following miR-128 overexpression influences
the basal expression of some ARE-dependent genes in
C2C12 cells. The above results also suggest that lowered basal
expression of GCLC and NQO1 after miR-128 overexpres-
sion could explain the ROS increase observed by other
authors [31].

Increased levels of Nrf2:MAFG heterodimer activate the
transcription of a wide variety of genes containing ARE
sequences in their promoters [8]. Therefore, we analyzed the
ability of miR-128 to influence the Nrf2 activity on ARE reg-
ulatory regions of selected genes. To this aim, we used lucifer-
ase reporter constructs, namely, GSTA1-LUC, NQO1-LUC,
and x-CT-LUC [34, 35], that in conditions of Nrf2
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mean + SD of 3 independent experiments. *p < 0.05.

overexpression strongly induce luciferase activity [34, 35].
Thus, the above LUC constructs were cotransfected in
C2C12 cells along with a construct expressing FLAG-
Nrf2 or with empty vector, in the absence or presence
of miR-128. As shown in Figure 3(b), the luciferase
activity driven by the regulatory regions of x-CT and
GSTA-1 genes is highly induced after ectopic expression
of Nrf2, compared with the control vector, and these
effects are completely abolished by the overexpression of
miR-128. Even though the Nrf2-mediated activation of
NQO1-LUC was less prominent, miR-128 significantly
weakened this induction (Figure 3(b)). The expression of
ectopic Nrf2 was validated by Western blotting analysis with
anti-FLAG antibody.

These results suggested that miR-128 counteracts the
Nrf2-mediated induction of ARE-dependent promoters
through MAFG downmodulation. The differences observed

between the ARE-responsive regions (Figure 3(b)) and the
mRNA levels of endogenous GSTA-1 and x-CT (Figure 3(a))
genes could be due to the contributions of additional regula-
tory regions/transcription factors in the chromatin contexts.

3.4. miR-128 Interferes with the DEM-Mediated Induction of
ARE-Dependent Genes. The effects described above led us to
investigate whether a reduced expression of endogenous
MAFG through miR-128 could result in dysregulation of
endogenous stress responses. We selected a group of genes
that are responsive to oxidative stress induced by DEM, a
well-known inducer of ROS accumulation, by taking
advantage of a published list of genes that are responsive
to this agent in mouse context [8]. C2C12 cells were trans-
fected with miR-128 or control vectors for 36h and then
exposed to DEM. RT-qPCR analysis was used to determine
transcript levels of a small set of ARE-dependent genes,
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namely, GCLC, GSTA-1, HMOX-1, NQOI, and x-CT. As
shown in Figure 4, upon DEM treatments, the endogenous
mRNA levels of these genes are strongly induced in C2C12
cells transfected with CMV-neo. In the same conditions of
treatments, miR-128 overexpression significantly decreased
the DEM-mediated induction of the above genes, when
compared to control-transfected cells. In conclusion, miR-
128 by downregulating MAFG antagonizes the expression
of ARE-dependent genes. The mRNA levels of Nrf2
transcripts, used as control gene, were unaffected [8].

3.5. miR-128 Downmodulation Regulates MAFG Increase in
Hypoxic Condition Both In Vitro and In Vivo. Given that
MAFG regulates hypoxic responses by interacting with
HIF-1a [19], we examined the involvement of miR-128-
MAFG axis in C2C12 cell responses to hypoxia. First, we esti-
mated the endogenous levels of miR-128 after exposure to
hypoxia (2% O,) for 4h. RT-qPCR analysis for mature
miR-128 amounts showed significant (p < 0.05) decreased
levels of miR-128 after hypoxia in C2C12 (Figure 5(a)). To
test whether the observed miR-128 changes influence, also
MAEFG protein levels, we performed Western blotting analy-
sis of MAFG and HMOX-1, which is a common target of
HIF-1a and Nrf2 transcription factors. The results show that
the protein levels of HMOX-1, as expected, are induced
following treatment of C2C12 cells within 4h of low O,.
Importantly, at the same time, we observed an increase of
MAEFG protein, which correlates with an enhanced HIF-1«
expression (Figure 5(b)).

Since hypoxia induces ROS production, we also measured
the mRNA levels of selected ARE-regulated genes such as
HMOX-1 and x-CT. In this condition, the mRNA levels of
these genes are strongly induced after exposure of C2C12 cells
to hypoxia (Figure 5(c)). These results indicate that miR-128
downregulation could be important for adjusting the MAFG
levels necessary for both HIF-1a transactivation and ARE-
dependent gene induction in hypoxic conditions in vitro.

Finally, we analyzed the role of miR-128-MAFG axis in
the ischemic process in vivo. We induced peripheral ischemia
(PI) by femoral artery ligation for 4h in C57BL/6] mice
(n =4). Sham-operated animals (n = 3) underwent the same
surgical procedures without ligation of femoral artery.
Hindlimb blood flow was analyzed by ecolordoppler pre-
and 4h after surgical procedures (Figure 5(d)). Western
blotting experiments show that MAFG protein levels are
significantly induced in the hindlimb muscle lysates
(Figure 5(e)). We also investigated whether the upregulated
levels of MAFG are inversely correlated to miR-128 amounts.
RT-qPCR analysis for mature miR-128 levels show a signifi-
cant decrease of miR-128 levels (Figure 5(f)).

Overall, these results indicate that miR-128-MAFG axis
is an important contributor for responses to hypoxia both
in vitro and in vivo.

4. Discussion

miRs play crucial roles in the regulation of gene expression.
miRs are considered primarily “fine-tuning” regulators of
protein activities, and thus they could balance the antioxidant

responses. Recent studies indeed indicate that many miRs
called redoximiRs can be either direct or indirect effectors
of redox-related pathways [47]. In particular, several
evidences demonstrate that, on one hand, Nrf2 itself can
be a direct target of miRs and that, on the other hand,
Nrf2 modulators, such as Keapl and Bachl, can be regu-
lated by miRs [5, 48-51]. The transcription factor Nrf2
participates in the adaptive responses to oxidative stress
by enhancing transcription of many genes encoding anti-
oxidant/detoxification enzymes, and impaired Nrf2 func-
tions decrease tolerance to oxidative/chemical insults [5].

Herein, we identified a new function of miR-128 as
redoximiR, which has a direct role in suppressing MAFG
expression. Based on complementary screening for MAFG-
dependent genes as well as for ARE-dependent genes func-
tioning through Nrf2:MAFG heterodimer or Nrf2-regulated
genes, we demonstrate that miR-128 interferes with the
induction of a group of selected genes, namely, GCLC,
GSTA-1, HMOX-1, NQOI, and x-CT under oxidative
stress. In fact, MAFG acts as positive partner of Nrf2
and its downmodulation by miR-128 consequently affects
the Nrf2/ARE pathway.

Deregulated redox signaling and diminished antioxidant
defenses represent a major cause of pathophysiological
processes including cardiovascular and neurodegenerative
diseases, cataracts, diabetes, and cancers, most of which are
age related. Therefore, pharmacological/natural strategies
addressed to an increase of Nrf2 activity could be beneficial
for preventing oxidative stress-related diseases [52-55].

Hypoxia is known to produce ROS, suggesting a cross-
talk between HIF-la and the Nrf2 pathways [56]. Since
MAEFG is related to both of these signalings, we also analyzed
the involvement of miR-128 in hypoxic responses. Our
results indicate that miR-128-MAFG axis significantly
contribute in responses to hypoxia in C2C12 cells and the
decrease of miR-128 is parallel with MAFG induction, which
consequently could affect MAFG-related genes such as
HMOX-1 and x-CT. Of note, the responses observed
in vitro are also observed during the ischemic process in vivo.

Several studies demonstrate the involvement of miR-128
in different cellular processes such as differentiation, apopto-
sis, senescence, and metabolism [29-32]. Furthermore, miR-
128 is found downregulated under hypoxic conditions in
human trophoblasts [57] and a recent study implicates a pro-
tective role in vivo of miR-128 inhibition during myocardial
I/R injury [58]. We demonstrate that mir-128 is involved in
the modulation of the antioxidant responses in vitro as well
as in ischemic condition both in vitro and in vivo. Indeed,
repression of miR-128 parallels with MAFG increases that
consequently could affect MAFG-related genes such as
HMOX-1 and x-CT. Our findings further suggest that down-
modulation of miR-128 might contribute to the coordination
of the adaptive hypoxic reprogramming that among many
others involves genes that are dependent on MAFG, now
considered a regulatory hub for numerous transcription
factors [8, 15, 19].

Ischemic cardiovascular diseases are a leading cause of
morbidity and mortality in developed countries [59]. Even
though the detrimental role of ROS generated during ischemia
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is well demonstrated, an effective antioxidant therapy is still far
to be determined. Many studies indeed indicate that Nrf2 pro-
tects against cardiovascular diseases albeit reductive condi-
tions also generate ROS (reviewed in [60, 61]). In this
context, our work highlights a novel possibility to manage
the activities of the Nrf2 signal by miR-128, alone or in combi-
nation with other pharmacologic strategies, that in future
studies can be considered.

miR-128 has been detected in plasma and its levels are
altered in various pathological conditions [62-64], but fur-
ther studies are required to better clarify the potential role
of mir-128 levels as new prognostic and/or diagnostic marker
in cardiovascular ischemic diseases.
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Hepatic steatosis reflects the miRNA-related pathological disorder with triglyceride accumulation and lipid peroxidation, which
leads to nonalcoholic steatohepatitis, liver fibrosis/cirrhosis, and even hepatocellular carcinoma. Circular RNA (circRNA)/
miRNA interaction reveals a novel layer of epigenetic regulation, yet the miRNA-targeting circRNA remains uncertain in
hepatic steatosis. Here, we uncover circRNA_0046367 to be endogenous modulator of miR-34a that underlies hepatic steatosis.
In contrast to its expression loss during the hepatocellular steatosis in vivo and in vitro, circRNA_0046367 normalization
abolished miR-34a’s inhibitory effect on peroxisome proliferator-activated receptor & (PPARw) via blocking the miRNA/mRNA
interaction with miRNA response elements (MREs). PPAR« restoration led to the transcriptional activation of genes associated
with lipid metabolism, including carnitine palmitoyltransferase 2 (CPT2) and acyl-CoA binding domain containing 3 (ACBD3),
and then resulted in the steatosis resolution. Hepatotoxicity of steatosis-related lipid peroxidation, being characterized by
mitochondrial dysfunction, growth arrest, and apoptosis, is resultantly prevented after the circRNA_0046367 administration.
These findings indicate a circRNA_0046367/miR-34a/PPAR« regulatory system underlying hepatic steatosis. Normalized
expression of circRNA_0046367 may ameliorate the lipoxidative stress on the basis of steatosis attenuation. circRNA_0046367,

therefore, is suggested to be potential approach to the therapy of lipid peroxidative damage.

1. Introduction

Hepatic steatosis, an ever-growing pathological disorder
associated with metabolic syndrome and other etiologies
[1-5], displays characteristics of triglyceride (TG) accumula-
tion, lipid peroxidation, and mitochondrial dysfunction [1].
This oxidation-based hepatocellular injury deeply involves
in the disease progression with outcomes of nonalcoholic
steatohepatitis, liver fibrosis/cirrhosis, and hepatocellular
carcinoma [6]. In spite of its clinical importance, hepatic
steatosis is still prevented from effective therapy, with the
only exceptions of dietary control and physical activity, due
to our limited understanding of the underlying mechanisms.

Nowadays, clinical and experimental studies have
uncovered the critical roles of miRNAs during initiation,
progression, and resolution of hepatic steatosis [7-14].
miR-199a-5p among these contributes to the impaired

mitochondrial $-oxidation of fatty acid and aberrant lipid
deposits [7]. miR-291b-3p promotes the hepatic lipogene-
sis by negative regulation of adenosine 5'-monophosphate-
(AMP-) activated protein kinase ol [8]. In contrast,
miR-185 and miR-29 protect hepatocytes from steatosis by
transcriptional repression of lipogenetic genes (fatty acid
synthase, HMGCR, and SREBP-1¢/2) and physiological lipid
distribution away from the liver, respectively [9, 10]. Dramat-
ically, accumulating evidences demonstrate a fundamental
link between miR-34a and hepatic steatosis [11-14]. The
inhibitory effect of miR-34a on peroxisome proliferator-
activated receptor a (PPAR«), which functions to diminish
the intake of fatty acid and facilitate lipoxidation, indicates
it to be an important inducer of hepatocyte steatogenesis.
Circular RNA (circRNA) reflects a class of noncoding
RNAs with the connection of 3’ and 5 ends [15]. ciRS-7, a
brain-specific circRNA, serves as the natural sponge of
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miRNA-7 by ~70 tandem anti-miRNA sequences [16].
The ciRS-7 deficiency in neocortex (Brodmann A22) and
hippocampal CA1l has been recognized to misregulate
ciRS-7-miRNA-7-UBE2A circuit and then results in spo-
radic Alzheimer’s disease [16]. In colorectal cancer (CRC),
hsa_circ_001569 acts as the positive regulator of cell prolifer-
ation and invasion via “sponging event” of miR-145, which
upregulates functional targets of E2F5, BAG4, and FMNL2
[17]. Physiologically, chondrocytic circRNA-CER modulates
the MMP13 expression on a basis of competing with miR-
136. Loss-of-function and rescue experiments further con-
firm the determinant action of CER in cartilage-related
extracellular matrix degradation [18]. circRNA, therefore,
qualifies itself for a pivotal part in the miRNA regulation.
However, circRNAs targeting steatosis-related miRNAs,
especially miR-34a, remain uncertain.

Integrating databases of noncoding RNA (circBase, miR-
Base) and their algorithms, circRNA_0046367 is filtered to be
potential endogenous modulator of miR-34a, mainly by the
high-complementary activity between miRNA response
elements (MREs) of circRNA and “seed sequence” of miRNA
[19, 20]. To reveal this circRNA-dependent regulatory action
underlying hepatic steatosis, the relationships of circRNA_
0046367, miR-34a, and its key target (PPAR«) were analyzed
in vivo and in vitro. Both circRNA_0046367/miR-34a and
miR-34a/PPAR« interactions were then validated by lucifer-
ase reporter assay. Furthermore, circRNA_0046367 expres-
sion was subjected to normalization in HepG2 cells with
high-fat-induced steatosis, exhibiting its effect on miR-34a/
PPAR« regulatory system and downstream genes associated
with lipid metabolism. Hepatocellular steatosis, lipid peroxi-
dation, and oxidative hepatotoxication were subsequently
investigated so as to highlight the results of circRNA_
0046367 regulation.

2. Materials and Methods

2.1. Study Subjects. Five patients with biopsy-proven hepatic
steatosis (5 of nonalcoholic fatty liver disease (NAFLD), age:
51.60 + 12.10; male/female: 3/2) and 3 nonsteatosis controls
(2 of chronic hepatitis B (CHB), 1 of primary biliary cirrhosis
(PBC), age: 55.00+18.19; male/female: 1/2) were enrolled
from Xinhua Hospital (Shanghai, China). Subjects with type
2 diabetes, high alcohol intake (>30 g/d for men and >20g/d
for women), chronic hepatitis C (CHC), and current or
previous treatment associated with hepatocyte steatosis were
excluded [21-23]. This study was approved by the Ethics
Committee of Xinhua Hospital and conducted according to
the principles of the Helsinki Declaration.

2.2. Hepatic Pathology. Liver tissues of patients with hepatic
steatosis were obtained by needle biopsy after informed
consent. Samples were then fixed in 10% buffered forma-
lin, embedded in paraffin, and sliced for further evalua-
tion. The percentage of hepatic steatosis was finally
subjected to evaluation on a basis of hematoxylin-eosin
(HE) staining by 2 pathologists who were not aware of
the experiments [24].
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2.3. Induction of Hepatic Steatosis by High-Fat Stimulation.
HepG2 cells from the Cell Bank of Type Culture Collection
(Shanghai, China) were randomized into groups of normal
(n=9) and steatosis (n =9). To establish the in vitro model
of hepatic steatosis, the steatosis group was cocultured with
oleic and palmitic acids (Sigma-Aldrich, St. Louis, USA) at
a final concentration of 0.5 mM (oleate : palmitate=2:1) for
24 hours [25].

Oil red-O staining reflected the hepatosteatogenesis
induced by high-fat stimulation. In detail, formaldehyde-
fixed HepG2 cell was administrated by 0.5% oil red-O
in isopropyl alcohol for 20 minutes and counterstained
with hematoxylin for 1 minute. TG levels of both groups
were enzymatically measured by TG assay kit (Applygen
Technologies Inc., Shanghai, China) against the protein
content [26].

2.4. Bioinformatic Analysis. miRNAs targeted by has-
circRNA_0046367 were investigated using miRNA target
prediction software (Arraystar Inc., USA) on the basis of
MRE-based circRNA/microRNA complementation [27, 28].
The sets of circRNA_0046367-targeting miRNAs and
hepatosteatosis-related miRNAs were intersected so as to
reveal the critical miRNAs that mediate circRNA_0046367’s
effect on hepatic steatosis [29].

2.5. Luciferase Reporter Assays. In order to reveal the
circRNA-miRNA interaction, has-circRNA_0046367 (cir-
cBase, Rajewsky lab, Berlin, Germany) sequence containing
the putative target sites for miR-34a was synthesized and
cloned into the pMIR-REPORT™ reporter vector (Thermo
Fisher Scientific Inc., Waltham, USA) downstream to the fire-
fly luciferase (pMIR-REPORT-circRNA_0046367-wildtype).
Mutant version of circRNA_0046367 (pMIR-REPORT-
circRNA_0046367-mutant) was also generated with the
deletion of complementary sites. After the cotransfection of
reporter vector (pMIR-REPORT-circRNA_0046367-wild-
type or pMIR-REPORT-circRNA_0046367 -mutant) and
oligonucleotides (miR-34a mimics or negative control) in
293T cells, firefly luciferase activity was subjected to measure-
ment by dual-luciferase assay kit (Promega, Madison, USA)
against that of renilla luciferase [30]. Similarly, the comple-
mentarity between miR-34a and 3'-untranslated region
(3-UTR) of PPAR« was evaluated by the methods mentioned
above. Each assay was repeated in 5 independent experiments.

2.6. circRNA_0046367 Treatment. Exponentially growing
HepG2 cells cultured in 6-well plates (2 x 10° cells/well) were
randomly divided into groups of normal, steatosis, con-
trol, circRNA, circRNA +mimics, and circRNA + mimic
NC (n=9 for each group), respectively. Except for those
without circRNA_0046367 regulation (normal, steatosis,
and control groups), HepG2 cells were exposed to 12-
hour treatment of pcDNA3.1(+)-GFP-circRNA_0046367
(circRNA  group), pcDNA3.1(+)-GFP-circRNA_0046367
+miR-34a mimics (circRNA + mimics  group), and
pcDNA3.1(+)-GFP-circRNA_0046367 + miR-34a  mimics,
negative control (circRNA +mimic NC group), respec-
tively [31]. The control group was contrastively treated



Oxidative Medicine and Cellular Longevity

TABLE 1: Primers for real-time PCR.

Gene Primer sequence (5-3 Product (nt)
hsa_circ_000367 F: CTCGCTTCGGCAGCACA R: AACGCTTCACGAATTTGCGT 101
PPAR« F: CCCCTCCTCGGTGACTTATC R: ATTCGTCCAAAACGAATCGCGT 297
CPT2 F: CAGCAGATGATGGTTGAGTGC R: CAGCATACCCAACACCAAAGC 262
ACBD3 F: GCTGGGTCTTCCTTGCCTAC R: CTCCTCGGCCCACTGTAATC 265
U6 F: ATTGGAACGATACAGAGAAGATT R: GGAACGCTTCACGAATTTG 70
GAPDH F: CTGAACGGGAAGCTCACTGG R: AAAGTGGTCGTTGAGGGCAA 252

by blank plasmid of pcDNA3.1(+)-GFP. Thereafter, free fatty
acid administration was applied to different groups for
another 24 hours according to the previously described pro-
cedure, with the only exception of normal group. Both oil
red-O staining and TG assay demonstrated the steatotic
degeneration accordingly.

2.7. Real-Time PCR. Total RNA was extracted from liver
samples and HepG2 cells of each group and treated by
ExScript RT reagent kit (TAKARA, Kusatsu, Japan) for
reverse transcription (RT). Real-time PCR was successively
performed using SYBR Premix Ex Taq (TAKARA, Kusatsu,
Japan) on the Applied Biosystems 7500 Real-Time PCR
Detection Systems (Bio-Rad, CA, USA). Primer sequences
for these reactions were exhibited in Table 1. The gene
expression levels were calculated by the 27*“* method.

Nevertheless, divergent primers were designed for the
circRNA-specific real-time PCR [32]. Mir-X miRNA First
Strand Synthesis Kit (TAKARA, Kusatsu, Japan) was
employed to generate the cDNA of miRNA, following the
real-time PCR by primers specific to mature miR-34a
(TAKARA, Kusatsu, Japan) [14]. Expression level of both
circRNA_0046367 and miR-34a was evaluated against U6
in the abovementioned way.

2.8. Western Blotting. Total protein of each sample was pre-
pared and quantified by the bicinchoninic acid method
(Pierce, Rockford, USA). After their electrophoretical separa-
tion on 12% SDS-PAGE gels, these protein samples were
transferred onto polyvinylidine difluoride membranes and
blocked by 5% nonfat dry milk (NFDM). Membranes with
protein sample subsequently reacted to anti-PPAR«a (HepG2,
1:500, Santa Cruz, USA; liver: 1:1000, Santa Cruz, USA),
anti-CPT2 (HepG2, 1:1000, Santa Cruz, USA), anti-
ACBD3 (HepG2, 1:1000, Santa Cruz, USA), anti-GAPDH
(HepG2, 1:1000, Santa Cruz, USA), and f-actin (liver,
1:200, Boster, China) overnight at 4°C and then HRP-
conjugated secondary antibody (1:1500; Jackson ImmunoR-
esearch Laboratories, Inc., USA) for 1 hour at room temper-
ature. Both chemiluminescent visualization by ECL detection
system and densitometric analysis by Image Lab Software 5.1
(Bio-Rad Laboratories, USA) were carried out to assess the
immune signals specific to immunoblots [33].

2.9. Lipid Peroxidation and Antioxidation. For the lipid per-
oxidation assay, cells of each group were administrated as fol-
lows: (1) cytolysis by cell lysis buffer, (2) centrifugation at
10,000 xg for 10 min to remove the debris, (3) measurement

of supernatant malondialdehyde (MDA) concentration by
MDA assay kit (Jiancheng Bioengineering Institute, Nanjing,
China) according to the protocol of manufacturer [34]. Total
protein was measured to normalize the intracellular level of
MDA. In contrast to the peroxidative agent, intracellular
levels of superoxide dismutase (SOD), a crucial marker for
antioxidation, were also assessed by SOD assay kit (Beyotime,
Shanghai, China) in the method of WST-8 [35].

2.10. Mitochondrial Membrane Potential (MMP). After the
steatosis induction and circRNA_0046367 regulation, MMP
was investigated so as to uncover the hepatic toxicity resulted
from oxidative stress. Methodically, cells were cultured with
Rhodamine 123 at a final concentration of 0.5uM for 2
hours. When quantified by the Image] 1.34 software
(National Institutes of Health, Bethesda, USA), fluorescence
intensity at 535 nm reflected the MMP of each group [36].

2.11. Cell Proliferation Assay. Being seeded onto 96-well plate
at 4 x 10°/well, cells of each group were incubated with 10 ul
of CCK-8 solution for 4 hours using the Cell Counting Kit 8
(Dojindo, Kumamoto, Japan). Then, the proliferative activity
of different groups was detected on the basis of their light
absorbance at 450 nm [37].

2.12. Apoptosis Assay. At the end of a 48-hour administra-
tion, cells were harvested from different groups for apoptosis
analysis. Briefly, suspended cells were dual-labeled with
Annexin V-APC and 7-AAD using Annexin V-APC/7-
AAD Apoptosis Detection kit (KeyGEN, Nanjing, China) at
room temperature for 10 min. Flow cytometry was finally
performed to detect apoptosis by determining the relative
amount of cells positive to Annexin V-APC (FC500
Fluorescence-Activated Cell Sorter, Beckman Coulter Inc.,
Brea, USA) [38].

2.13. Statistics. Results are expressed as means + standard
deviation (SD) for the independent experiments. All groups
were compared statistically by Student’s t-test or one-way
analysis of variance (ANOVA) with GraphPad Prism
(GraphPad Software, Inc., USA) [39]. Differences with
P <0.05 were considered statistically significant.

3. Results

3.1. circRNA_0046367 Loss Characterized High-Fat-Induced
Steatosis in HepG2 Cells. When compared to the normal
group, steatosis group with FFA exposure showed an enrich-
ment of cytoplamic lipid droplets. Their positive reaction to
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presented results are expressed as means +S.D. **P < 0.01.

oil red-O reflected the neutral fat (TG) accumulation
(Figure 1(a)). In parallel to these observations, enzymatical
assay confirmed a significant upregulation of intracellular
TG level in the steatosis group (Figure 1(b)).

Dramatically, cells with high-fat-induced steatosis (stea-
tosis group) were characterized by the expression loss of
circRNA_0046367 in comparison to those in the normal
group (Figure 1(c)). Moreover, there was statistically inverse
correlation between the TG level and circRNA_0046367
expression (r = —0.77, P = 0.02; Figure 1(d)), suggesting that
it has an important role during the hepatosteatogenesis.

3.2.  circRNA_0046367 Demonstrated =~ Complementary
Targeting to miR-34a. To reveal its effect underlying
hepatic steatosis, circRNA_0046367 was subjected to target
prediction depending on the principle of base complemen-
tation. According to the algorithms of circBase, complemen-
tary binding between MRE of circRNA and “seed sequence”
of miRNA identified 20 targets of circRNA_0046367 (miR-
1, miR-10b, miR-21, miR-24, miR-27, miR-27a, miR-27b,

miR-30c¢, miR-33a, miR-33b, miR-34a, miR-107, miR-122,
miR-128-2, miR-130a-3p, miR-155, miR-206, miR-217,
miR-613, and miR-758) (Figure 2(a)). Dramatically, miR-
34a was the only one of the circRNA_0046367’s targets
that intersected with the set of hepatosteatosis-related
miRNAs (miR-15a-5p, miR-15b-5p, miR-16-5p, miR-24-
3p, miR-27a-3p, miR-27b-3p, miR-34a-5p, miR-103a-3p,
miR-195-5p, miR-205-5p, miR-214-3p, miR-326, miR-
328-3p, miR-330-5p, miR-338-3p, miR-370-3p, miR-424-
5p, miR-449a, miR-449b-5p, miR-485-5p, miR-497-5p,
miR-503-5p, miR-544a, miR-761, miR-3619-5p, miR-3666)
(Figure 2(a)).

Dual luciferase reporter assay further showed a signif-
icant decrease in the firefly luciferase activity when
pMIR-REPORT-circRNA_0046367-wildtype was cotrans-
fected with miR-34a mimics. This suppressive effect could
be abrogated by deleting the perfectly complementary
sequences in pMIR-REPORT-circRNA_0046367-mutant,
which disrupted the interaction between circRNA_0046367
and miR-34a (Figures 2(b) and 2(c)). These demonstrations
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provided substantial evidence for a direct, high-affinitive
targeting of miR-34a by circRNA_0046367.

3.3. Restoration of circRNA_0046367 Abolished the Inhibitory
Effect of miR-34a on PPARa. In contrast to the decreased
level of circRNA_0046367 in steatotic groups (steatosis
and control group), its expression loss was statistically pre-
vented in the circRNA and circRNA + mimic NC groups
via transfection of overexpression vectors (Figures 2(d),
2(e), and 2(f)).

Both circRNA_0046367 and PPARa mRNA, which was
proved to be the target of miR-34a by dual luciferase reporter
assay (Figures 3(a) and 3(b)), shared the complementary
sequences with miR-34a. Therefore, circRNA_0046367 is
suggested to serve as the endogenous sponge of miR-34a
and then abrogates its inhibitory effect on PPAR«a by means
of competitive binding. As expected, the circRNA_0046367
restoration resulted in a significant upregulation of PPAR«,
at both transcription and translation levels, in the circRNA
and circRNA + mimic NC groups (Figures 3(c), 3(d), and
3(e)), whereas the PPAR« expression could not be rescued
on condition of the saturated binding between circRNA_
0046367 and miR-34a in the circRNA +mimic group
(Figures 3(c), 3(d), and 3(e)).

3.4. PPAR« Normalization Improved Hepatocellular Steatosis
by Regulating Genes Associated with Lipid Metabolism.
Resulting from circRNA_0046367 deficiency and miR-34a
activation, PPAR« inhibition represented one of the most
important characteristics of groups with FFA-induced
steatosis. Lack of hepatic PPAR« prevented it from nuclear
translocation and then reduced the transcriptional activation
of multiple genes involved in lipid metabolism, including
carnitine palmitoyltransferase 2 (CPT2) and acyl-CoA bind-
ing domain containing 3 (ACBD3) (Figures 4(a), 4(b), and
4(c)). Resultantly, the lipometabolic disorder led to TG-
dominated steatosis (Figures 4(d) and 4(e)).

As compared to the decreased CPT2 and ACBD3 in stea-
totic cells (steatosis, control, and circRNA + mimic groups),
circRNA_0046367 restoration stimulated their expression
by PPARa-based transcriptional promotion (circRNA and
circRNA + mimic NC groups), mainly on a basis of abolish-
ing the miR-34a’s inhibitory effect on PPAR« (Figures 4(a),
4(b), and 4(c)). In the present experiments, the normalized
expression of lipometabolic genes, which exhibited levels
in similar to those of the normal group, gave rise to a
great downregulation in the intracellular TG level (steato-
sis group versus circRNA group: 332.90+41.51 umol/g
protein versus 207.50 + 18.67 ymol/g protein, P < 0.01; stea-
tosis group versus circRNA +mimic NC group: 332.90 +
41.51 ymol/g protein versus 201.10 + 17.23 ymol/g protein,
P <0.01) (Figure 4(d)). Amelioration of hepatic steatosis
finally occurred in both circRNA and circRNA + mimic NC
groups (Figure 4(e)).

3.5. Improvement of Hepatocellular Steatosis Attenuated
Lipid Peroxidation and Mitochondrial Injury. FFA-induced
TG accumulation (steatosis) introduced the serious burden
of lipid oxidation. The ascending concentration of

Oxidative Medicine and Cellular Longevity

peroxidative product (MDA) and reduced level of antioxida-
tive enzyme (SOD), both of which correlated to the circRNA_
0046367 expression in opposite patterns (Figures 5(a) and
5(b)), demonstrated the unbalance of lipid peroxidation/
antioxidation in the steatosis, control, and circRNA + mimic
groups (Figures 5(c) and 5(d)). On the contrary, circRNA
and circRNA + mimic NC groups were featured by the
improved indexes of both MDA (steatosis group versus
circRNA group: 3.19+0.47 ymol/g protein versus 2.14+
0.18 yumol/g protein, P <0.05; steatosis group versus cir-
cRNA + mimic NC group: 3.19 £+ 0.47 ymol/g protein versus
1.89+£0.16 umol/g protein, P <0.05) and SOD (steatosis
group versus circRNA group: 48.60+2.69 U/mg protein
versus 71.40+6.91 U/mg protein, P < 0.01; steatosis group
versus circRNA + mimic NC group: 48.60 + 2.69 U/mg protein
versus 68.73 +5.55 U/mg protein, P < 0.01) (Figures 5(c) and
5(d)), indicating the regaining of peroxidation/antioxidation
balance. These observations qualified circRNA_0046367 to
be a protective agent against the unlimited oxidative stress
of hepatocelluar steatosis.

Lipid peroxidative stress takes a critical step in the
steatosis-related hit to hepatocellular viability, with the
major characteristics of mitochondrial dysfunction. Being
assessed by the fluorescent intensity of Rhodamine 123
dyeing, there was great decrease in the MMP, an indicator
of mitochondrial injury, of steatosis, control, and circRNA +
mimic groups (Figures 5(e) and 5(f)). Interestingly, oppos-
ing results could be obtained in the groups of circRNA
and circRNA + mimic NC, respectively, with statistical sig-
nificance (Figures 5(e) and 5(f)). The antiperoxidative
actions of circRNA_0046367, therefore, attenuate the
mitochondria-based hepatotoxication.

3.6. Amelioration of Oxidative Impairment Exerts
Proliferative and Antiapoptotic Effects. Cell viability has
been well described to underlie its biological behaviors,
especially the proliferative activity and apoptosis sensitiv-
ity. By cell proliferation assay, steatosis, control, and cir-
cRNA + mimic groups with mitochondrial injury suffered
from proliferative inhibition (Figure 6(a)). In the circRNA
group, mitochondria-specific amelioration of peroxidative
injury accelerated the cell proliferation (steatosis group ver-
sus circRNA group: 0.63 +£0.04 versus 0.73 +0.04, P < 0.05)
(Figure 6(a)).

Similar phenomena took place in the hepatocellular
apoptosis. In spite of its limited level in the normal group,
apoptosis rate elevated statistically in the steatosis, control,
and circRNA + mimic groups (Figures 6(b) and 6(c)). But
apoptosis repression could be verified in the circRNA (steato-
sis group versus circRNA group: 7.35%+0.69% versus
3.08% +0.51%, P < 0.01) and circRNA + mimic NC (steatosis
group versus circRNA +mimic NC group: 7.35% +0.69%
versus 3.77%+0.68%, P <0.01) instead of other groups
(Figures 6(b) and 6(c)).

3.7. Characteristics of circRNA_0046367/miR-34a/PPAR«
Regulatory System in Patients with Hepatic Steatosis. Being
compared to that of nonsteatosis controls (control group),
NAFLD patients with hepatocyte steatosis (steatosis group)
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were characterized by significant downregulation of hepatic
circRNA_0046367 (Figures 7(a) and 7(b)). In contrast,
there was statistical increased miR-34a level in their liver
tissue (control group versus steatosis group, P <0.01)
(Figure 7(c)). The inconsistent levels of circRNA_0046367
and miR-34a prevented their complementary interaction
and resultantly promoted the inhibitory effect of miR-34a
on PPARwa. Dramatically, PPARa repression indeed
occurred in the steatosis group with statistical significance
at both transcriptional and translational levels (Figures 7(d),
7(e), and 7(f)), indicating an impact on the circRNA_
0046367/miR-34a/PPAR« regulatory system with steatosis-
inducing characteristics.

4. Discussion

Being verified by growing evidences, circRNA/miRNA/
mRNA regulatory system represents a novel, yet impor-
tant, layer of epigenetic control over gene expression in
physiological (cartilage degradation, insulin secretion, etc.)
[18, 40] and pathological processes (cancer, sporadic AD,
cerebral ischemia-reperfusion injury, heart failure, etc.)
[16, 17, 32, 41, 42]. In our experiments, circRNA_0046367
experienced expression loss during hepatic steatosis in vivo

and in vitro. The circRNA_0046367 level even inversely
correlated to both steatotic degree and intracellular TG
content with statistical significance, suggesting a circRNA-
dependent regulatory action throughout steatogenesis.
circRNA, with the characteristics of tissue- and
pathology-specific expression, has now been well described
to effect in a manner of circRNA-miRNA interaction [15].
To investigate the miRNA-related role of circRNA_0046367
and underlying mechanisms, both circBase (http://www.
circbase.org/) and miRBase (http://microrna.sanger.ac.uk/)
were subjected to integration and transdatabase iterative
search [19, 20, 43]. Bioinformatically, miR-34a was recognized
to be the only target of circRNA_0046367 that correlated to
hepatic steaosis. miR-34a influences the expression of multiple
genes within steatosis-inducing signaling pathways, especially
PPAR signaling pathway (rno03320) [44, 45]. Most of these
PPAR signaling members (i.e., SCD1, ACSL1, ACSL4, and
PCK1) could be transcriptionally activated by PPAR«
[46-49], which is then qualified for the key target gene
of miR-34a. Except for the circRNA_0046367/miR-34a
interaction, there were also algorithm-based proofs for the
complementation between “seed sequence” of miR-34a and
3" untranslated region (3' UTR) of PPAR« in the present
experiments. Thus, hepatic steaosis was proposed to be
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FIGURE 5: circRNA_0046367-dependent attenuation of hepatocellular steatosis ameliorates lipid peroxidation and mitochondrial
dysfunction. (a), (b) circRNA_0046367 expression correlates to MDA (a) and SOD (b) levels of the steatosis group in negative and
positive manner, respectively. (c), (d) circRNA_0046367 treatment reduces the indicator of lipid peroxidation (MDA) (c), whereas
increases the antioxidative enzyme (SOD) (d) on a basis of steatosis improvement. (e), (f) Fluorescent assay for MMP represents the
alleviated mitochondrial injury (e) (400x), with statistical significance (f), resulting from circRNA_0046367-dependent mitigation of lipid
peroxidation. The presented results are expressed as means + S.D. *P < 0.05, **P < 0.01.

associated with the abnormalities in circRNA_0046367/
miR-34a/PPAR« signaling.

Dual luciferase reporter assays in this study provided
further verification that miR-34a mimics exerted comple-
mentary effect on both wild-type circRNA_0046367 and
PPARa. In contrast, cotransfection of miR-34a and reporter
vectors with mutant circRNA_0046367 and mutant PPAR«,
respectively, led to no decrease of firefly luciferase activity.
circRNA_0046367, therefore, was indicated to serve as the
miR-34a sponge and competing endogenous RNA (ceRNA)
for PPARa. Its complementary binding to miR-34a pre-
vented the miR-34a-PPAR« interaction and then protected
hepatocellular PPARa from transcriptional repression.
PPARa, a ligand-activated transcription factor, belongs to
the NRIC nuclear receptor subfamily. Multiple target
genes of PPAR«a have been identified to underlie the fatty
acid metabolism in tissues with high oxidative rates (liver,

muscle, heart, etc.) [50]. PPARa downregulation, which
further upregulates the SREBP-1c/PPARw ratio, predisposes
obese patients to insulin resistance and hepatic steatogenesis
[51]. Deductively, the impact of circRNA_0046367 on miR-
34a/PPAR« signaling is likely to ameliorate hepatocellular
steatosis by the improvement in PPARa-mediated lipid
metabolism.

In liver tissue of NAFLD patients and HepG2 cells with
FFA-induced steatosis, PPAR« expression indeed correlated
to the level of circRNA_0046367 and miR-34a in positive
and negative manner, respectively. Deficiency of CPT2 and
ACBD3, both of which represent key target genes of PPARa«,
was detected in these steatotic cells characterized by lowered
level of PPARa. When compared to that of the steatosis
group, the circRNA group showed a dramatic increase in
PPAR« expression at both transcription and translation
levels. The expression of lipometabolic genes increased
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FIGURE 6: Improvement in proliferation and apoptosis reflects the protective effect of circRNA_0046367 against oxidative damage. (a) Dual-
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the effect of circRNA_0046367 intervention. (b) Quantitative assessment validates circRNA_0046367’s impact on hepatocellular apoptosis.
(c) Cell proliferation assay demonstrates the cytoprotective action of circRNA_0046367 against lipoxidative toxication. The presented

results are expressed as means + S.D. *P < 0.05, **P < 0.01.

simultaneously, in parallel to the levels of normal group.
CPT?2, one of the key enzymes in carnitine shuttle system,
promotes mitochondrial -oxidation in a process of long-
chain fatty acid inflow [52, 53]. Nevertheless, ACBD3 takes
the central place of an interaction network that composed

of multiple genes involving steroid and cholesterol synthesis,
including STAR, SCP2, NROBI, acyl coenzyme-related
ACBD1 and BACH, BLZF1, lipid degradation protein
(AZGP1, alpha-2-glycoprotein 1, zinc-binding), and several
p24 family members [54]. ACBD3 is then suggested to
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function as an A-kinase anchoring protein (AKAP) in the
mitochondrial cholesterol transport and regulator of
cAMP-dependent steroidogenesis [54, 55]. In consistent with
their facilitatory role in lipid degradation [14], circRNA_
0046367-induced normalization of both CPT2 and ACBD3
resultantly attenuated the hepatic steatosis by statistical
downregulation of TG content.

Hepatic steatosis is accompanied by the impaired mito-
chondrial respiratory chain, which acts as a major source of

reactive oxygen species (ROS) [56, 57]. Vice versa, the
NOZX2-generated oxidation appears to be deteriorated with
the severity of hepatic steatosis in NAFLD patients, thereby
results in the mitochondrial oxidative stress [58, 59]. Inter-
estingly, the FFA-induced hepatic steatosis in our study dem-
onstrated characteristics of increased MDA concentration
and reduced level of SOD. MDA has been considered an
important cytotoxic product of lipid peroxidation [60],
whereas SOD catalyzes the dismutation from peroxide to
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circRNA_0046367 normalization abolishes miR-34a’s inhibitory effect on PPAR« via blocking the miRNA/mRNA interaction. Restored
level of PPAR« attenuates hepatic steatosis by the transcriptional activation of genes associated with lipid metabolism. Hepatotoxicity

related to lipid peroxidation is resultantly resolved.

hydrogen peroxide [61]. These indicators for ROS-derived
lipid peroxidation and antioxidative system, respectively,
reflected an imbalance of prooxidant/antioxidant that
occurred in mitochondrial oxidative stress after hepatos-
teatosis. On the contrary, circRNA_0046367 administra-
tion significantly downregulated the supernatant MDA
on a basis of steatosis resolution. Its improvemental effect
on SOD further restored the antioxidative process.

Impaired mitochondrial respiratory chain and f-oxida-
tion in the hepatic steatosis induces ROS overproduction
and lipid peroxidation and finally triggers a vicious circle that
leads to mitochondrial oxidative stress [56]. Chronic oxi-
dative stress is one of the critical factors responsible for
lethal hepatocyte damage and disease progression in
NAFLD [57, 62, 63], predominantly by the mitochondrial
dysfunction [64, 65]. As evaluated by the abnormal
MMP resulted from oxidative stress, groups with hepatic
steatosis and circRNA_0046367 loss suffered from mito-
chondrial dysfunction in our experiments. Cell growth arrest
and apoptosis took place in response to the progressive mito-
chondrial injury. Fortunately, circRNA_0046367 treatment
abrogated the oxidation-dependent antiproliferative and
proapoptotic actions with elevated MMP.

Because of their spatiotemporal expression, circRNAs
have been uncovered to serve as diagnostic biomarkers for

malignant (i.e., primary and metastatic ovarian carcinoma,
acute myeloid leukemia, non-small-cell lung cancer, and
colorectal cancer) [66-70] and nonmalignant disorders
(i.e., major depressive disorder) [71]. Moreover, circRNA
regulation demonstrates its potential role in the clinical
interference of various diseases, such as colon cancer and
hypertrophy-dependent heart failure [32, 72]. Methodologi-
cally, circCCDC66 knockdown is capable of inhibiting the
tumor growth and cancer invasion in xenograft and orthoto-
pic mouse models [72]. Enforced expression of heart-related
circRNA (HRCR) in vivo and in vitro exhibits attenuated
hypertrophic responses in cardiomyocytes [32]. According
to its expressive lacking during hepatic steatosis, circRNA _
0046367 normalization by intrahepatic overexpression may
shed light on the clinical application of our findings. This
circRNA-based gene therapy is proposed to induce the
resolution of hepatic steatosis and lipid peroxidation in
NAFLD patients via an impact on circRNA_0046367/miR-
34a/PPAR« axis.

5. Conclusions

circRNA_0046367/miR-34a/PPAR« regulatory system rep-
resents a novel epigenetic mechanism underlying hepatic
steatosis and related oxidative stress (Figure 8). In contrast
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to its expression loss during steatogenesis, circRNA_0046367
normalization abolishes the miR-34a-induced PPAR« inhi-
bition and hepatic steatosis. The hepatotoxication by lipid
peroxidation, with characteristics of mitochondrial dysfunc-
tion, growth arrest, and apoptosis, is resultantly improved.
Therefore, circRNA_0046367 may be qualified for a potential
approach to the therapy of lipoxidative toxication.
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Increasing evidence suggests that oxidative stress plays an essential role during carcinogenesis. However, the underlying
mechanism between oxidative stress and carcinogenesis remains unknown. Recently, microRNAs (miRNAs) are revealed to be
involved in oxidative stress response and carcinogenesis. This study aims to identify miRNAs in hepatocellular carcinoma
(HCC) cells which might involve in oxidative stress response. An integrated analysis of miRNA expression signature was
performed by employing robust rank aggregation (RRA) method, and four miRNAs (miR-34a-5p, miR-1915-3p, miR-638, and
miR-150-3p) were identified as the oxidative stress-responsive miRNAs. Pathway enrichment analysis suggested that these four
miRNAs played an important role in antiapoptosis process. Our data also revealed miR-34a-5p and miR-1915-3p, but not miR-
150-3p and miR-638, were regulated by p53 in HCC cell lines under oxidative stress. In addition, clinical investigation revealed
that these four miRNAs might be involved in oxidative stress response by targeting oxidative stress-related genes in HCC
tissues. Kaplan-Meier analysis showed that these four miRNAs were associated with patients’” overall survival. In conclusion, we
identified four oxidative stress-responsive miRNAs, which were regulated by p53-dependent (miR-34a-5p and miR-1915-3p)
and p53-independent pathway (miR-150-3p and miR-638). These four miRNAs may offer new strategy for HCC diagnosis

and prognosis.

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer and the third cause of cancer-related mortality
worldwide [1]. It is established that hepatitis virus infec-
tion, as well as environmental carcinogens such as afla-
toxin or chemical carcinogens, is associated with the
development of HCC [2]. Although the carcinogenic
mechanism of above risk factors varies, the common path-
ological process affected by those risk factors is hepatic
chronic inflammation. Recruitment of inflammatory cells
in hepatic environment and chemical mediator release, such
as cytokines, chemokines, and reactive oxygen species (ROS),

are considered to play a vital pathogenic role during hepatic
carcinogenesis [3].

ROS are a group of chemically reactive molecules con-
taining oxygen, which are mainly derived from cellular oxi-
dative metabolism and play essential roles in the regulation
of multiple cellular processes. During the development of
many diseases, including malignant diseases, increasing
ROS levels might lead to the imbalance of the pro-oxidant/
antioxidant equilibrium and subsequently induce changes
of intracellular molecules, including lipids, proteins, and
nuclear acids [4]. Thus, the exploration of the intracellular
molecules responsible for oxidative stress might enrich our
understanding of molecular hepatic carcinogenesis.


https://doi.org/10.1155/2017/5189138

< D

= A

= 3

==z @ —
— s A
2T =0
Ommv588—<
g e =8 a<=3
s 8 8 9 = = o
ooomzooego
S 8 & 5 £ 5 2 8
= =2 2T 2K O A4

Hydrogen peroxide-responsive miRNAs
identified by seven studies

WI-38 fibroblasts

Oxidative Medicine and Cellular Longevity

E

=

B
wv w» V}Nw
S8 28 &=
228558
>>¢H>§,_'1Q
2 2D ¢ 2 8 & o
T o < T A O I

miR-195-5p
miR-10b-5p
miR-128-2
miR-134-5p
miR-183-5p
miR-376-3p
miR-638
miR-150-3p

miR-17-5p

miR-186-5p

miR-1915-3p
miR-192-5p
miR-194-5p
miR-200c-3p
miR-26a-5p
miR-27b-3p
miR-29b-3p
miR-34a-5p
miR-92a-3p
miR-9-5p
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whether it was report by one study or not.

Recently, accumulating evidences suggest that a series
of small noncoding RNAs (microRNA) can be induced
by oxidative stress. Several studies have examined the
changes of the microRNA (miRNAs) expression profiles
in varying cells upon treatment with hydrogen peroxide
(H,O,) [5-14]. Unfortunately, inconsistent conclusion
was made from those miRNome profiling studies. Con-
founding factors may include employment of different cell
origins, various detection platforms, and application of
different statistical methods.

To overcome those limitations, in the present study, we
integrated these published relevant studies and performed a
meta-analysis applying the rank aggregation method. We
identified four common oxidative stress-responsive micro-
RNAs in H,O,-treated cells. Moreover, we also evaluated
the association between those oxidative stress-responsive
microRNAs and p53, a key oxidative stress-responsive
mediator in HCC cell lines. Finally, we validated the
expression of identified miRNAs and their target genes
in HCC tissues.

2. Materials and Methods

2.1. Literature Search and Inclusion Criteria. We performed a
literature search in PubMed, Embase, and Web of Knowledge
databases using search term combination of (miRNA* or

Integrated analysis of oxidative responsive-miRNAs
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FIGURE 2: Integrated analysis of oxidative responsive-miRNAs by
RRA method. The column was presented according to —Log,,
(P value) of each miRNA which was calculated by RRA method.
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microRNA* or mir-*) and profil* and (oxidati* or hydro-
gen peroxide) and (cell* or cell line*). We firstly screened
all abstracts and selected potential abstracts for further
full text evaluation. Only the original experimental studies
that explored miRNA profile using a high-throughput
miRNA expression profiling methods such as second-
generation sequencing, polymerase chain reaction (PCR),
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*P <0.05 **P<0.01; ***P < 0.001; ns, no significant.

or microarray-based high-throughput methods in H,O,-
treated cells were included.

2.2. Data Extraction and Rank Aggregation Analysis. Rank
lists of up- or downregulated miRNAs were extracted from
the included studies. All included miRNA names were firstly
standardized using miRBase (release 21.0). Rank aggregation
method was implemented using an R package “Robust Rank
Aggreg.” This method analyzed miRNAs that are ranked
consistently better than expected and assigns a P value for
each miRNA.

2.3. Pathway Enrichment Analysis. We firstly collected vali-
dated targets of each miRNA using miRTarBase database
(http://mirtarbase.mbc.nctu.edu.tw/). Gene ontology (GO)
biological process enrichment of those validated targets was
performed using Database for Annotation, Visualization
and Integrated Discovery (DAVID) v6.8 (https://david
.nciferf.gov/). Fisher’s exact test was used to identify the sig-
nificant pathway terms. Heatmap was presented by log-
transformed P value. Moreover, the combinatorial pathway
enrichment analysis of multiple miRNAs was analyzed using
“miRPath” algorithm (http://www.microrna.gr/miRPathv2).

2.4. miRNA-Gene Interaction Network Analysis. We firstly
performed target prediction by using Targetscan website
(http://www.targetscan.org/), and only cumulative-weighted
context++ score<—0.4 was selected for further analysis.

The interaction between miRNA and their predicted
target networks was constructed using the Cytoscape
software. In the validation group, the miRNA-gene inter-
action was presented based on their Pearson’s correlation
coeflicient.

2.5. HCC Cell Line Culture. Four TP53 wild-type HCC cell
lines, including HepG2, SMMC-7721, HHCC, and SK-Hep-
1, were selected for experimental validation. All cell lines
were cultured using Dulbecco minimum essential medium
(DMEM) supplemented with heat-inactivated 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 yg/ml
streptomycin. Cells were incubated at 37°C and 5% CO, in
a HF100 chamber (Heal Force, Hong Kong, China).

2.6. Pro- and Antioxidant Treatment. For pro-oxidant treat-
ment, HCC cell lines were firstly synchronized by serum
starvation overnight and then treated with 200 uM of H,O,
for 24 h. For antioxidant treatment, cells were preincubated
with N-acetylcysteine (NAC, 5 mM) for 6 hours before expo-
sure to H,0,. Following treatment, cells were harvested for
further analysis.

2.7. Transfection of siRNA. RNA interference mediated by
duplexes of 21-nucleotide RNA was performed in HCC
cell lines. siRNA-TP53 (5-CUGGAAGACUCCAGUG
GUA-3) and control-siRNA were synthesized by Gene-
Pharma (Shanghai, China). Transfection of siRNA
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FIGURE 4: The interaction network between four miRNAs and their predicted targets.

(100nM) was carried out with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s protocols.

2.8. Quantitative Reverse Transcription-Polymerase Chain
Reaction (qRT-PCR). Total RNA was extracted from cultured
cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA).
qRT-PCR was performed using the SYBR® PrimeScript™
miRNA RT-PCR Kit and SYBR Premix Ex Taq™ (TaKaRa
Biotechnology, Dalian, China). All primers of selective
miRNAs were also synthesized by TaKaRa. The miRNA
expression was assayed in triplicate and normalized to Ue6.

The relative miRNA expression was calculated using the
comparative-Ct (AACt) method.

2.9. Public Datasets for Validation. To validate the
expression of miRNAs and their targets in HCC tissues,
we used public datasets containing 100 paired HCC
tissue samples (GSE62007 and GSE62043). GSE62007
dataset was conducted on miRXplore Microarray plat-
form, and GSE62043 dataset was conducted on Agilent-
014850 Whole Human Genome Microarray platform.
For hepatocellular carcinoma, The Cancer Genome Atlas
(TCGA) dataset were used to explore the prognosis
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FIGURE 5: Pathway enrichment analysis of four oxidative stress-responsive miRNAs. (a) Venn diagram of pathways of four oxidative stress-
responsive miRNAs. (b) Heatmap of pathways of four oxidative stress-responsive miRNAs. Range of colors (white to deep red) shows the

—Log,, (P value of pathway enrichment analysis) (low to high).

values of four miRNAs in HCC. The data were obtained  2.10. Statistical Analysis. All data in this study were analyzed

from SurvMicro web tool (http://bioinformatica.mty.itesm. by SPSS 11.0 software (SPSS Inc., Chicago, IL, USA) and
mx/SurvMicro). expressed as mean + standard error of measurement (SEM).
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Analysis of continuous variables was performed using a
Student t-test. Expression correlation between variables was
tested by Pearson’s correlation analysis. P < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Identification of Oxidative Stress-Responsive miRNAs. A
total of 11 studies from 10 published articles were
screened [5-14], and 8 studies were based on human cells
[6, 7, 10-14], which were selected for further analysis. In
summary, 504 aberrantly expressed miRNAs were recorded,
including 404 upregulated and 99 downregulated miRNAs.
Among them, twenty upregulated miRNAs were reported
by more than three studies (Figure 1). By applying a rank
aggregation analysis, we identified four oxidative stress-
responsive miRNAs which were significant upregulated
under H,O, treatment, including miR-638, miR-150-3p,
miR-1915-3p, and miR-34a-5p (Figure 2).

3.2. Validation of Oxidative Stress-Responsive miRNAs in
HCC Cell Lines. To further explore the expression changes
of identified miRNAs in oxidative stress response in HCC,
we treated four TP53 wild-type HCC cell lines with 200 M
H,0, (the most widely used concertation) for 24h and
measured expression levels of four miRNAs (miR-34a-5p,
miR-1915-3p, miR-638, and miR-150-3p). Our data revealed
that the expressions of four miRNAs were all significantly
increased after H,O, treatment. By contrast, when preincu-
bation with 5mM NAC for 6h, the upregulated expressions
of miR-34a-5p, miR-1915-3p, miR-638, and miR-150-3p
caused by H,O, treatment were abrogated (Figure 3). The
above results provide evidence that the expressions of miR-
34a-5p, miR-1915-3p, miR-638, and miR-150-3p were
tightly associated with intracellular oxidative stress status in
HCC cell lines.

3.3. Function Prediction of Oxidative Stress-Responsive
miRNAs. We firstly performed target prediction by using
Targetscan web tool, and the miRNA-target interaction
was visualized in Figure 4. To further evaluate biological
functions of four miRNAs, we selected their experimental
validated targets for GO pathway enrichment analysis.
The number of enriched GO biological process of each
miRNA ranged from 22 to 474 (Figure 5(a)). By conduct-
ing a heatmap of P values derived from Fisher’s exact
test, four miRNAs were shown to be all closely related
to antiapoptosis pathways (Figure 5(b)). Furthermore,
combinatorial pathway enrichment analysis revealed that
those four oxidative stress-responsive miRNAs were
related to p53 signaling pathway (Table 1). Previous stud-
ies had clearly demonstrated the closely association
between p53 signaling pathway and oxidative stress [15, 16],
suggesting a critical role of four miRNAs (miR-34a-5p,
miR-1915-3p, miR-638, and miR-150-3p) in oxidative
stress response.

3.4. miR-34a-5p and miR-1915-3p Are Regulated by p53
under Oxidative Stress. Since our data suggested an associa-
tion between oxidative stress-responsive miRNAs and p53

Oxidative Medicine and Cellular Longevity

TaBLE 1: The signaling pathway enrichments of validated targets of
four miRNAs.

KEGG signaling pathways P value

KEGG_04115: p53 signaling pathway 2.24E-10
KEGG_04310: Wnt signaling pathway 4.83E-09
KEGG_04330: notch signaling pathway 1.34E-06
KEGG_04630: Jak-STAT signaling pathway 3.83E-04
KEGG_04722: neurotrophin signaling pathway 1.73E-03
KEGG_04340: hedgehog signaling pathway 1.89E-03
KEGG_04010: MAPK signaling pathway 3.33E-03
KEGG_04370: VEGF signaling pathway 4.06E-03
KEGG_04350: TGF-beta signaling pathway 4.98E-03
KEGG_04660: T cell receptor signaling pathway 9.59E-03
KEGG_04150: mTOR signaling pathway 2.14E-02
KEGG_04920: adipocytokine signaling pathway 3.27E-02
KEGG_03320: PPAR signaling pathway 3.36E—-02

signaling pathway, we wondered whether the expressions of
these miRNAs in oxidative stress response are regulated by
p53. Evidences from our [17, 18] and other groups [19] sug-
gested that p53 was upregulated in response to oxidative
stress in HCC. Thus, by employing four HCC cell line data,
we quantified the correlation coefficient between p53 and
four oxidative stress-responsive miRNAs expression. We
found that p53 gene (TP53) was statistically positively cor-
related to the expressions of miR-34a-5p and miR-1915-3p
(P <0.05), but not miR-638 and miR-150-3p (P >0.05)
(Figure 6), indicating that p53 might regulate the miR-34a-
5p and miR-1915-3p function in oxidative stress response.
To further verify this hypothesis, we then examined the
miR-34a-5p and miR-1915-3p expressions in siRNA-TP53-
transfected HCC cells. As shown in Figures 7(a) and 7(c),
the miR-34a-5p and miR-1915-3p expression levels were
significantly decreased by knocking down of TP53 (all
P <0.05). Furthermore, knocking down of TP53 was shown
to be able to attenuate the increased expression of miR-34a-
5p and miR-1915-3p induced by H,O, treatment, providing
solid evidence for the regulatory roles of p53 in miR-34a-5p
and miR-1915-3p in oxidative stress response (Figures 7(b)
and 7(d)).

3.5. Clinical Values of Four Oxidative Stress-Responsive
miRNAs in HCC. To gain insight into clinical values of four
oxidative stress-responsive miRNAs in HCC, we firstly
obtained 4 miRNAs and 90 oxidative stress-related gene pro-
filing data based on 100 paired HCC samples (GSE62007 and
GSE62043) from Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) (Figure 8(a)). By calculating
the expression correlations between each miRNA and
oxidative stress-related gene, we conducted a miRNA-
gene interaction network (Figure 8(b)). Our data showed
that miR-150-3p and miR-1915-3p were negatively corre-
lated with more than half of oxidative stress-related
genes (54/90 and 50/90, resp.). miR-34a-5p was nega-
tively correlated with 44 out of 90 oxidative stress-
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F1GURE 6: The expression correlation between four miRNAs and TP53. (a) miR-34a-5p, (b) miR-1915-3p, (c) miR-150-3p, and (d) miR-638.

related genes. Meanwhile, miR-638 was only negatively
correlated with the least number of oxidative stress-
related genes (38/90), which was partially consistent with
previous study [20]. Moreover, tissue expression pattern
also validated the positively correlation between p53 and
miR-34a/miR-1915-3p with correlation coeflicients of 0.13
and 0.16, respectively.

Next, we explored the prognosis values of four oxidative
stress-responsive miRNAs in HCC patients. We obtained
HCC TCGA data by using SurvMicro web tool (http://
bioinformatica.mty.itesm.mx/SurvMicro) and conducted
Kaplan-Meier analysis of HCC patients with different
miRNA expression levels. We found that HCC patients with
lower miR-34a and miR-1915-3p expression levels had
shorter overall survival time, although we did not get a
statistically significant P value which might due to a small
sample size (Figures 9(a) and 9(b)). Similarly, we also
found that miR-638 and miR-150-3p could predict HCC
patients’ survival time, with a P value of 0.042 (Figure 9(c)).
It should be pointed out that the expression level of
miR-638 in high-risk group was slightly higher than that
in low risk group, with a nonsignificant P value
(Figure 9(d)), which may warrant future larger study to
confirm or refuse it.

4. Discussion

For decades, oxidative stress has been reported to impact car-
cinogenesis. However, the underlying interaction among oxi-
dative stress and carcinogenesis remains unknown. Recently,
increasing evidence suggested that some intracellular miR-
NAs play critical roles in oxidative stress response and carci-
nogenesis. Therefore, in the current study, we aim to identify
several oxidative stress-responsive miRNAs which might
involve in liver carcinogenesis. We firstly performed a
comprehensive analysis by employing a recently published
rank aggregation analysis method [21], to identify oxida-
tive stress-responsive miRNAs. Based on miRNA profiling
data, four miRNAs (miR-34a-5p, miR-1915-3p, miR-638,
and miR-150-3p) were identified as the common upregu-
lated miRNAs under oxidative stress. Next, we also vali-
dated these four oxidative stress-responsive miRNAs in
four different HCC cell lines. Specifically, we found that
the upregulation of miR-34a-5p and miR-1915-3p, but
not miR-638 and miR-150-3p, was depended on p53 sta-
tus in oxidative stress (Figure 10). Finally, our data also
provide clinical evidences for the possible negative regula-
tion of oxidative stress-related genes by these four miR-
NAs in HCC tissues. We found that the expression levels
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FIGURE 7: miR-1915-3p and miR-34a-5p are regulated by p53. (a, ¢) After transfection of siRNA-TP53, the expression of miR-34a-5p and
miR-1915-3p was analyzed by qRT-PCR. (b, d) After transfection of siRNA-TP53, the expression of miR-34a-5p and miR-1915-3p was
measured with or without H,0, treatment. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significant.

of those four miRNAs were associated with overall sur-
vival time in HCC patients.

miR-34a-5p is one of the most explored miRNAs in car-
cinogenesis [22]. Although comparatively low levels of miR-
34a-5p expression were reported in several cancers [23, 24],
discrepancies emerged in HCC. Researchers found that the
expression of miR-34a was downregulated during methyl-
deficient diet-induced liver carcinogenesis [25]. By contrast,
in a chemical-induced HCC model, miR-34a-5p was found
to be upregulated [26]. We speculate that miR-34a-5p might
be regulated by different mechanisms during liver carcino-
genesis. It has been widely accepted that chemotherapeutic
agents exhibited anticancer effects by producing ROS in the
target tissue. We observed the ROS generation in HCC
cells with cisplatin treatment [17]. Bai et al. also found
that miR-34a-5p suppressed mitochondrial antioxidative
enzymes with a concomitant increase in intracellular ROS
level [27]. All above evidences suggested the miR-34-5p
expression might be related to ROS level in HCC cells. In
the present study, by conducting an oxidative stress model
in four HCC cell lines, we confirmed that miR-34a-5p was
related to intracellular oxidative stress status. Furthermore,
we also found miR-34a-5p was involved in the p53-

dependent pathway, which was consistent with previous
results [22, 28].

miR-1915-3p was another dysregulated miRNA in vari-
ous types of cancer, such as prostate cancer, renal cell carci-
noma, breast cancer, lung cancer, and colorectal cancer
[29-33]. However, the function of miR-1915-3p remains
unknown in HCC. The present study revealed for the first
time that miR-1915-3p was upregulated by oxidative stress,
depending on p53 status in HCC. Recently, a study based
on colorectal cancer cells also confirmed our results [32].
The authors [32] reported that miR-1915-3p was involved
in response to chemotherapeutic drug-induced DNA damage
by targeting Bcl-2, the latter of which was an important
regulator of oxidative stress [34]. Additionally, they also
found that p53 induced the processing of pri-miR-1915-3p
to pre-miR-1915-3p, which promote overexpression of
mature miR-1915-3p in. These data suggested that, differ-
ing from miR-34a-5p, miR-1915-3p expression was regu-
lated by p53 in a transcription-independent way. When
focusing on the genes potentially affect oxidative stress,
we found that many oxidative stress-related genes might
be potential targets of miR-1915-3p. These evidences sug-
gest that by targeting oxidative stress-related genes, miR-
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Range of colors (blue to red) was represented according to Pearson’s correlation coefficient (low to high).

1915-3p might possess a significant role in the regulation of
oxidative stress response.

miR-638 was previously reported to be associated with
cellular senescence [6] and DNA damage [35]. In 2013,
Christenson et al. [20] screened the gene expression in
miR-638-inhibited fibroblasts and suggested that miR-638
might involve in oxidative stress response. In the present
study, we, for the first time, identified miR-638 as an oxi-
dative stress-induced miRNA in HCC cell lines. We found
that the elevated expression of miR-638 was not induced
by p53. However, the regulation mechanisms of miR-638
during oxidative stress have hardly been investigated. Tay

et al. found that miR-638 was encoded by Dnm2 locus
and demonstrated that both two components, miR-638
and its host gene Dnm2, were overexpressed in tumori-
genesis [36]. Moreover, it was also reported that Dnm2
could be upregulated by radiation-induced oxidative stress
[37]. Therefore, we hypothesized that oxidative stress
might promote transcription of host gene Dnm?2 and
miR-638 was cooperatively upregulated. Furthermore, our
data also showed that HCC patients with high risk had a
higher expression level of miR-638 than low risk group.
However, the association between miR-638 and cancer
prognosis was inconsistent. Some studies showed that the
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downregulation of miR-638 was involved in malignant  Besides, Ren et al. [42] also found that miR-638 acts as an
phenotypes of osteosarcoma, gastric carcinoma, and colorec-  oncogene and promotes cell proliferation and metastasis in
tal carcinoma [38-40]. By contrast, Bhattacharya et al. [41]  esophageal squamous cell carcinoma and breast cancer cells.
reported that miR-638 promoted melanoma progression.  Considering our data did not get a statistically significant
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P value, the jury must refrain from drawing a firm conclu-
sion until a well-designed clinical study confirms or refutes
the above findings.

Additionally, we also observed that miR-150-3p was
induced by oxidative stress and was not depended on
p53 overexpression. However, its functions in oxidative
response and liver carcinogenesis have yet to be unra-
velled. It was reported that miR-150-3p could be induced
by NF-kB activation [43]. Considering the important roles
of NF-kB pathway in oxidative stress response and inflamma-
tion [44], investigating the underlying interaction between
NF-kB and miR-150-3p will be of particular interest to study
the molecular mechanisms of oxidative stress response in
liver carcinogenesis.

Taken together, we identified four oxidative stress-
responsive miRNAs (miR-34a-5p and miR-1915-3p, but
not miR-638 and miR-150-3p) and further demonstrated
p53-dependent and p53-independent mechanisms of
miRNA expression regulation in HCC. Given a critical
role for oxidative stress in carcinogenesis, our present
findings have significant clinical implications. These miR-
NAs might offer new potential strategy for cancer diagno-
sis and prognosis.
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Kallistatin is an endogenous protein that regulates differential signaling pathways and a wide spectrum of biological activities via its
two structural elements: an active site and a heparin-binding domain. Kallistatin via its heparin-binding site inhibits vascular
inflammation and oxidative stress by antagonizing TNF-a-induced NADPH oxidase activity, NF-xB activation, and
inflammatory gene expression in endothelial cells. Moreover, kallistatin via its active site inhibits microRNA-34a (miR-34a)
synthesis and stimulates eNOS and SIRT1 expression in endothelial progenitor cells, whereas its heparin-binding site is crucial for
blocking TNF-a-induced miR-21 expression and oxidative stress, thus reducing cellular senescence. By downregulating miR-34a
and miR-21 expression, kallistatin treatment attenuates oxidative damage and aortic senescence in streptozotocin-induced
diabetic mice and extends Caenorhabditis elegans lifespan under stress conditions. Likewise, kallistatin through the
heparin-binding site inhibits TGF-f-induced miR-21 synthesis and oxidative stress in endothelial cells, resulting in inhibition of
endothelial-mesenchymal transition, a process contributing to fibrosis and cancer. Furthermore, kallistatin’s active site is
essential for stimulating miR-34a and p53 expression and inhibiting the miR-21-Akt-Bcl-2 signaling pathway, thus inducing
apoptosis in breast cancer cells. These findings reveal novel mechanisms of kallistatin in protection against senescence, aging,

and cancer development by modulating miR-34a and miR-21 levels and inhibiting oxidative stress.

1. Introduction

Aging, characterized by the deterioration of human physio-
logical functions, is the dominant risk factor for the develop-
ment of cardiovascular disease and cancer [1]. Aging and
cancer share common origins, as increased production of
reactive oxygen species (ROS) plays a critical role in oxidative
damage in aged cells and tumor progression [2, 3]. Thus,
identifying new antioxidant agents to delay aging and reduce
cancer development is imperative in pharmacological inter-
vention. Moreover, microRNAs (miRNAs) negatively regu-
late the expression of target genes at the posttranscriptional
level and play a pivotal role in cellular senescence and tumor
progression [4, 5]. Among miRNAs, miR-21 has a widely
described oncogenic function by targeting multiple signaling
pathways in regulating cancer cell apoptosis, migration,
invasion, proliferation, and angiogenesis [6, 7]. Conversely,
miR-34a inhibits cancer cell survival, proliferation, invasion,
and metastasis formation [8, 9]. Thus, miR-21 functions as

an oncogene, while miR-34a acts as a tumor suppressor.
However, both miR-34a and miR-21 promote cellular senes-
cence and are crucial players in the regulation of aging and
cancer development.

miR-21 promotes tumor progression by stimulating ROS
production through downregulation of superoxide dismut-
ase (SOD2/SOD3) [10]. Besides its association with oxida-
tive stress, miR-21 has a potential role in fibrosis, as
inhibition of miR-21 attenuates fibrosis in the heart, kidney,
and lungs [11-13]. Transforming growth factor- (TGF-) 1,
via stimulation of ROS formation, induces upregulation of
miR-21, leading to organ fibrosis [14]. Moreover, miR-21
plays an important role in TGF-f-induced endothelial-to-
mesenchymal transition (EndMT), a process that contrib-
utes to carcinoma-associated fibrosis and fibrotic disease
[15]. Therefore, miR-21 exhibits a functional interplay with
oxidative stress during tumorigenesis and fibrosis. Further-
more, miR-21 promotes cellular senescence by suppressing
high-mobility group A2 in endothelial progenitor cells
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(EPCs) [16]. Conversely, miR-34a exerts controversial func-
tions in cancer development and the aging process, as it
functions as a tumor suppressor and a senescence inducer
[17, 18]. miR-34a inhibits cancer progression by inhibiting
cancer cell survival, proliferation, invasion, and metastasis
formation [8, 9], while it promotes renal cell senescence by
inhibiting antioxidant enzymes [19]. miR-34a induces cellu-
lar senescence through suppression of the longevity gene sir-
tuin 1 (SIRT1) in endothelial cells [18]. Overexpression of
miR-34a induces premature senescence of young mesangial
cells via downregulation of SOD2, leading to an increase in
ROS generation, while antisense miR-34a inhibits senes-
cence of old mesangial cells via upregulation of SOD2 and
a decrease in ROS [19]. Collectively, these findings indicate
that miR-21 and miR-34a are pivotal players in aging and
tumor progression.

Kallistatin was first identified in human plasma as a tissue
kallikrein inhibitor and a serine proteinase inhibitor [20-23].
Kallistatin is widely distributed in tissues relevant to cardio-
vascular function, including those of the kidney, heart, and
blood vessels [24-26]. Kallistatin contains two structural ele-
ments: an active site and a heparin-binding domain [27-29].
The active site of kallistatin is a key for inhibiting tissue kal-
likrein activity and stimulating endothelial nitric oxide syn-
thase (eNOS) and SIRT1 expression [30, 31]. Kallistatin via
its heparin-binding site interacts with cell surface heparan
sulfate proteoglycans, thus antagonizing signaling pathways
mediated by vascular endothelial growth factor (VEGE),
tumor necrosis factor- (TNF-) «, high-mobility group box-
1 (HMGBI1), TGF-f, and epidermal growth factor (EGF)
[31-35]. Kallistatin administration exhibits pleiotropic
effects, including reduction in blood pressure and inhibition
of oxidative stress, inflammation, angiogenesis, apoptosis,
hypertrophy, and fibrosis in animal models [33, 36-42].
Kallistatin inhibits TNF-a-induced ROS production, nuclear
factor- (NF-) B activation, and inflammatory gene expres-
sion in endothelial cells [33, 42]. In addition, kallistatin
reduces TNF-a-induced endothelial senescence and delays
stress-induced aging by inhibiting miR-34a, miR-21, and oxi-
dative stress and upregulating the expression of the antioxi-
dant enzymes eNOS, SIRT1, catalase, and SOD3 in cultured
EPCs, streptozotocin- (STZ-) induced diabetic mice, and Cae-
norhabditis elegans (C. elegans). Moreover, kallistatin treat-
ment prevents TGF-f-induced EndMT by reducing ROS
formation and miR-21 synthesis [31]. Furthermore, kallista-
tin induces apoptosis by stimulating miR-34a and suppress-
ing miR-21 synthesis in breast cancer cells [43]. This review
focuses on the protective role of kallistatin in cellular senes-
cence, aging, and tumor progression by inhibiting oxidative
stress and regulating miR-34a and miR-21 levels.

2. Kallistatin Inhibits Oxidative Stress and
Inflammation

Oxidative stress stimulates inflammatory pathways, which
promotes cellular senescence and aging [44]. Besides super-
oxide radical (O5), NF-«B activation also links to accelerated
aging in systemic inflammatory responses [45]. Oxidative
stress and activation of NF-xB have been shown to be
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associated with senescence of cultured endothelial cells, and
pharmacological inhibition of NF-xB signaling prevents
age-associated features in mouse models [46]. Reduced kal-
listatin levels are correlated with increased oxidative stress,
inflammation, and organ damage in animal models of hyper-
tension, cardiovascular, and renal damage [22, 35, 40, 42].
Kallistatin treatment reduces ROS generation, inflammation,
and organ damage associated with increased eNOS and NO
levels in several animal models, including acute and chronic
myocardial damage, salt-induced hypertension, and sepsis
[34, 39, 40, 42]. On the other hand, depletion of endogenous
kallistatin by neutralizing antibody injection further increases
oxidative stress, inflammation, and fibrosis and augments
cardiovascular and renal damage in salt-induced hyperten-
sive rats [47]. These findings indicate that kallistatin has a
protective role in cardiovascular and renal dysfunction by
inhibition of oxidative stress and inflammation.

Kallistatin is an antioxidant as its heparin-binding site is
essential for blocking TNF-a-induced NADPH oxidase
activity and expression in endothelial cells [33, 42]. In addi-
tion, kallistatin’s active site is a key for stimulating the
expression of the antioxidant enzymes eNOS, SIRT1, and
catalase in endothelial cells and EPCs [31, 48]. Kallistatin
inhibits NAD(P)H oxidase activity and ROS formation,
partly by NO formation in cardiomyocytes [39]. Kallistatin
attenuates vascular inflammation by antagonizing TNF-a-
and HMGBI1-mediated NF-«B activation and expression of
proinflammatory genes in endothelial cells [33, 34]. More-
over, kallistatin stimulates eNOS expression by interacting
with the transcription factor Kruppel-like factor 4 and
increases eNOS activity and NO generation by activating
the phosphoinositide 3-kinase- (PI3K-) Akt signaling path-
way [41]. Kallistatin not only stimulates eNOS expression
but also prevents TNF-a-mediated inhibition of eNOS syn-
thesis in endothelial cells [31]. NO production can inhibit
inflammatory gene expression by preventing activation of
NF-«B [49]. These findings indicate that kallistatin, through
its antioxidative and anti-inflammatory effects, protects
against multiorgan damage and accelerated aging.

3. Kallistatin Reduces Vascular Senescence and
Aging by Downregulating miR-34a and
miR-21 Synthesis

miR-34a and miR-21 have emerged as important regulators
of cellular senescence and aging [50]. miR-34a functions as
a main senescence promoter by inhibiting the expression of
SIRTI, a conservative longevity gene, through a miR-34a-
binding site within the 3-UTR of SIRT1 [51]. Likewise,
miR-21 is involved in accelerating cellular senescence in
EPCs [16]. Moreover, oxidative stress induces vascular injury
and endothelial senescence, with the inflammatory cytokine
TNF-a being the main contributor to ROS production [52].
SIRT1 accounts for vascular homeostasis by activating many
antioxidant enzymes, such as eNOS, catalase, and manganese
superoxide dismutase (MnSOD), to diminish ROS [53].
Upregulation of antioxidant proteins, such as eNOS, SIRT1,
catalase, and MnSOD, protects against oxidative stress-
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FIGURE 1: Signaling mechanism by which kallistatin inhibits senescence and aging through suppressing miR-34a expression and
TNF-a-induced miR-21-ROS production and stimulating eNOS/SIRT1-NO levels in EPCs.

mediated insults [54, 55]. Therefore, prosenescent miR-34a
and miR-21, as well as antioxidant enzymes, underlie the
molecular basis for endothelial senescence and aging-
associated diseases.

Kallistatin treatment significantly reduces TNF-a-
induced senescence in EPCs, as indicated by reduced
senescence-associated f-galactosidase activity and elevated
telomerase activity. Telomerase prevents telomere attrition
by synthesis of telomeric repeats onto the 3’ end of telomeres.
Telomere shortening is observed during normal aging in
humans and mice [56]. Circulatory kallistatin levels are pos-
itively associated with leucocyte telomere length in humans
[57], indicating a potential role of kallistatin in maintaining
telomere length and attenuating the aging process. In
addition, kallistatin via its heparin-binding site antagonizes
TNF-a-induced superoxide levels and miR-21 synthesis, as
well as TNF-a-mediated inhibition of SIRT1, eNOS, and cat-
alase synthesis in EPCs. Kallistatin via its active site inhibits
miR-34a synthesis but stimulates the expression of antioxi-
dant enzymes in EPCs. Overexpression of miR-34a abolishes
kallistatin’s effects on SIRT1 and eNOS and its antisenes-
cence activity. Kallistatin administration attenuates aortic
senescence, oxidative stress, and miR-34a and miR-21 syn-
thesis, in association with elevated SIRT1, eNOS, and catalase
levels in STZ-induced diabetic mice. Furthermore, human
kallistatin treatment prolongs the lifespan of wild-type C. ele-
gans under heat or oxidative stress conditions but has no
effect on miR-34 or sir-2.1 (SIRT1 homolog) C. elegans
mutants. Similar to diabetic mice, kallistatin inhibits miR-
34 and superoxide formation but stimulates sir-2.1 synthesis
in C. elegans. The signaling mechanism of kallistatin in

senescence and aging by regulating miR-34a and miR-21
levels is shown in Figure 1. These combined findings provide
significant insights into the novel role and mechanism of
kallistatin in endothelial senescence and aging.

4. Kallistatin Inhibits EndMT via Suppressing
TGF-f-Induced Oxidative Stress and miR-21
Expression

Endothelial-mesenchymal transition (EndMT) contributes
greatly to organ fibrosis and tumor metastasis [58, 59]. Mor-
phological changes in EndMT induced by TGF-f3 signaling
cascades include loss of cell-cell junctions and endothelial
markers, such as vascular endothelial- (VE-) cadherin and
CD31, and gain of the mesenchymal marker a-smooth mus-
cle actin (SMA). Moreover, miR-21 expression levels are
highly elevated during EMT and EndMT [15, 60]. TGF-f3-
induced EndMT is partly mediated by upregulation of the
miR-21-Akt pathway, as blockade of miR-21 can prevent
EndMT and inhibit Akt activation [15]. Furthermore, ROS
production further stimulates miR-21 synthesis in fibroblasts
[61]. Therefore, miR-21 is a key mediator of EndMT, as well
as EndMT-associated fibrosis and tumor development.
Human kallistatin delivery exerts beneficial effects on
fibrosis by suppressing TGF-f synthesis in animal models
[40, 62, 63]. Kallistatin treatment blocks TGF-p-induced
EndMT in endothelial cells, as evidenced by morphological
changes, increased endothelial markers (VE-cadherin and
CD31), and reduced mesenchymal marker (a-SMA) [31].
Kallistatin prevents TGF-3-mediated activation of the miR-
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FIGURe 2: Signaling mechanism by which kallistatin inhibits
EndMT by preventing the TGF-f-induced miR-21-Akt-NF-«xB
pathway and oxidative stress and stimulating eNOS/SIRT1
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21-phospho-Akt-NF-«B signaling pathway, as well as TGF-
B-induced NADPH oxidase expression and activity, and
ROS formation [31]. Kallistatin’s heparin-binding site is cru-
cial for inhibiting TGF-B-induced oxidative stress, while its
active site is a key for stimulating expression of the antioxi-
dant proteins eNOS and SIRT1 and production of NO.
Moreover, kallistatin via the heparin-binding site blocks
TGF-f-induced miR-21 expression, Akt phosphorylation,
and NF-«B activation. Thus, kallistatin inhibits EndMT
through suppressing the TGF-f-induced miR-21-Akt-NF-
kB signaling pathway and stimulating antioxidant protein
expression (Figure 2). These findings indicate that kallistatin
attenuates fibrosis and cancer by suppressing TGEF-f-
induced EndMT.

5. Kallistatin Induces Cancer Cell Apoptosis by
Stimulating miR-34a and Inhibiting miR-21
Expression

miRNAs are well categorized by their cancer-related func-
tions, including tumor suppression, oncogene expression,
epithelial-mesenchymal transition, apoptosis, and immune
response [64]. miR-34a plays an important role as a tumor
suppressor in many types of cancers [65]. Indeed, miR-34a
levels are underexpressed in a variety of human tumors,
and low levels of miR-34 have been related to poor clinical
outcome of cancer patients [66, 67]. Moreover, miR-34a
inhibits the proliferation, invasion, and migration of breast
cancer cells and breast tumor growth in vivo by deactivating
the Wnt/B-catenin signaling pathway [68]. On the other
hand, miR-21, a well-recognized tumor inducer, is upregu-
lated in a large range of human tumors, including gastric,
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apoptosis through upregulating miR-34a-p53 and downregulating
miR-21-Akt-Bcl-2 pathways in breast cancer cells.

colorectal, lung, pancreatic, ovarian, and breast cancer [69-
74]. In addition, high levels of miR-21 expression are strongly
related to poor clinical prognosis of patients in pancreatic
cancer [75]. The prosurvival protein Bcl-2, a key regulator
of apoptosis in many types of human tumors, is positively
regulated by miR-21, and an anti-miR-21 inhibitor downre-
gulates Bcl-2 in breast cancer cells [76]. Moreover, resveratrol
induces bladder cancer cell apoptosis by reducing miR-21
expression, Akt phosphorylation, and Bcl-2 levels [77].
Therefore, these findings indicate opposite effects of miR-
34a and miR-21 in cancer development.

Kallistatin gene transfer has been reported to inhibit
tumor growth and metastasis in several animal models [32,
78-82]. Local administration of human kallistatin reduces
tumor growth and angiogenesis in nude mice via antagoniz-
ing VEGF-mediated proliferation, migration, and invasion of
cultured endothelial cells [32, 78]. Moreover, kallistatin
induces apoptotic cell death in human colorectal cancer cells
[83]. Kallistatin via the active site stimulates miR-34a and
suppresses miR-21 expression in breast cancer cells [44].
Kallistatin reduces cancer cell viability and induces apoptosis
by increasing miR-34a and p53 expression but reducing miR-
21 synthesis, Akt phosphorylation, and Bcl-2 expression in
breast cancer cells [44]. Thus, kallistatin induces breast can-
cer cell apoptosis by stimulating miR-34a-p53 and suppress-
ing miR-21-Akt-Bcl-2 signaling pathways (Figure 3). These
findings indicate that kallistatin induces cancer cell death
through upregulation of miR-34a and downregulation of
miR-21 expression.

6. Conclusion

Kallistatin plays a protective role in accelerated aging and
cancer development by regulation of miR-34a and miR-21.
Kallistatin’s antisenescence/aging effect is mainly attributed
to suppression of oxidative stress and inflammation and
downregulation of miR-34a and miR-21 synthesis. Kallistatin
via its heparin-binding domain antagonizes TNF-a-induced
ROS formation and miR-21 expression, while its active site
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is crucial for inhibiting miR-34a synthesis in EPCs. Kallista-
tin protects against fibrosis and tumorigenesis by inhibiting
EndMT. Kallistatin’s heparin-binding site is critical for sup-
pressing TGF-f-induced ROS formation and the miR-21-
Akt-NF-«B signaling pathway in endothelial cells. However,
kallistatin via its active site stimulates miR-34a and p53 syn-
thesis and inhibits miR-21-Akt-Bcl-2 signaling, leading to
apoptosis in breast cancer cells. As an endogenous protein,
kallistatin treatment could improve human health during
aging process and tumor progression with minimal side
effects. This review article provides a new potential prospec-
tive in kallistatin-based therapeutic intervention in aging
and cancer.
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Hyperglycemia-induced stress in the brain of patients with diabetes triggers the disruption of blood-brain barrier (BBB), leading to
diverse neurological diseases including stroke and dementia. Recently, the role of microRNA becomes an interest in the research for
deciphering the mechanism of brain endothelial cell damage under hyperglycemia. Therefore, we investigated whether mircoRNA
Let7A (miR-Let7A) controls the damage of brain endothelial (bEnd.3) cells against high glucose condition. Cell viability, cell death
marker expressions (p-53, Bax, and cleaved poly ADP-ribose polymerase), the loss of tight junction proteins (ZO-1 and claudin-5),
proinflammatory response (interleukin-6, tumor necrosis factor-«), inducible nitric oxide synthase, and nitrite production were
confirmed using MTT, reverse transcription-PCR, quantitative-PCR, Western blotting, immunofluorescence, and Griess reagent
assay. miR-Let7A overexpression significantly prevented cell death and loss of tight junction proteins and attenuated
proinflammatory response and nitrite production in the bEnd.3 cells under high glucose condition. Taken together, we suggest
that miR-Let7A may attenuate brain endothelial cell damage by controlling cell death signaling, loss of tight junction proteins,
and proinflammatory response against high glucose stress. In the future, the manipulation of miR-Let7A may be a novel

solution in controlling BBB disruption which leads to the central nervous system diseases.

1. Introduction

Blood-brain barrier (BBB) is a well-organized physiological
structure composed of several cells such as brain endothelial
cells, pericytes, and astrocytes from the central nervous
system (CNS), which tightly controls the movement of cells
and molecules between the blood and brain parenchyma
[1]. Brain endothelial cells as a main component of BBB are
linked together by the interactions between tight junction
proteins such as claudins and occludin [2]. As an intact
BBB is necessary for maintaining the microenvironment of
the brain, the breakdown of BBB is associated with the occur-
rence of various diseases including stroke, dementia, and
epilepsy [3, 4]. Several studies demonstrated that diabetes
triggers the risk of neurological dysfunction due to the BBB
disruption [5, 6]. High glucose condition in diabetes triggers
the alteration of microvascular [7, 8] and neurovascular unit
[6]. To control the microenvironment of BBB in diabetes,

many researchers investigated how high glucose condition
triggers the death of brain endothelial cells [9, 10] and the
degradation of tight junction protein which is involved in
the BBB permeability [11, 12].

MicroRNAs as nonprotein-coding RNAs with 21-25
nucleotides have been known to control various gene expres-
sions at the posttranscriptional level by targeting with 3-UTR
of mRNA and play an important regulator of metabolic
disease, thereby emerging as biomarkers and therapeutic
targets [13, 14]. Among the microRNAs, microRNA-Let7A
(miR-Let7A) is recently suggested as a therapeutic target
for improvement of the pathological conditions related to
metabolic diseases (i.e., cancer, diabetes, obesity, inflamma-
tion, vascular disease, etc.) [15-25]. It was known to be
involved in cellular senescence, glucose metabolism, and
inflammatory pathways [15-25]. In high glucose condition,
miR-Let7A could control the cytokine production [21] and
inflammatory mechanisms [25, 20]. However, the regulatory
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effects of miR-Let7A on metabolic status in associated with
hyperglycemic condition were different among the studies:
some reported the protective properties of miR-Let7A, but
the others presented the negative properties [15-26]. As
mentioned above, recent studies reported the involvement
of microRNAs in the control of BBB disruption, but the
mechanism is not fully understood. Furthermore, there are
few studies on the role of miR-Let7A in cerebrovascular
system including BBB under hyperglycemic condition.
Therefore, the present study aimed to investigate the role of
miR-Let7A in brain endothelial cells, for example, apoptosis,
tight junction protein expression, and inflammatory
response under high glucose condition, which may suggest
that the manipulation of miR-Let7A would be a crucial issue
for the protection of BBB disruption.

2. Materials and Methods

2.1. Cell Culture. Mouse brain endothelial cells (bEnd.3 cells)
(ATCC Manassas, VA, USA) were cultured in Dulbecco
Modified Eagle Medium (DMEM) (Gibco, Grand Island,
NY, USA) which contained 0.45% glucose, 0.37% NaHCOs,
4mM glutamine, 10% fetal bovine serum (FBS), 100 pg/ml
penicillin, and 100 yg/ml streptomycin. bEnd.3 cells were
cultured in a humidified incubator at 37°C with 5% CO,.
The cells were treated with D-glucose (Sigma-Aldrich, St.
Louis, MO, USA) at various concentrations (100uM,
10mM, and 25 mM) for 24 hours.

2.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. To examine the cell viability, we per-
formed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. After exposure to various
concentrations of glucose, bEnd.3 cells (2 x 10° cells/ml) were
rinsed three times with PBS. Next, the culture medium was
replaced with a serum-free medium, and 100yl of MTT
(Sigma-Aldrich, St. Louis, MO, USA) solution (2mg/ml in
PBS) was treated to each well. After 1 hour 30min of
incubation, the medium was removed, and dimethyl sulfox-
ide (DMSO) 0.1% was added to form a solution with the
formazan reaction product. The supernatant from each well
was measured using an ELISA reader at a wavelength of
570nm. All experiments were repeated three times. Cell
viabilities are calculated relative to nontreated controls,
whose cell viabilities are considered to be 100%.

2.3. MicroRNA Transfection. miR-Let7A was purchased from
Ambion (Austin, TX, USA) and followed the manufac-
turer’s protocol. Two kinds of miR-Let7A were used in
this study; Let-7A mimic (catalogue number, 4464066;
assay ID, MC10050) and Let-7A inhibitor (catalogue num-
ber, 4464084; assay ID, MH 10050). The expression and
inhibition levels were validated with negative (catalogue
number, 4464058) and positive control miRNA (catalogue
number, 4464062). bEnd.3 cells were cultured for 2 days
and were then treated with miR-Let-7A and miRNA
negative control for each group.

2.4. Western Blot Analysis. bEnd.3 cells were washed with
PBS and collected. The cell pellets were lysed with cold RIPA
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20 min at 4°C to produce whole-cell extracts. Protein (25 pg)
in cells was separated on a 12% SDS-polyacrylamide gel and
transferred onto a polyvinylidene difluoride membrane.
After blocking with skim milk prepared in tris-buffered sali-
ne—Tween (TBST) (20 nM tris, pH7.2, 150 mM NaCl, 0.1%
Tween 20) for 1 hour and 30min at room temperature,
immunoblots were incubated for 14 hours at 4°C with
primary antibodies that detect cleaved poly ADP-ribose
polymerase (PARP) (1:1000, Abcam, Cambridge, MA,
USA), claudin 5 (CLD5) (1:1000, Cell Signaling, Danvers,
MA, USA), or f-actin (1:1000; Millipore, Billerica, MA,
USA). Blots were then incubated with specific secondary
antibodies (Abcam, Cambridge, MA, USA) for 2 hours at
room temperature. Blots were visualized by ECL solution
(Millipore, Billerica, MA, USA).

2.5. Reverse Transcription Polymerase Chain Reaction
(RT-PCR). RNA in bEnd.3 cells was extracted using Trizol
Reagent (Gibco, Grand Island, NY, USA). Reverse transcrip-
tion polymerase chain reaction (RT-PCR) was conducted by
using Invitrogen One step III™ Reverse Transcription PCR
kit (Invitrogen, Carlsbad, CA, USA). PCR was performed fol-
lowing thermal cycling conditions: 95°C for 10 min; 40 cycles
of denaturing at 95°C for 15 seconds, annealing at 60.5°C for
30 seconds, and elongation at 72°C for 30 seconds; final
extension at 72°C for 5 minutes; and holding at 4°C. PCR
was performed using the following primers (5 to 3'): tumor
necrosis factor (TNF)-a (F); CGT CAG CCG ATT TGC
TAT CT, (R); CGG ACT CCG CAA AGT CTA AG; interleu-
kin (IL)-6 (F); GTT GCC TTC TTG GGA CTG AT, (R);
CTG GCT TTG TCT TTC TTG TTA T; CLD5 (F); CTG
CTG GTT CGC CAA CAT T, (R); TGC GAC ACG GGC
ACA G; inducible nitric oxide synthase (iNOS) (F); GGG
AAT CTT GGA GCG AGT TG, (R); GTG AGG GCT TGG
CTG AGT GA, Bax (F); AAG AAG CTG AGC GAG TGT,
(R); GGA GGA AGT CCA ATG TG, p-53 (F); GAG TGT
TCC GTG TAT GGC AC, (R); GAT GCC TTG GAT GAT
GGT C, ZO-1 CAG CCG GTC ACG ATC TCC T, (R);
TCC GGA GAC TGC CAT TGC, GAPDH (F); GAC AAG
CTT CCC GTT CTC AG, (R); GAG TCA ACG GAT TTG
GTC GT. PCR products were electrophoresed in 1% agarose
gels and stained with mango blue. All samples were normal-
ized with GAPDH.

2.6. TagMan Assay for miRNA. To analyze the level of miR-
Let7A, reverse transcription was performed using the
Tagman microRNA reverse transcription kit (Applied Bio-
systems, Waltham, Massachusetts, USA) with 10g RNA.
The PCR reactions were conducted as per the manufacturer’s
protocol to quantitate the level of miRNA Let7A using
Tagman Universal PCR Master Mix, No Amp Erase UNG
(Applied Biosystems, Waltham, Massachusetts, USA) and
Tagman microRNA assay (Applied Biosystems, Waltham,
Massachusetts, USA) for miR-Let7A. PCR amplification
was conducted in Takara Real Time PCR (Takara, Tokyo,
Japan) at 95°C for 10 minutes, followed by 40 cycles at 95°C
for 15 seconds, and 60°C for 60 seconds. The PCR incubation
profile was extended to 40 cycles for miR-Let7A. The differ-
ential level was calculated using the AACt method. The level
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Ficurek 1: High glucose triggers cell death of bEnd.3 cells under high glucose in vitro condition. Cell viability was tested by the MTT assay (a).
The mRNA levels of p-53 (a) and Bax (b) were measured by reverse transcription PCR, and protein levels of cleaved PARP (c) were measured
by Western blot analysis. The results are expressed as the mean + standard deviations (SD). Each experiment included at least 3 replicates per
condition. *p < 0.05 and **p < 0.001 compared with nontreated control cells; ®p < 0.05 compared with 100 uM glucose-treated cells. Glu: D-
glucose treatment for 24 hours; PARP: poly ADP-ribose polymerase.

of miRNA Let7A was represented as a relative quantity
(RQ) normalized to U6. The PCR reactions were con-
ducted three times.

2.7. Quantitative Real-Time PCR. Total cellular RNA was
extracted from the cells using Trizol Reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Poly (A) was added using poly (A) polymerase
(Ambion, Austin, TX, USA). One Step SYBR® Prime Script™
RT-PCR Kit II (Takara, Japan) was used to conduct qPCR.
PCR was performed using the following primers (5’ to 3'):
Z0O-1 CAG CCG GTC ACG ATC TCC T, (R); TCC GGA
GAC TGC CAT TGC, TNF-« (F); CGT CAG CCG ATT
TGC TAT CT, (R); CGG ACT CCG CAA AGT CTA AG,
iNOS (F); GGG AAT CTT GGA GCG AGT TG, (R); GTG

AGG GCT TGG CTG AGT GA. The expression of each
factors was assessed using an ABI prism 7500 Real-Time
PCR System (Life Technologies Corporation, CA, USA)
and analyzed with comparative Ct quantification. f-actin
was amplified as an internal control. The values were pre-
sented by relative quantity (RQ). All experiments were
repeated three times.

2.8. Immunocytochemistry. bEnd.3 cells were washed thrice
with PBS and were permeabilized for 20 minutes. bEnd.3
cells were incubated with the primary antibodies for 12 hours
at 4°C. The following primary antibodies were used: anti-
rabbit CLD5 (1:500, Cell Signaling, Danvers, MA, USA)
and anti-rabbit cleaved PARP (1:500, Abcam, Cambridge,
MA, USA). After 16 hours incubation, bEnd.3 cells were
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FiGure 2: High glucose condition aggravates the loss of tight junction proteins in bEnd.3 cells. The mRNA levels of ZO-1 (a) and CLD5 (b)
were measured by reverse transcription PCR, and protein levels of CLD5 (c) were measured by Western blot analysis. The results are
expressed as the mean + standard deviations (SD). Each experiment included at least 3 replicates per condition. *p < 0.05 compared with
nontreated control cells; *p < 0.05 compared with 100 4M glucose-treated cells; 'p < 0.05 compared with 10 mM glucose-treated cells. Glu:

D-glucose treatment for 24 hours; CLD5: claudin 5.

washed three times with PBS and incubated with each
specific secondary antibody for 1 hour at room temperature.
bEnd.3 cells were counterstained with 1ug/ml 4'6-diami-
dino-2-phenylindole (DAPI, 1:100, Invitrogen, Carlsbad,
CA, USA) for 5 minutes at room temperature. Images were
obtained using confocal microscope (Carl Zeiss, Thornwood,
NY, USA). Cells in three randomly selected fields were
measured for immunodensity using Image] software
(ImageJ, Madison, Wisconsin, USA).

2.9. Determination of Nitrite Production. bEnd.3 cells were
seeded onto 96-well plates at density of 5x 10* cells/well
and pretreated with D-glucose (25 mM), Let7A mimic or
Let7A inhibitor. The supernatants were collected and
assessed for nitrite production using Griess reagent (Sigma-
Aldrich, St. Louis, MO, USA). The Griess reagents (100 ul)
were added and incubated for 30 minutes at room tempera-
ture. The absorbance of supernatants was measured at

540nm using the ELISA reader (Versamax Molecular
Devices, Hampton, NH, USA).

2.10. Statistical Analysis. Statistical analysis was conducted by
SPSS 23.0 software (IBM Corp., Armonk, NY, USA). The
results are expressed as the mean+standard deviations
(SD). Statistical analyses were performed using one-way
analysis of variance (ANOVA) followed by Bonferroni post
hoc multiple comparison. Each experiment included at least
3 replicates per condition. A P value less than 0.05 was
considered statistically significant.

3. Results

3.1. High Glucose Condition Is Associated with Cell Death of
bEnd.3 Cells under High Glucose In Vitro Condition. To
assess the cell death of bEnd.3 cells under high glucose con-
dition, we performed MTT (Figure 1(a)), RT-PCR (p-53
and Bax, Figures 1(b) and 1(c)) and Western blot (cleaved
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FiGure 3: High glucose produces proinflammatory cytokines and iNOS in bEnd.3 cells. The mRNA levels of TNF-« (a), IL-6 (b), and iNOS
(c) were measured by reverse transcription PCR. The results are expressed as the mean + standard deviations (SD). Each experiment
included at least 3 replicates per condition. *p < 0.05 compared with nontreated control cells; ?p < 0.05 compared with 100 uM glucose-
treated cells; 'p < 0.05 compared with 10 mM glucose-treated cells. Glu: D-glucose treatment for 24 hours; IL-6: interleukin-6; iNOS:

inducible nitric oxide synthase; TNF-a: tumor necrosis factor-a.

PARP, Figure 1(d)) analyses. The cell viability was dose
dependently increased by 25, 50, and 100 uM of glucose
and then gradually decreased at 10, 25, and 50 mM of glu-
cose. Particularly, the cell viabilities exposed at 25 and
50mM of glucose were significantly reduced than those of
nontreated control cells (Figure 1(a)). Therefore, we selected
100 uM, 10mM, and 25mM of glucose for further experi-
ment. mRNA levels of p-53 were significantly increased by
glucose treatment (100uM, 10mM, and 25mM)
(Figure 1(b)), and those of Bax were also increased by glucose
treatment particularly at concentrations of 10mM and
25mM (Figure 1(c)). In addition, cleaved PARP protein
levels were significantly and gradually increased by glucose
treatment (100 M, 10 mM, and 25 mM) (Figure 1(d)).

3.2. High Glucose Condition Is Associated with the Loss of
Tight Junction Integrity in bEnd.3 Cells. To examine the
change of tight junction-related protein expression in bEnd.3
cells under high glucose condition, we conducted RT-PCR
(ZO-1 and CLDS5, Figures 2(a) and 2(b)) and Western blot
analyses (CLD5, Figure 2(c)). The mRNA levels of ZO-1 in
bEnd.3 cells were significantly attenuated by the treatment
of glucose (10mM and 25mM) (Figure 2(a)). The mRNA
levels of CLD5 were markedly and dose dependently
decreased by glucose treatment (Figure 2(b)). In addition,
protein levels of CLD5 were also dose dependently decreased
by glucose treatment (Figure 2(c)).

3.3. High Glucose Condition Is Associated with Production of
Proinflammatory Cytokines and iNOS in bEnd.3 Cells. To
investigate the mRNA expression of proinflammatory cyto-
kines and iNOS in the bEnd.3 cells under high glucose condi-
tion, we conducted RT-PCR (Figures 3(a), 3(b), and 3(c)).

miR-Let7A
3.0 -

EE0)
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1.5

1.0 4 T

Relative quantity

*

0.5
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Glu 25 mM - + +
Let7A mimic - - +

FIGURE 4: miR-Let-7A expression in the (bEnd.3) cells under high
glucose condition. Expression of miR-Let7A was measured in all
groups using TagMan real-time PCR. The results are expressed as
the mean + standard deviations (SD). Each experiment included at
least 3 replicates per condition. *p<0.05 and **p<0.001
compared with nontreated control cells; ®p < 0.05 compared with
25 mM glucose-treated cells.

The mRNA levels of TNF-« were dose dependently increased
by the treatment of glucose (Figure 3(a)). IL-6 mRNA levels
were also significantly increased by the glucose treatment
(Figure 3(b)). In addition, mRNA levels of iNOS were
significantly increased by the glucose treatment: particularly,
marked increase was observed at 25mM of glucose
(Figure 3(c)).
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FIGURE 5: miR-Let7A attenuates the expression of cleaved PARP, a cell death marker in bEnd.3 cells under high glucose in vitro condition. To
confirm the effect of miR-Let7A on the expression of cleaved PARP in high glucose-treated bEnd.3 cells, immunostaining was performed.
Cells in three randomly selected fields were measured for immunodensity using Image] software (Image], Madison, Wisconsin,
USA). *p<0.05 and **p<0.001 compared with nontreated control cells; ?p<0.05 compared with Let7A mimic overexpressed
control cells; Tp<0.05 compared with Let7A inhibitor overexpressed control cells; *p < 0.05 compared with 25mM glucose-treated
cells; “p <0.05 compared with 25mM glucose-treated and Let7A-overexpressed cells. Scale bar: 50 ym, 4’6-diamidino-2-phenylindole
(DAPI): blue, cleaved PARP: green, Glu: D-glucose treatment for 24 hours, Let7A mimic: Let7A mimic pretreatment for 48 hrs, Let7A
inhibitor: anti-Let7A pretreatment for 48 hrs, and PARP: poly ADP-ribose polymerase.

3.4. High Glucose Condition Is Involved in the
Downregulation of miR-Let7A Expression in the (bEnd.3)
Cells. Tagman assay was performed to compare the miR-
Let7A expression level among the nontreated cells, 25 mM
glucose only-treated cells, and Let7A mimic overexpressed
and 25mM glucose-treated cells. As shown in Figure 4, we
found that miR-Let7A expression level in the 25 mM glucose
only-treated cells was significantly lower than that in the
nontreated cells. On the other hand, miR-Let7A expression
level in the Let7A mimic overexpressed and 25mM
glucose-treated cells were markedly increased (more than
2.5-fold) compared with the nontreated cells or the 25 mM
glucose only-treated cells. This result may show that miR-
Let7A expression in the brain endothelial cells was downreg-
ulated under high glucose condition.

3.5. miR-Let7A Is Involved in the Regulation of Cell Death and
Tight Junction Protein in bEnd.3 Cells under High Glucose
In Vitro Condition. To confirm whether miR-Let7A is
involved in the regulation of cell death and tight junction
protein of bEnd.3 cells under high glucose condition, we
performed immunofluorescence analysis for cleaved
PARP and CLD5 with immunointensity calculation
(Figures 5 and 6) and qPCR for ZO-1 mRNA expression
(Figure 7(a)). Cleaved PARP was evidently increased by
the treatment of 25mM glucose. Interestingly, transloca-
tion of cleaved PARP into the nucleus was also observed

in the glucose-treated bEnd.3 cells. On the other hand,
miR-Let7A  overexpression markedly attenuated the
expression of cleaved PARP as well as its translocation
into the nucleus in the glucose-treated bEnd.3 cells
(Figure 5). Decreased CLD5 level under high glucose
condition was significantly recovered by the overexpres-
sion of miR-Let7A (Figure 6). The mRNA levels of ZO-
1 were significantly reduced by the treatment of 25mM
glucose compared with nontreated cells. The reduced
mRNA levels of ZO-1 under high glucose condition were
significantly recovered by the overexpression of miR-
Let7A (Figure 7(a)). On the other hand, high glucose-
induced alterations of cleaved PARP, CLD5, and ZO-1
were still retained when treated with miR-Let7A inhibi-
tor (Figures 5 and 6).

3.6. miR-Let7A Attenuates the mRNA Expression of TNF-a,
iNOS, and Nitrite Production in bEnd.3 Cells under High
Glucose In Vitro Condition. To confirm whether miR-Let7A
is involved in the regulation of proinflammatory cytokine
and immune responses in the bEnd.3 cells under high glucose
condition, we performed qPCR analysis for mRNA expres-
sions of TNF-«, iNOS, and Griess reagent assay for nitrite
production (Figures 7(b), 7(c), and 7(d)). mRNA levels of
TNF-a were significantly increased under high glucose
condition but significantly attenuated by miR-Let7A overex-
pression (Figure 7(b)). mRNA levels of iINOS was markedly
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increased under high glucose condition but significantly
and greatly attenuated by miR-Let7A overexpression
(Figure 7(c)). On the other hand, high glucose-induced
increases of TNF-a and iNOS were still retained when
treated with miR-Let7A inhibitor (Figures 7(b) and 7(c)).
Nitrite production in the cells treated with 25 mM glucose
was about 2 times higher than that in the nontreated cells.
On the other hand, increased production of nitrite in the
glucose-treated bEnd.3 cell was significantly reduced by
miR-Let7A overexpression but markedly increased by the
treatment of Let7A inhibitor (Figure 7(d)).

4. Discussion

The present study shows that miR-Let7A significantly pre-
vented cell death and loss of tight junction proteins and
attenuated proinflammatory response in the bEnd.3 cells
under high glucose in vitro condition. It suggests that the
manipulation of miR-Let7A may be a novel solution in con-
trolling BBB disruption which leads to the CNS diseases.
Brain endothelial cells are the main cellular element of
BBB that is necessary for CNS homeostasis [27]. They consti-
tute the multiple network of vessels which transport nutri-
ents and gases throughout the brain [28] and form the
metabolic barrier [27, 29]. Brain endothelial cells are inter-
connected by complicated tight junctions between lateral
plasma membranes [30]. The integrity of tight junctions
was reported to be responsible for the brain endothelial

permeability [31]; thus, the loss of tight junction proteins
may cause BBB disruption, leading to the various CNS dis-
eases [32-34]. Especially, diabetes is emerging as a critical
issue in BBB breakdown [35, 36], suggesting that high
glucose could damage the cells and attenuate the integrity
of tight junction [37-39]. In this present study, we confirmed
that high glucose activates mRNA expressions of p-53 and
Bax and protein expression of cleaved PARP which indi-
cates the activation of cell death signaling [35, 40, 41].
We also observed reduced mRNA expressions of ZO-1
and CLD5 and protein expression of CLD5 which
present the loss of tight junction proteins in brain endo-
thelial cells [32, 33, 36, 42].

Recent studies suggested that posttranscriptional gene
regulation via microRNAs in brain endothelial cells may
alleviate neuropathology of CNS diseases [43-50]. Of these
miRNAs, miR-Let7A was reported to remarkably downregu-
late proinflammatory cytokines in neuroinflammation
conditions [50] and moreover to support brain endothelial
barrier function including increases of monocyte cell
adhesion and migration [50]. In the present study, we
observed that miR-Let7A expression in the brain endothelial
cells was downregulated under high glucose condition, but
miR-Let7A overexpression significantly attenuated proin-
flammatory cytokine production (i.e., TNF-a) [23], sup-
pressed the increased expression of cleaved PARP and its
translocation into the nucleus which indicate cell death
signaling [51], and recovered the loss of tight junction proteins
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FIGURE 7: miR-Let7A modulates the expressions of ZO-1, TNF-a, and iNOS and nitrite production in bEnd.3 cells under high glucose in vitro
condition. The mRNA levels of ZO-1 (a), TNF-« (b), and iNOS (b) were measured by quantitative real-time PCR. The production of nitrite
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and TNF-a: tumor necrosis factor-a.

(i.e., CLD5 and ZO-1) in bEnd.3 cells [32, 33, 36, 42] under
high glucose condition. In addition, we found that nitrite
production and iNOS mRNA expression under high glu-
cose condition [52] were significantly suppressed by miR-
Let7A overexpression. From these results, we assume that
miR-Let7A significantly attenuated the disruption of BBB
and the cell death of brain endothelial cells. It may indi-
cate that miR-Let7A plays a beneficial role against the loss
of tight junction proteins, cell death signaling, and proin-
flammatory response in the brain endothelial cells under
high glycemic condition.

This study has limitations. Animal study (i.e., knock-
out or knockin mouse model for miR-Let7A) together
with in vitro experiment would be more supportive for
the conclusion. Further study with animal model is needed
to elucidate the role of miR-Let7A in brain endothelial

system under hyperglycemic condition. Second, this study
used nontreated cells and high glucose-treated cells as
“control” based on the previous reports [16, 21-24], but
using control mimic (i.e., C. elegans miR-2 or any other
unrelated miR) in the control cells would be meaningful
to elucidate the sole effect of miR-Let7A on brain endo-
thelial cells in the future.

Despite the study limitations, we highlight three points in
this study. First, high glucose aggravates the loss of tight junc-
tion proteins and cell death. Second, miR-Let7A contributes
to the maintenance of tight junction integrity in spite of high
glucose stress. Finally, miR-Let7A alleviates the apoptosis of
brain endothelial cells under high glucose in vitro condition.
Thus, we suggest that the manipulation of miR-Let7A would
ameliorate the disruption of BBB by protecting brain endo-
thelial cells in hyperglycemia condition.
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5. Conclusions

From this study, we suggest that miR-Let7A could attenuate
the damage of brain endothelial cells by controlling cell death
signaling, loss of tight junction proteins, and proinflamma-
tory response against high glucose stress. Furthermore, the
manipulation of miR-Let7A may be a novel solution in
controlling BBB disruption which leads to the CNS diseases.
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Redox imbalance plays an important role in the pathogenesis of CKD progression. Previously, we demonstrated that microRNA-
382 (miR-382) contributed to TGF-fS1-induced loss of epithelial polarity in human kidney epithelial cells, but its role in the
development of renal tubulointerstitial fibrosis remains unknown. In this study, we found that with 7 days of unilateral ureteral
obstruction (UUO) in mice, the abundance of miR-382 in the obstructed kidney was significantly increased. Meanwhile, the
protein expression of heat shock protein 60 (HSPD1), a predicted target of miR-382, was reduced after 7 days of UUO.
Expression of 3-nitrotyrosine (3-NT) was upregulated, but expression of thioredoxin (Trx) was downregulated. Anti-miR-382
treatment suppressed the upregulation of miR-382, attenuated renal interstitial fibrosis in the obstructed kidney, and reversed
the downregulation of HSPD1/Trx and upregulation of 3-NT after UUO. Furthermore, in vitro study revealed that
overexpression of HSPD1 significantly restored Trx expression and reversed TGF-f1-induced loss of E-cadherin, while in vivo
study found that direct siRNA-mediated suppression of HSPD1 in the UUO kidney promoted oxidative stress despite miR-382
blockade. Our clinical data showed that upregulation of miR-382/3-NT and downregulation of HSPD1/Trx were also observed
in IgA nephropathy patients with renal interstitial fibrosis. These data supported a novel mechanism in which miR-382 targets

HSPD1 and contributes to the redox imbalance in the development of renal fibrosis.

1. Introduction

Renal tubulointerstitial fibrosis (TIF) is a prominent patho-
logical feature of chronic kidney disease (CKD) and the path-
way leading to end-stage renal disease. It involves an excess
accumulation of extracellular matrix proteins in the renal
interstitium and is associated with inflammatory cell infiltra-
tion, tubular cell loss, and fibroblast accumulation [1-4]. In
our previous study, we found that microRNA-382 (miR-
382) contributed to TGF-f1-induced loss of epithelial char-
acteristics in cultured human kidney epithelial (HK2) cells
[5]. Proteomic and bioinformatic analyses revealed that heat

shock protein 60 (HSPD60, HSPD1) was a target gene of
miR-382 [5]. HSPD1 is a key protein that maintains mito-
chondrial integrity and cellular activity, thereby protecting
the cell from oxidative stress by assisting in mitochondrial
protein folding and inhibiting apoptosis [6-9]. Since enhanced
oxidative stress or redox imbalance has been proved to corre-
late with renal dysfunction [10, 11], miR-382 or HSPD1 might
potentially serve as a new target for therapy in advanced CKD.
Therefore, the goals of this study mainly were to verify the
complementary relationship between miR-382 and HSPDI,
as well as to further explore the role of miR-382 in the devel-
opment of renal tubulointerstitial fibrosis.
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2. Materials and Methods

2.1. Cell Culture and Drug Treatments. Human kidney
epithelial (HK2) cells were obtained from ATCC (Manassas,
Virginia, USA). DMEM (Gibco), Opti-MEM 1 (Gibco), or
other cell culture media were used according to the manufac-
turer’s recommendations. HK2 cells at approximately 40%
confluency were treated with recombinant human TGF-pf1
(3ng/ml) (R&D Systems) or the vehicle control in DMEM
for the indicated time period. Pre-miR-382 or anti-miR-382
oligonucleotides were obtained from Ambion. HK2 cells
were transfected with the oligonucleotides (100 nM) using
Oligofectamine (Invitrogen).

2.2. Mouse Model of UUO. Laboratory animals: ICR mice (6-
8 weeks, 23-26 g, male) were purchased from Shanghai SLRC
Laboratory Animal Co. Ltd. (Shanghai, China). Animals
were housed in temperature- and humidity-controlled cages,
with free access to water and rodent food on a 12 h light/dark
cycle. Experiments were completed at Fudan University, and
all protocols were approved by the Institutional Animal Care
and Use Committee of Fudan University, as well as adhered
strictly to the NIH Guide for the Care and Use of Laboratory
Animals. For mice which became severely ill or moribund
during the experiment, euthanasia was performed according
to euthanasia guidelines of animals issued by the Institutional
Animal Care and Use Committee of Fudan University.

All surgeries were performed under intraperitoneal
sodium pentobarbital anesthesia (80 mg/kg), intrarectal tem-
perature of mice was maintained at 36.5°C-37.0°C with a
heating pad during the surgeries, and efforts were made to
minimize suffering and the number of mice used. Mice
underwent unilateral ureteral obstruction (UUO) or sham
operation of the left ureter. The obstruction was produced
by ligation of the left ureter following midline laparotomy.
The left ureter was isolated, but not ligated, in sham-
operated controls. After UUO surgery, mice were transferred
to the recovery cages, one cage each. Parameters like vital
signs and time to wake up from anesthesia were monitored.
Food intake was monitored every day and animals were
weighed once every other day. Locked nucleic acid- (LNA-)
modified anti-miR-382 oligonucleotides antiscrambled (Exi-
qon) were diluted in saline (5mg/ml) and intravenously
delivered via tail vein (10 mg/kg) within 30 mins prior to
UUO, and the dosage was repeated 24 hours after the sur-
gery. In vivo delivery of small interfering RNA (siRNA)
designed against HSPD1 or negative control siRNA (10 ug,
GenePharma) was performed by retrograde injection into
the ureter proximal to the ligature, immediately following
occlusion of the ureter. Mice were sacrificed by cervical dislo-
cation 7 days after left ureteral obstruction. The kidneys were
collected for evaluating the abundance of miR-382, HSPD1,
thioredoxin (Trx), 3-nitrotyrosine (3-NT), VCAM-1, and
CD3. The degree of renal fibrosis was graded according to
Masson trichrome staining and Sirius red staining.

2.3. Patient Selection and Renal Morphologic Analysis. We
studied 12 patients with primary IgA nephropathy between
2014 and 2015, and all diagnoses were confirmed by kidney
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biopsy at Zhongshan Hospital, Fudan University. Six patients
had no tubulointerstitial fibrosis, and 6 patients exhibited
moderate to severe tubulointerstitial fibrosis. Analysis of
renal fibrosis was performed with 2 ym paraffin-embedded
sections stained by Masson trichrome and Sirius red stain.
The degree of renal fibrosis was scored by an experienced
pathologist. For tubulointerstitial fibrosis, 10 microscopic
fields were viewed at a magnification of x400 and scored
subjectively from 0 to 100% for each patient. The degree of
tubulointerstitial fibrosis was graded on a scale of 0 to 4:
grade 0 had no affected area (normal); grade 1 had an affected
area of less than 10%; grade 2 had an affected area of 10 to
25%; grade 3 had an affected area of 25 to 75%; grade 4 had
an affected area of greater than 75% [12]. The resulting index
in each slide was expressed as a mean of all scores obtained.
The same method was applied in the analysis of mouse
renal pathology. The study was approved by the Clinical
Research Ethical Committee of Zhongshan Hospital,
Fudan University. All patients provided written informed
consents. Clinical data including blood pressure, serum
creatinine, and 24h urine protein tests were recorded at
the time of kidney biopsy.

2.4. RNA Isolation. Total RNA was extracted using TRIzol
(Invitrogen) from cells or tissue sections as previously
described [5, 13]. Total RNA from formalin-fixed and
paraffin-embedded (FFPE) tissues was extracted by Recover-
ALL total nucleic acid isolation kit (Ambion, Austin, Texas,
USA) according to the manufacturer’s protocol.

2.5. TagMan Real-Time PCR. Expression levels of miR-382
were quantified by real-time reverse transcription-PCR with
the TagMan chemistry (Applied Biosystems) as previously
described [5, 13]. The mRNA levels of HSPD1, «-SMA, E-
cadherin, Vimentin, Trx, and GAPDH were quantified using
SYBR Green as previously described [5, 13]. Total RNA sam-
ples were adopted in these analyses. 55 rRNA and GAPDH
mRNA were used as normalization controls for miRNA
and protein-coding genes, respectively. Relative changes in
mRNA and miR-21 expression were determined using the
2724 method. Relative gene levels were expressed as ratios
to control. The sequences of primers are listed in Table 1.

2.6. Western Blot and Immunohistochemistry. The relative
abundance of several proteins was analyzed using Western
blot or immunohistochemistry (IHC) as previously described
[5, 13]. Primary antibodies for HSPD1 (1:100; Enzo Life Sci-
ences), E-cadherin (1:100; Abcam), Vimentin (1:100;
Abcam), «-SMA (1:75; Sigma-Aldrich), 3-NT (1:100;
Abcam), Trx (1:100; Abcam), VCAM-1 (1:10;0 Abcam),
CD3 (1:50; Abcam), and Bax (1:100; Cell Signaling Tech)
were applied according to the manufacturer’s instructions.
Secondary antibodies (1:1000; Jackson ImmunoResearch)
were also applied according to the manufacturer’s instruc-
tions. All immunohistochemistry staining and collagen stain-
ing were analyzed as the following steps: under a microscope
(400x), we move the slices randomly and take 20-25 pictures
per slice, then analyze by Image Pro-Plus 6.0 Software
(Media Cybernetics, USA) to quantify the abundance of our
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TaBLE 1: Primers

used in real-time PCR.

Target Gene symbol Sequence

Heat shock protein 1 (chaperonin) (mouse)

Heat shock protein family D (Hsp60) member 1 (human)
E-cadherin (human)

Glyceraldehyde-3-phosphate dehydrogenase (human)
Glyceraldehyde-3-phosphate dehydrogenase (mouse)
a-Smooth muscle actin (human)

a-Smooth muscle actin (mouse)

Vimentin (human)

Vimentin (mouse)

Thioredoxin (human)

. Sense:5- TTGCTAATGCTCATCGGAAG -3
Hepdl Antisense:5- AGCGTGCTTAGAGCTTCTCC
HSPDL Sense:5- AAATTGCACAGGTTGCTACG -3

Antisense:5- TGATGACACCCTTTCTTCCA -3
Sense:5- TGCCAAGTGGGTGGTATAGAGG -3
CDHI Antisense:5- CAGTGGGATGGTGGGTGTAAGA -3
Sense:5- CATCTTCTTTTGCGTCGCCA -3
GAPDH Antisense:5- TTAAAAGCAGCCCTGGTGACC -3
Gapdh Sense:5- CGGAGTCAACGGATTTGGTCGTAT -3’
Antisense:5- AGCCTTCTCCATGGTGGTGAAGAC
Sense:5- CTGTTCCAGCCATCCTTCAT -3
ACTAZ Antisense:5- TCATGATGCTGTTGTAGGTGGT -3
Sense:5- CTGACAGAGGCACCACTGAA -3
Acta2 Antisense:5- CATCTCCAGAGTCCAGCACA -3
Sense: 5- TACAGGAAGCTGCTGGAAGG -3
VIM Antisense: 5- ACCAGAGGGAGTGAATCCAG -3
, Sense:5- TGAAGGAAGATGGCTCGT -3
Vim- Antisense:5- TCCAGCAGCTTCCTGTAGGT -3
XN Sense:5- TTGGACGCTGCAGGTGATAAAC -3'

Antisense:5- GGCATGCATTTGACTTCACACTC -3’

target protein/gene. Parameter of IOD (integrated optical
density) was employed to do this work. To prove our
assumption with a second method, we also quantified
tyrosine-nitrosylated proteins by fluorescence immunoblot-
ting of 3-NT (Abcam; 1:100). Secondary antibodies were
species-specific FITC-conjugated IgG (1:500, Invitrogen).

2.7. 3-Untranslated Region (UTR) Reporter Analysis. 3-UTR
reporter constructs were generated, and reporter activity was
analyzed as previously described with minor modifications
[5, 13]. Briefly, HeLa cells (80-90% confluency) were
cotransfected with the following: a 3-UTR reporter construct
(100 ng per well), a pRL-TK internal control plasmid (50 ng
per well), and control pre-miR-382 oligonucleotides (10 pmol
per well, from Ambion). Cells were cotransfected using
Lipofectamine 2000 (Invitrogen), following the manufac-
turer’s protocol. Firefly and Renilla luciferase activities were
measured in each well 24 h after the transfection using the
Dual-Luciferase Reporter Assay System (Promega), follow-
ing the manufacturer’s protocol. Renilla luciferase activity
was used as a normalization control for luciferase activity
to measure transfection efficiency and cell density.
Site-directed mutagenesis was performed with the Quick-
Change II XL site-directed mutagenesis kit (Stratagene),
following the manufacturer’s protocol. Primers used for
introducing point mutations for HSPD1 were as follows:
forward primer, 5- CAAGGCAGTGTTCCTCACCAATA
gaTTCAGAGAAGACAGTTG -3; reverse primer, 5-
CAACTGTCTTCTCTGAAtTATTGGTGAGGAACACTG
CCTTG -3. Underlined nucleotides represent the mutations

introduced, and these nucleotides are located in the core
region of the predicted target site for miR-382.

2.8. miR-382 In Situ Hybridization. Expression of miR-382
was detected by in situ hybridization (ISH), following the
protocol of “One-day microRNA ISH” suggested by Exiqon.
The experimental conditions for renal tissues of IgA
nephropathy patients were as follows: FFPE kidney tissues
were cut into 2 ym thick sections, cleared in xylenes, rehy-
drated using an ethanol gradient, and then exposed to a
10min proteinase K (15mg/ml) treatment at 37°C. The
probe was diluted in hybridization buffer (60 nM, 60 ul/tissue
section) and preheated at 90°C for 4 min to linearize. The
probe was then added to the slides and incubated for
90 min at 54°C. Sheep antidigoxigenin alkaline phosphatase
(anti-DIG-AP) antibody was diluted (1:1000) and added to
the slides, which were incubated at room temperature for
60 min. Slides were incubated in nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Roche)
diluted with double-distilled H,O at 32°C, and tissues were
then mounted with neutral resin.

2.9. Plasmid Transfection. HSPD1 human ¢cDNA ORF clone
was obtained from KeyGentec. The clone expresses HSPD1
driven by a CMV promoter and tagged with C-terminal
Myc-DDK. The clone was amplified and purified as previ-
ously described [5]. HK2 cells were transfected with HSPD1
plasmid or an empty vector using Lipofectamine 2000 with
a working concentration of 2 ug for each 35 mm dish.
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F1GURE 1: miR-382 contributed to the progression of renal tubulointerstitial fibrosis in UUO mice. (a) Staining of collagen, a-SMA, and
Vimentin. (b) Relative abundance of miR-382. (c) The abundance of collagen was analyzed using Masson trichrome staining (Masson
trichrome staining x400, n = 4). (d) The abundance of collagen was analyzed using Sirius red staining (Sirius red staining x400, n = 4). (e)
Quantification of a-SMA staining. (f) Quantification of Vimentin staining. The abundance of collagen, a-SMA, or Vimentin was
quantitatively measured using Image Pro-Plus 6.0 Software (Media Cybernetics, USA). Relative protein levels were expressed as ratios to
control. (g) Serum creatinine concentration. Mice underwent unilateral ureteral obstruction or sham operation of the left ureter. Locked
nucleic acid-modified anti-miR-382 oligonucleotides and antiscrambled were diluted in saline (5 mg/ml) and intravenously delivered via
tail vein (10 mg/kg) within 30 min prior to UUQ, and the dosage was repeated 24 hours after the surgery. “P < 0.05, *P < 0.01 compared
with the normal group; VP <0.05, *P <0.01 compared with the UUO group. UUO indicates unilateral ureteral obstruction. Normal

indicates the normal control group.

2.10. Measurement of Cellular ROS Level. CM-H2DCECA, a
ROS-sensitive fluorescent dye, was used to measure ROS
levels, as previously described [14]. HK-2 cells were incu-
bated in 96-well plates. 5 mM CM-H2DCFCA was added to
each well. Fluorescence intensities were measured using a
microplate fluorescence reader.

2.11. Statistical Analysis. Data were expressed as mean + SD.
Differences among three or more groups were evaluated
using one-way analysis of variance (ANOVA) with
Bonferroni adjustment. SPSS software (version 19.0) was
used for statistical analysis. A value of P < 0.05 was consid-
ered to be statistically significant.

3. Results

3.1. miR-382 Contributes to the Progression of Renal
Tubulointerstitial Fibrosis in UUO Mice. Tubulointerstitial
fibrosis developed after 7 days of UUO in the obstructed
kidneys (Figure 1(a)), and the expression of miR-382 was
higher in the UUO group (UUO versus control, 4.32 +0.45
versus 1.00+0.13, resp., P<0.01). Locked nucleic acid-
(LNA-) modified anti-miR-382 (10 mg/kg) was delivered by
tail vein injection 30 min prior to UUO, and the dosage was
repeated 24 h after the surgery. In the anti-miR-382 group,
the expression of miR-382 was significantly suppressed by
10 mg/kg LNA-anti-miR-382 treatment compared with the
antiscrambled (10 mg/kg anti-382 versus antiscrambled,
1.95+0.33 versus 3.98+0.54, resp., P < 0.05) (Figure 1(a)).
Renal histological analysis showed that blocking the

expression of miR-382 could attenuate renal interstitial
fibrosis (Figures 1(a), 1(c), and 1(d)) and the immunohisto-
chemical staining indicated that the upregulation of a-SMA
and Vimentin was partially reversed in obstructed kidneys
after 10 mg/kg anti-miR-382 treatment (Figures 1(e) and
1()). Besides, anti-miR382 treatment also attenuated renal
injury with less increased serum creatinine (Figure 1(f))
and blocked inflammatory cell infiltration in the obstructed
kidney (Figure 2).

3.2. Identification of HSPDI as a New Target of miR-382.
According to our previously published data, we found that
miR-382 targeted a cluster of oxidative-related genes includ-
ing HSPD1 [5]. In this study, we found that transfecting HK2
cells with pre-miR-382 significantly suppressed the protein
expression of HSPD1 (pre-382 versus pre-NC, 0.60 +0.04
versus 1.00+0.04, resp., P <0.05) (Figure 3(a)). Anti-miR-
382 oligo treatment inhibited the upregulation of miR-382
and reversed the decrease of HSPD1 expression induced by
TGF-1 in cultured HK2 cells (Figure 3(b)). A 3.UTR seg-
ment of HSPD1 was cloned into a gene expression vector
with a luciferase reporter gene. Cotransfection with pre-
miR-382 to the HeLa cells reduced the luciferase activity
significantly. Mutations introduced into the predicted bind-
ing site of miR-382 within the 3“UTR of HSPDI prevented
the suppression of HSPD1 by pre-miR-382 (Figure 3(c)).

3.3. Overexpression of miR-382 Reduces the Antioxidant
Capacity of Renal Tissues by Downregulating HSPDI1. The
inverse relationship between miR-382 expression and renal
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FIGURg 2: Expression of CD3 and VCAM-1 in the obstructed mouse kidneys. Treatment with 10 mg/kg anti-miR-382 reversed the
upregulation of CD3 and VCAM-1. The positive stained area of VCAM-1 staining or CD3 was quantitatively measured by Image-Pro
Plus, as described in Figure 1. AP <0.05, *P<0.01 compared with the normal group; VP <0.05, *P < 0.01 compared with the UUO group.
UUO indicates unilateral ureteral obstruction. Normal indicates the normal control group (n = 4).

expression of HSPD1 also exists in the obstructed kidneys of
UUO mice as well as in patients with chronic kidney disease.
There was a lower protein expression of HSPD1 after 7 days
of UUO in the obstructed murine kidney (UUO versus nor-
mal, 0.14+0.04 versus 1.00+0.11, resp., P<0.05). Anti-
miR-382 treatment with a dosage of 10mg/kg suppressed
the downregulation of HSPD1 in UUO mice (Figure 4). In
the clinical setting, patients with IgA nephropathy (IgAN)
were identified, and cases were selected based on whether
the diagnosis was minimal or substantial renal interstitial
fibrosis. In IgAN patients with TIF, miR-382 abundance
was significantly upregulated compared to that in IgAN
patients with no TIF (5.59+0.79 versus 1.00+0.23,
P <0.01, Figure 5(c)). Comparative protein abundance of
E-cadherin was suppressed (TIF versus no TIF, 0.33+0.18
versus 1.00+0.47, resp., P <0.05), while both a-SMA (TIF
versus no TIF, 4.29 +1.72 versus 1.00 +0.20, resp., P < 0.01)
and Vimentin (TIF versus no TIF, 4.60 +1.82 versus 1.00 +
0.26, resp., P <0.05) were augmented in the TIF group
(Figure 6). There also existed an inverse relationship between
HSPDI1 and miR-382 abundance. The protein abundance
(TIF versus no TIF, 0.12+0.04 versus 1.00+0.18, resp.,

P <0.05) of HSPD1 was significantly reduced in patients
with TIF (Figure 5(d)).

Immunohistochemical staining analysis showed that the
comparative protein expression of thioredoxin (Trx), a
marker of antioxidant capacity, was reduced in the
obstructed kidneys (Figure 7). In contrast, the protein
expression of 3-nitrotyrosine (3-NT), a marker of oxidative
stress, was upregulated (Figure 7). LNA-anti-miR-382 treat-
ment (10mg/kg) significantly reversed the downregulation
of Trx and suppressed the expression of 3-NT in mice sub-
jected to UUO (10 mg/kg anti-382 group versus anti-NC
group, Trx: 0.43+0.13 versus 0.20+0.06, P < 0.05; 3-NT:
2.11+0.27 versus 4.52+0.16, P <0.05). Similar profiles of
Trx and 3-NT expression were also detected in the renal
biopsy tissues of IgAN patients (TIF versus no TIF, Trx:
0.35+0.09 versus 1.00+0.15, P <0.05; 3-NT: 1.00+0.24
versus 6.43 +0.69, P < 0.05) (Figure 6).

3.4. Overexpression of HSPDI1 Restores Renal Antioxidant
Capacity and Attenuates TGF-B1-Induced Loss of Cell
Polarity In Vitro. The cellular ROS production induced by
TGF-B1 in the TGF-B1+HSPD1 plasmid group was
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FIGURE 3: Interaction between miR-382 and HSPD1. (a) Both TGF-1 and pre-miR-382 could repress the protein expression of HSPD1 in
HK?2 cells. (b) Anti-miR-382 treatment could partially reverse the downregulation of HSPD1 that is induced by TGF-f1 in HK2 cells. (c)
MiR-382 interacted with the 3“UTR of HSPDI1. HeLa cells at ~80% confluency were cotransfected with a 3-UTR segment of HSPD1
(marked with luciferase reporter gene), a pRL-TK internal control plasmid, and control pre-miR oligonucleotides or the miR-382.
Luciferase activity was significantly decreased by pre-miR-382, while in the mutated group, pre-miR-382 did not have significant effect on
luciferase activity. *P <0.01 compared with the control group; VP <0.05, P <0.01 compared with the TGF-B1 group. YP<0.05
compared with the pre-NC+HSPD1 group; “P < 0.05, ®P < 0.01 compared with the pre-382 + HSPD1 + anti-382 group. NC indicates
negative control. Anti-382 indicates the group treated with anti-miR-382 oligos. Pre-382 indicates the group treated with pre-miR-382
oligos. Anti-NC indicates antinegative control. Pre-NC indicates prenegative control. UUO indicates unilateral ureteral obstruction. (a, b)
Western blot; (c) 3-UTR luciferase reporter assay and site-directed mutagenesis (1 = 5).

significantly lower than that in the TGF- f1+vehicle plasmid
group (relative fluorescence units, 89.67+14.15 versus
179.55+16.32, P < 0.05) (Figure 8(a)). HK2 cells were quite
resistant to TGF-1 exposure with pretreatment of HSPD1
plasmid transfection, due to the similar levels both mRNA
and protein of E-cadherin maintained compared to those of
the control groups (Figures 8(b) and 8(c)). ELISA assay of
the cell homogenate revealed that TGF-1-induced downreg-
ulation of Trx was completely restored by HSPD1 transfection

(TGF-B1 + HSPD1 plasmid group versus TGF-1 + vehicle
group, 122.99+9.08 pg/ml versus 78.43 +1.21 pg/ml, resp.,
P <0.01; TGF-1 + HSPDI1 plasmid group versus control
group, 122.99 +9.08 pg/ml versus 103.24 + 2.58 pg/ml, resp.,
P> 0.05), while the protein expression of 3-NT in HK2 cells,
as abiomarker of oxidative stress and inadequate cellular anti-
oxidant defenses, was attenuated after HSPD1 plasmid trans-
fection (TGF-1 + HSPD1 plasmid group versus TGF-f1 +
vehicle plasmid group, 13.57+0.24ng/ml versus 18.28
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FIGURE 4: Expression of HSPD1 in obstructed mouse kidneys. (a) Immunohistochemical analysis of HSPD1 abundance in kidney specimens
from mice. 10 mg/kg dosage of anti-miR-382 treatment suppressed the downregulation of HSPD1 in UUO mice. (b) Histogram represented
the relative mRNA expression of HSPD1 in the mouse kidneys. (¢) Quantification of HSPDI staining. *P < 0.05 compared with the normal
group; “P < 0.05, “P < 0.01 compared with the UUO group. UUO indicates unilateral ureteral obstruction. Normal indicates the normal

control group. (n=4).

+0.66 ng/ml, resp., P < 0.01; TGF-f1 + HSPD1 plasmid group
versus control group, 13.57+0.24ng/ml versus 13.08

+0.23 ng/ml, resp., P > 0.05) (Figures 8(e) and 8(f)). The above
results suggested that overexpression of HSPD1 might protect
renal epithelial cells from oxidative stress-induced loss of
cell polarity.

3.5. Renal HSPD1 Mediates the Protective Effects of miR-382
Blockade against Renal Tubulointerstitial Fibrosis. In our
in vivo animal study, mice that underwent UUO were treated
with either anti-miR-382 or antiscrambled control. The
ligated kidney was treated locally with HSPD1 siRNA or
control siRNA by retrograde injection. By measuring the
abundance of miR-382 by real-time PCR, the anti-miR-382
treatment was considered effective (67.86%-70.99% reduction
in the level of miR-382, compared with that in the anti-
scrambled group) (Figure 9(a)). Compared with that in the
control siRNA group, protein expression of HSPD1 was
significantly suppressed in the HSPD1 siRNA group, while
the protein abundance of Bax, a proapoptosis marker, was
significantly upregulated after HSPD1 siRNA treatment
(Figures 9(b), 9(c), and 9(d)). Fibrosis quantification from
Sirius red-stained tissues indicated that anti-miR-382-treated
mice with renal knockdown of HSPD1 were not protected
from developing tubulointerstitial fibrosis (Figures 9(f) and
9(g)). Meanwhile, the downregulation of Trx or the

upregulation of Bax secondary to UUO was partially reversed
after anti-miR-382 treatment but not reversed with anti-miR-
382 treatment combined with HSPD1 siRNA treatment
(Figures 9(b), 9(c), and 9(e)). Fluorescence immunoblotting
test showed that the downregulation of 3-NT secondary to
anti-miR-382 treatment was blocked by HSPDI siRNA
(Figures 9(f) and 9(h)).

4. Discussion

Renal tubulointerstitial fibrosis is a common pathological
manifestation of a great variety of chronic kidney diseases
(CKD), irrespective of the initial trigger or site of injury.
Tubulointerstitial fibrosis (TIF) is also the final common
pathway that drives advanced CKD to end-stage renal dis-
ease. It has been proven that the extent of TIF is predictive
for declining renal function in animal models and humans
[15, 16]. Therefore, blocking or even reversing the process
of TIF might be one way to halt CKD progression.

The histopathological profiles of TIF is often character-
ized as excessive extracellular matrix deposition produced
by myofibroblasts within the renal interstitium with inflam-
matory cellular infiltration, tubular atrophy, and capillary
loss [17, 18]. The mechanism of epithelial-mesenchymal
transition (EMT) was well known, in which injured renal
tubular cells transform into mesenchymal cells during renal
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FIGURE 5: MiR-382 abundance and HSPDI in patients with IgA nephropathy (IgAN). (a) Representative images of miR-382 expression in
renal biopsy specimens from IgA nephropathy (IgAN) patients, obtained by in situ hybridization (ISH). (b) Immunohistochemical (IHC)
analysis of HSPD1 abundance in renal biopsy specimens. (c) Histogram represented the TagMan qPCR analysis of miR-382 abundance.
Total RNA from formalin-fixed and paraffin-embedded tissue was extracted by using RecoverALL total nucleic acid isolation kit (Ambion,
Austin, Texas, USA). (d) Histogram represented the relative protein expression of HSPD1 of renal biopsy specimens from IgAN patients.
The positively stained area of HSPDI protein was quantified as described in Figure 1. TIF indicates tubulointerstitial fibrosis.
*P<0.05, “P<0.01 compared with IgAN without TIF (IHC, n =6; ISH, n =6).



10

IgAN without TIF

IgAN with TIF

o 14r 7r 16

5 < £

§ 12+ ;} £ 14F

ks ] g 12 F

m  1F < >

S S

5] < S 10}

< 08} z 3

> — >

= < 2 8r

= 0er Z z 6

~ g ~

£ 04F ° E 4L

% 2 o

& 02F , = g

< * O] < 2F

= =~ 3

[~ 0 o~ 0
& & & & =
= = = : =
E = E E= ]
2 z 2 z 2
= Z = g E
Z o0 5 o0 z
5 ] S
(b) (©) (d

Vimentin
P e ¢ 3

Oxidative Medicine and Cellular Longevity

3-NT

0.6

0.2

Relative mRNA level of Trx
Relative protein abundance of 3-NT

IgAN with TIE
IgAN with TIF

=
£
k=
=
Z,
E:

IgAN without TIF

23
—
H
=
=]
o
k=
=
Z
<
20

—~
o
~

(f)

FIGURE 6: Expression of EMT markers (E-cadherin, a-SMA, and Vimentin) and oxidative stress-related markers (Trx, 3-NT) in patients with
IgAN. (a) Representative images of protein expression of E-cadherin, a-SMA, Vimentin, thioredoxin (Trx), and 3-nitrotyrosine (3-NT) in
renal biopsy specimens from IgA nephropathy (IgAN) patients. Immunohistochemical analysis was performed between patients with and
without tubulointerstitial fibrosis (TIF). Histograms (b-e) represented the relative mRNA expression of E-cadherin, a-SMA, Vimentin,
and Trx. (f) Histogram represents the relative protein abundance of 3-NT. The positively stained area of 3-NT protein was quantified as
described in Figure 1. *P < 0.05, *P<0.01 compared with IgAN without TIF (IHC, n = 6; qPCR, n =6).

fibrogenesis [19-22]. Based on the results from our previous
study, EMT participated in the pathogenesis of CKD pro-
gression in vivo, and in certain conditions, it was reversible,
even with the increasing doubts about the existence of EMT
in vivo [23]. In this study, a loss of epithelial marker E-
cadherin and an increase in extracellular matrix markers
(a-SMA and Vimentin) were observed in the obstructed kid-
neys of UUO mice and IgAN patients with TIF.

MicroRNAs (miRNAs) are small, endogenously expressed,
noncoding RNA molecules (21-25 nucleotides) founded in
plants, animals, and some viruses. MiRNAs regulate gene
expression at the posttranslation level through translation
inhibition or mRNA degradation, presenting a reciprocal
relationship between miRNA and its targeted genes in most
cases [24-26]. In our previous study, the abundance of
miR-382 in HK2 cells was upregulated with the development
of EMT induced by TGF-f1. Treatment with anti-miR-382
oligos significantly reversed TGF-1-induced suppression of E-
cadherin expression and augmentation of a-SMA expression

[5]. In the mouse UUO model, we found that the progression of
TIF was accompanied with an increased abundance of miR-382
in the obstructed kidneys. Intravenous injection of LNA-anti-
miR-382 oligonucleotides (10 mg/kg) significantly alleviated the
pathological damage in the obstructed kidneys and suppressed
the protein expression of Vimentin and a-SMA. Recently, Xu
et al. reported miR-382 as an inhibitor of metastasis and EMT
in osteosarcoma, which was contradictory to our results from
renal tissue [27]. Owing to only a subset of target genes of a
miRNA being expressed in a tissue, limited tissue-specific func-
tional roles of the miR-382 can be expected. Therefore, the role
of miR-382 could be different in different subtypes of EMT [22].

MiRNAs achieve their biological effects, mostly by
repressing translation or decreasing the abundance of their
target mRNAs [28, 29]. Kriegel AJ, a member of our research
group, had demonstrated that Kalliken5 (KLKS5), a (chymo)
trypsin-like proteinase that mediates degradation of many
extracellular matrix proteins, was a target of miR-382 in the
mouse UUO model. Her study revealed that the upregulation
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F1GURE 7: Expression of oxidative stress-related markers (Trx, 3-NT) in obstructed mouse kidneys. Treatment with 10 mg/kg anti-miR-382
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mouse kidneys. The positively stained area of 3-NT or Trx was quantified as described in Figure 1. * P < 0.05 compared with the normal group;
*P < 0.05 compared with the UUO group. UUQ indicates unilateral ureteral obstruction. Normal indicates normal control (1 = 4).

of miR-382 contributed to the inner medullary interstitial
fibrosis in mice, partially mediated by targeting of KLK5
[30]. Besides ECM genes, a cluster of mitochondrial proteins
including HSPD1 was identified as new predicted target
genes of miR-382, suggesting that the contribution of miR-
382 in the development of TIF could be mediated by
pathways of different mechanisms [5].

HSPD1, also called heat shock 60 kDa protein 1, serves as
an important molecular chaperone for mitochondrial
proteins. HSPD1 was reported to maintain mitochondrial
integrity and protect against oxidative stress [8-10]. In vitro
experiments revealed that the mRNA expression of HSPD1
was significantly suppressed by pre-miR-382 in HK2 cells,
whereas anti-miR-382 treatment significantly reversed the
decrease of HSPD1 mRNA. We also found that anti-miR-
382 treatment alone could, to some extent, induce HSPD1
expression independently of TGF-p1. It is possible that
miR-382 may serve as either the downstream of TGF-f1 or
being in parallel to TGF-p1. Besides, the endogenous abun-
dance of miR-382 in HK2 cells should be taken into account.

Similarly, HSPD1 expression was upregulated and TIF in the
obstructed kidneys was alleviated after LNA-anti-miR-382
(10mg/kg) treatment. The interaction between miR-382
and HSPDI1 was also observed in a clinical study. In situ
hybridization, immunohistochemical staining as well as
q-PCR measurement revealed the reciprocal relationship
between miR-382 and HSPDI in IgAN patients with TIF.
Therefore, HSPD1 serves as one of the target genes of
miR-382, which was further verified by site-directed mutagen-
esis. Since HSPD1 participated in oxidative stress [8, 9], we
selected Trx as a marker of antioxidant capacity [31-33] and
3-NT as a marker of oxidative stress [34-36]. Downregulation
of HSPD1 was accompanied with a decrease in Trx and an
increase in 3-NT, both in UUO mice and in IgAN patients with
TIF. Inhibiting the expression of miR-382 with anti-miR-382
led to an increased expression of Trx, as well as a decreased
expression of 3-NT in UUO mice. We have also shown that
overexpression of HSPDI1 is protective against TGFf1-
induced loss of epithelial characteristics and oxidative stress
in vitro. In addition, in vivo study found that the renal
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FIGURE 8: Overexpression of HSPDI restored renal antioxidant capacity and attenuated TGF-f1-induced loss of cell polarity in vitro. HK2
cells were not transfected or were transfected with Myc-DDK-tagged plasmid (pHSPD1) or an empty vector. Cells without plasmid
transfection were transfected with LNA-anti-miR382/anti-scramble oligos. (a) Effects of anti-382 treatment or HSPD1 overexpression on
ROS levels in HK2 cells under TGF-f1 exposure. Fluorescence intensity was measured at an excitation wavelength of 485nm and an
emission wavelength of 535nm. (b) Relative mRNA level of E-cadherin. (¢, d) Relative protein abundance of E-cadherin and HSPDI,
examined by Western blot analysis. (e) ELISA assay of 3-NT (Abcam) with the cell homogenate. (f) ELISA assay of Trx (BioVendor R&D)
with the cell homogenate. 3-NT indicates 3-nitrotyrosine; Trx indicates thioredoxin. *P < 0.05, P < 0.01 compared with the control
group; P < 0.05, “P < 0.01 compared with the TGF-f1 group (1 =5).
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protective effects of miR-382 blockade against fibrosis, apo-  interstitial fibrosis by oxidative stress-induced apoptosis sec-
ptosis, and redox imbalance of the obstructed kidneys were = ondary to the inhibition of HSPDI.
abolished by renal knockdown of HSPDI1, which further These results suggested that downregulation of HSPD1

proved our hypothesis that miR-382 might contributetorenal =~ may lead to a decrease in the protective antioxidative capacity
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within renal tissue. As excessive oxidative stress contribute to
the development of TIF, therefore, inhibiting the antioxida-
tive capacity of renal tissue may be one of the important
mechanisms in which miR-382 promotes renal tubular inter-
stitial fibrosis.

5. Conclusions

In this study, we explored the role of miR-382 in the develop-
ment of renal fibrosis and its possible mechanism. We proved
that miR-382-targeted HSPD1 participated in the setting of
renal tubulointerstitial fibrosis. The antioxidative capacity
of renal tissue declined when HSPD1 expression was down-
regulated, which suggested that excessive oxidative stress
may be an important mechanism whereby miR-382 partici-
pates in renal fibrosis. The current study suggests that upreg-
ulation of miR-382, which targets antioxidative stress genes
and HSPD1, may partially contribute to the development of
renal tubulointerstitial fibrosis. More work is needed to
examine, and miR-382 is a potential therapeutic candidate
for prevention or treatment of renal tubulointerstitial fibrosis
in combination with others.
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The fruit juice of Actinidia chinensis Planch. has antioxidant and anti-inflammation properties on patients with type 2 diabetes
mellitus (T2DM), but the molecular mechanism was unclear. The patients took the juice and the serum level of antioxidant
miR-424, Kelch-like ECH-associated protein 1 (Keap1), erythroid-derived 2-like 2 (Nrf2), and biochemical indices were measured.
The juice increased the levels of serum microRNA-424, Keapl, and Nrf2 and reduced the levels of interleukin-1 (IL-1) beta and
IL-6 in T2DM patients. The levels of SOD and GSH were higher while the levels of ALT and AST were lower in the patients
consuming the juice when compared to the patients without taking the juice. The Spearman rank correlation analysis showed
that the serum levels of miR-424 were positively related to Keapl and Nrf2 levels while Keapl and Nrf2 levels were positively
related to the levels of SOD and GSH and negatively related to IL-1 beta and IL-6. Thus, FJACP improves the indices of
antioxidant and anti-inflammation status by activating Keapl and Nrf2 via the upregulation of miR-424 in the patients with

T2DM. This trial is registered with ChiCTR-ONC-17011087 on 04/07/2017.

1. Introduction

Type 2 diabetes mellitus (T2DM) is increasingly prevalent in
the elderly and has become a major public health issue. The
nutrients of different foods will affect physiological activities
and their imbalance may contribute to the development of
T2DM. Thus, different diets will affect the risk of T2DM.
The food is rich with fruits, vegetables, grains, and fish and
low-level meat and fat may be beneficial to reduce the pro-
gression of T2DM [1]. Most diabetic patients cannot meet
the demanded food and nutrients for a healthy person. For
instance, some fruits are very important to health, but they
cannot be used by most T2DM patients because most fruits
have high-level sugar. The uptake of some vegetables and
fruits has been found to be related to a low incidence of

diabetes. However, fruit juice consumption can be harmful
to increase the risk of diabetes in women [2].

Kiwi fruit (Actinidia chinensis Planch.) as a food with sig-
nificant effects on human health, including antioxidant and
anti-inflammatory activity, can inhibit the development and
deterioration of the disorders caused by oxidative stress [3].
Lacking vitamin C is an important risk for the development
of diabetes [4]. The vitamin C in Actinidia chinensis Planch.
can reach up to 380 mg/100 g [5]. The daily uptake of vitamin
C at a high level has been found to increase antisenescence
and antiatherosclerotic activity by improving biochemical
indices via antioxidant and antiglycation activities [6]. The
risk of type 2 diabetes mellitus (T2DM) is often associated
with muscle atrophy while inflammatory status will aggra-
vate the symptoms. Clinical trial shows that vitamin C
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consumption has preventative and therapeutic functions for
inflammatory symptoms in patients [7]. FJACP (fruit juice
of Actinidia chinensis Planch.) has been found to improve
physiological functions in the patients with neuropathy dis-
orders [8]. More importantly, the main characters of FJACP
are with low-level sugar content [9]. Thus, it may be useful
for preventing the progression of T2DM. However, the
related molecular mechanisms for the functions of FJACP
on T2DM patients remain widely unknown.

Obesity patients with chronic low-grade inflammation
have more chances to get heart disorders and T2DM. The eti-
ology of this obesity-related proinflammatory is more focused
on adipose tissue dysfunctions and/or insulin resistance in
skeletal muscles [10]. Furthermore, inflammation has also
been found to be associated with the development of insulin
resistance in T2DM patients [11]. On the other hand, oxida-
tive stress is also an important factor in the pathogenesis of
T2DM complications. Alloxan-induced diabetes can cause
an imbalance in an antioxidative system in the skeletal mus-
cles of an animal model. Controlling the damage from oxida-
tion stresses is also a potential therapeutic approach to
prevent T2DM development [12]. These results suggest that
inflammatory and oxidant stresses are the two main reasons
for causing the impairment in T2DM patients. MicroRNAs
(miRNAs), small, noncoding RNA, have been found to regu-
late protein expression and multiple cellular physiological
activities, including antioxidant activities [13, 14]. Studies
have shown that miR-424 plays a critical role in the antioxi-
dant activity by suppressing oxidant stress. MiR-424 therapy
prevents infarct volume and neuronal apoptosis, reduces the
levels of reactive oxygen species (ROS) and malondialdehyde
(MAD), and enhances the activities of the antioxidant
enzyme SOD. All the results suggest that miR-424 has protec-
tive effects against oxidative stress [15]. On the other hand,
the nuclear factor, erythroid-derived 2-like 2 (Nrf2), is a
redox-sensitive transcription factor and related with inflam-
matory disease [16, 17]. Nrf2 can combine with Kelch-like
ECH-associated protein 1 (Keapl) to form an important
complex to increase the levels of antioxidant molecules [18].
However, the relationship between the serum level of miR-
424 and antioxidants Keapl and Nrf2 remains unclear.
Therefore, we want to explore the effects of FJACP on Keapl
and Nrf2 in T2DM patients by investigating the serum levels
of miR-424.

2. Materials and Methods

2.1. Participants. All protocols were approved by the Ethical
Committee of The First Affiliated Hospital of China Medical
University (Shenyang, China), and the study was carried out
according to the principles described in the World Medical
Association Declaration of Helsinki [19]. A total of 122
patients, at the age of 50-70, were recruited from our hospital
and diagnosed with T2DM.

2.2. Including Criteria. The following including criteria were
used: (1) the patients seldom consumed fruits daily; (2) the
patients had normal work and spouse; (3) they wanted
to join our research, such as receiving FJACP treatment;
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(4) the patients were diagnosed with T2DM; (5) the
patients had a body mass index (BMI) more than 25 and less
than 39 kg/m? and (6) their weight were stable within three
months before the present experiment.

2.3. Excluding Criteria. The following excluding criteria were
performed: (1) the patients had senile dementia, such as
Parkinson’s disease (PD), Alzheimer’s disease (AD), and
brain injury; (2) the patients suffered from cardiac disor-
der, hypertension, dizziness, and related disorders; (3) the
patients had the obstacle for limb movement; and (4) the
patients had obvious abnormal clinical findings.

2.4. Study Design. After the selection by using the including
criteria and excluding criteria, 122 patients were evenly and
randomly assigned into a FJACP group (FJACPG, received
10ml FJACP daily) and a control group (CG, received
10ml liquid placebo daily) (Figure 1). The whole period
was nine months. Exercise (each person walks about 1.5 to
2 miles per day) was considered for both groups at the same
level. Fifteen patients (6 patients from FJACPG and 9
patients from CG) dropped out at the end of the experiment.
Among the patients, six patients dropped out of FJACPG and
nine patients dropped out of CG. Thus, 55 and 52 patients
from FJACPG and CG finished the whole experiment.

2.5. Biochemical Analysis. All the patients had a random cap-
illary glucose level more than 6.1 mM and regarded as higher
risk of diabetes [20] and needed further examination. The
concentrations of glucose and HbAlc were tested after a 2-
hour 75-gram oral glucose intake. Glucose concentrations
were measured by using YSI 2700 Select Biochemical Ana-
lyzer (YSI, Yellow Springs, OH, USA). HbAlc levels were
measured by BIO-RAD D-10 HPLC (Hercules, CA, USA).
High- and low-density lipoprotein-cholesterol was measured
by using HDL and LDL/VLDL Cholesterol Assay Kit (Cat.
number ab65390, Abcam Shanghai office launch, Shanghai,
China). Triglyceride levels were measured by using a Triglyc-
eride Quantification Assay Kit (ab65336). Basal blood glucose
(BG) and fasting blood glucose (FBG) levels were measured by
ABL800 FLEX blood gas analyzer (Midland, ON, Canada).
Serum basal insulin (BINS) and fasting insulin (FINS) were
tested by radioimmunoassay (Linco, Seaford, DE, USA). Insu-
lin resistance (HOMA — IR = FBG x FINS/22.5) and insulin
secretory function (HOMA —1IS =20 x FINS/(FBG - 3.5)
were calculated.

2.6. Analysis of Enzyme Activities. Diabetes is associated
with increased oxidative stress [21, 22]. SOD [23, 24],
AST [25, 26], ALT [27, 28], and GSH are associated with oxi-
dative stress [29-34]. Here, the levels of SOD, AST, ALT, and
GSH were measured. AST and ALT were measured by an
automated clinical chemistry analyzer (Indianapolis, IN,
USA). The activity of SOD was measured by Superoxide
Dismutase Activity Assay Kit (Cat. number ab65354 from
Abcam). GSH was measured by Glutathione Detection Assay
Kit (Cat. number ab65322 from Abcam).

2.7. Measurement of Lipid Pattern Indexes. The serum lipid
pattern, including total triglycerides (TG), total cholesterol
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448 T2DM patients screened

326 excluded
225 did not meet the inclusion criteria
36 were lost
34 had protocol violation
22 withdrew consent
8 had other reasons

Underwent randomization

FJACPG CG (61 cases)
3 dropped out After 3 months 5 dropped out
58 cases 56 cases
2 dropped out After 6 months 2 dropped out
56 cases 54 cases
1 dropped out After 9 months 2 dropped out
55 cases 52 cases
Mean Insulin Insulin Serum . Keapl
weight BMI HbAlc resistance  sensitivity  lipid profile Resistin -~ miR-424 Ny

F1GURE 1: The flowchart of the present study. FJACPG: FJACP group; CG: placebo group. The whole period of the follow-up was nine months.

(TC), high-density lipoprotein-cholesterol (HDL-C), and
low-density lipoprotein-cholesterol (LDL-C), was measured
by FACA-401 Fully Automatic Biochemistry Analyzer
(Labomed Inc., Los Angeles, CA, USA). Malondialdehyde
(MDA) level was measured by using a Lipid Peroxidation
(MDA) Assay Kit (Sigma, St. Louis, MO, USA). Lipid indexes
were measured before and after 3 months of the present
experiment.

2.8. Measurement of Inflammatory Cytokines. The pathology
of diabetes is closely associated with interleukin-1 (IL-1) beta
and IL-6. 5ml blood samples were obtained from all partici-
pants before the experiment, and after 3-, 6-, and 9-month
exercises. Thus, the levels of these cytokines were measured
by using human ELISA kits for IL-1 beta (Cat. number
ab100562) and IL-6 (Cat. number ab46042) and Nrf2
Transcription Factor Assay Kit (ab207223) from Abcam
(Shanghai) Ltd. (Shanghai, China).

Serum inflammatory cytokines were measured before
and after 3, 6, and 9 months of the present experiment.

2.9. Quantitative Real-Time RT-PCR (qRT-PCR). RNA was
isolated from blood samples by a RNA purification kit
(Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
synthesized by ¢cDNA Synthesis Kits from Thermo Fisher
Scientific. SYBR Green Real-Time PCR Master Mixes
(Thermo Fisher Scientific) was used for qRT-PCR. The
following primers were synthesized: miR-424, F: 5-cga
ggggatacagcagcaat-3', R: 5~ ccccaccttctaccttee (98 bp); Keapl,
F: 5'—gaggtgacgccctcccagca—3', R: 5'—catggccttgaagacagggc—S/
(210bp); Nrf2, F: 5- agtggatctgccaactactc-3, R: 5-agt
gactgaaacgtagccga-A3' (140bp); and GAPDH, F: 5-GG
AAAGCFJACPGFJACPGGCGFJACPGAT-3, R: 5-AAG
GFJACPGGAAGAAFJACPGGGAGTT-3" The values of
cycle time for the interest genes were normalized with
GAPDH.

2.10. Western Blot Analysis. Total proteins were extracted
by using a total protein isolation kit (ITSI-Biosciences,
Johnstown, PA, USA). Total proteins were separated by
SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) (RTP Company, Winona, MN, USA). The PVDF
was incubated with rabbit polyclonal Keapl antibody
(ab139729, Abcam), rabbit polyclonal anti-Nrf2 antibody
(ab137550, Abcam), and rabbit polyclonal GAPDH antibody
(ab37168, Abcam) overnight at 4°C. Subsequently, the
sample was incubated with peroxidase and peroxidase-
conjugated goat anti-rabbit IgG (ab97051, Abcam). The
immunoreactive bands were visualized with DAB (Sigma-
Aldrich Chemicals, St. Louis, MO, USA) and densitometry
was quantified by Image] software (National Institutes of
Health, Bethesda, MD, USA).

2.11. Statistical Analysis. SPSS20.0 was used to process the
data. Adopt t to detect when comparing the measurement
data. Spearman’s rank correlation was used for the com-
parison of two variables. Results were presented as the
mean + SD. In the case of P <0.05, there were significantly
statistical differences.

3. Results

3.1. Baseline Characters. Table 1 showed the clinical charac-
ters were similar between the two groups. All the patients
were at the age of 56.1+14.4 in FJACPG and 57.5+12.3
in CG. The ratio of males and females was 37/24 and
39/22 in FJACPG and CG, respectively. There was no sig-
nificantly statistical difference for baseline demographic
and metabolic characteristics of the patients between the
two groups (P > 0.05).

3.2. The Changes for Biochemical Indexes between the Two
Groups. Table 2 showed FJACPG and CG could not
improve insulin resistance and insulin secretory function.
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TaBLE 1: Baseline demographic and metabolic characteristics of T2DM subjects.

Characteristics of patients FJACPG (n=61) CG (n=61) t/ Xz P value
Age (years) 56.1+14.4 57.5+12.3 0.24 0.65"
Males/females 3724 39/22 0.14 0.71°
Smoker/nonsmoker 18/43 20/41 0.15 0.70°
Drinker/nondrinker 24/37 23/38 0.04 0.85°
Race, n (%)
Han Zhu 50 48 0.26 0.61°
Manchu 8 10 0.26 0.61°
Mongolians 2 2 0.26 0.61°
Tibetans 1 1 0.51 0.48°
Weight (kg) 81.6+17.5 82.8+17.1 0.24 0.51°
BMI (kg/m?) 293436 301429 0.64 0.65°
HbA1lc (%) 8.9+1.6 8.7+ 1.8 0.71 0.48*
FBG (mmol/l) 8.4+1.2 8.7+ 1.5 0.85 0.32%
2hPG (mmol/l) 149+2.6 14.1+£3.7 0.64 0.56"
FJACPG (mmol/l) 29+1.2 29+14 0.13 0.87%
TC (mmol/l) 58+1.4 59+1.6 0.27 0.40*
HDL (mmol/l) 1.3+0.3 1.5+0.5 0.24 0.56*
LDL (mmol/l) 3.8+1.0 40+1.2 0.28 0.71*
Resistin (ng/ml) 15.3+4.6 15.5+3.7 1.29 0.14*
HOMA-IR 6.4+34 6.6+3.5 1.98 0.27%
HOMA-IS 66.2 +36.7 68.4+27.4 1.58 0.20%
Note: *t-test and “chi-square test. There was no significantly statistical difference at P> 0.05.
TaBLE 2: Parameters changes in both groups.
Parameters FJACPG (n =55) CG (n=52) P values after 9 months
Before After 9 months P values Before After 9 months P values (FJACPG via CG)
Weight (kg) 81.6+17.5 80.5+15.4 0.25 82.8+17.1 80.6+15.3 0.42 0.54
BMI (kg/mz) 29.3+3.6 27.1+39 0.16 30.1+29 28.1+2.6 0.34 0.46
FBG (mmol/l) 8.4+1.2 8.0+1.3 0.21 8.7+ 1.5 83+1.2 0.28 0.39
2hPG (mmol/l) 149+2.6 14.0+3.2 0.18 14.1+3.7 139+34 0.29 0.32
HbAlc (%) 89+1.6 84+19 0.08 8.7+1.8 8.5+1.6 0.43 0.38
FJACPG (mmol/I) 29+1.2 24+1.4 0.04 29+14 27+1.8 0.31 0.07
TC (mmol/l) 58+14 50+1.1 0.02 59+1.6 55+2.2 0.04 0.02
HDL (mmol/l) 1.3+0.3 1.6+0.5 0.01 1.5+0.5 1.7+£0.2 0.24 0.17
LDL (mmol/l) 3.8+1.0 33+1.2 0.03 40+1.2 32+1.6 0.01 0.14
Resistin (ng/ml) 153+4.6 14.1+3.7 0.27 155+3.7 14.5+4.1 0.18 0.35
HOMA-IR 6.4+3.4 6.2+39 0.35 6.6+3.5 6.4+2.9 0.14 0.44
HOMA-IS 66.2 +36.7 69.4+21.3 0.11 68.4+27.4 70.34 £ 14.2 0.29 0.54

Note: there is no significantly statistical difference at P > 0.05.

FJACP increased the level of HDL and reduced the levels
of TG, TC, and LDL-C (P <0.05). There were significant
statistical differences in these parameters between the two
groups (P <0.05).

3.3. Biochemical Parameters of Enzyme Activities. The levels
of SOD, AST, ALT, and GSH were measured. As showed in

Table 3, FJACP and control groups increased SOD and
GSH levels after 3 months when compared with the levels
before this study (P < 0.05). There was no significant statisti-
cal difference for these parameters between the two groups
after 3-month therapy (P >0.05). The levels of SOD and
GSH were higher in FJACPG than in CG after 6-month
therapy (P < 0.05). Similarly, the levels of SOD and GSH
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TaBLE 3: Biochemical parameters of enzyme activities.

SOD (U/ml) GSH (ng/ml) ALT (U/ml) AST (U/ml)

CG 25.34+3.17 26.89 £4.19 46.88 +12.24 112.34 +£25.26

Before FJACPG 22.78 £3.02 25.65+4.04 48.31 +11.38 114.18 £22.39
P value 0.23 0.56 0.14 0.40

CG 26.38+£2.90 27.45+4.27 45.84+15.23 106.35+28.43

3-month FJACPG 25.31+3.24 29.36 +4.78 43.22+16.51 101.48 £27.55
P value 0.64 0.12 0.08 0.17

CG 25.44+2.37 26.99+4.91 43.24+16.98 102.48 +£29.36

6-month FJACPG 30.32+3.24 35.38 +4.56 38.46+17.25 96.23 +£26.22
P value 0.02* 0.04* 0.04* 0.11

CG 29.49+2.93 32.11+5.27 40.35+18.29 98.40+27.44

9-month FJACPG 46.39+3.89 39.71 £4.56 30.28 £19.16 91.95+28.32
P value 0.01* 0.02* 0.01* 0.07

Note: FJACPG: the group treated with the fruit juice of Actinidia chinensis Planch.; CG: control group. *p < 0.05 versus CG. Note: ¢-test and chi-square test.

There is no significantly statistical difference at P > 0.05.

TaBLE 4: Comparison of lipid pattern in T2DM patients before and after therapy.

TG (mmol/l) TC (mmol/l)

HDL-C (mmol/l) LDL-C (mmol/l) MDA (mmol/l)

FJACPG 28+1.2 57+1.2
Before CG 2.7+1.1 56+1.2
P value 0.73 0.86
FJACPG 2.6+1.3 55+1.1
3-month CG 2.7+1.3 57+1.1
P value 0.34 0.22
FJACPG 22+13 51+1.1
6-month CG 28+1.3 58+1.1
P value 0.02* 0.04*
FJACPG 1.8+1.1 46+1.4
9-month CG 26+1.3 55+1.1
P value 0.01% 0.02*

1.3+0.3 3.8+1.0 1.7£0.3
1.2+£0.2 40+1.1 1.6+0.2
0.64 0.76 0.89
14+0.2 35x1.1 1.5+£0.2
1.3+0.2 39x1.1 1.7+0.3
0.18 0.26 0.27
1.6+0.2 32+1.1 1.3+£0.2
1.3+£0.2 40+1.2 1.8+0.3
0.04" 0.03* 0.02*
1.6+£0.3 30£1.1 09+0.1
1.2+£0.2 3912 1.6+0.3
0.01* 0.01" 0.01"

Note: *P < 0.05 via CG.

were higher in FJACPG than in CG after 9-month therapy
(P<0.05). In contrast, the levels of ALT were lower in
FJACPG than CG after 9 month therapy (P <0.05). The
results suggested that long-term FJACP consumption
showed better results for antioxidant activities when com-
pared with CG.

3.4. Comparison of Lipid Pattern. Table 4 showed that the
serum levels of TG, TC, LDL-C, and MDA were reduced
while the level of HDL-C was increased in FJACPG after 3-
month therapy, but there was no statistical significance of
difference between the two groups (P > 0.05). Lipid pattern
was improved further in FJACPG after 6-month therapy,
and there was statistical significance of differences between
the two groups (P <0.05). Similarly, lipid pattern was
improved significantly in FJACPG after 9 months, and there
was statistical significance of difference between the two
groups (P <0.05). All the results suggested that FJACP
significantly improved lipid patterns in T2DM patients.

3.5. Long-Term FJACP Significantly Reduces the Levels of IL-1
Beta and IL-6. As Figure 2 showed, before this study,
there was no significant statistical difference in blood
concentrations of IL-1 beta and IL-6 between the two groups
(P> 0.05). Comparatively, the levels of IL-1 beta and IL-6
were reduced in both groups (P < 0.05), but there was still
no significantly statistical difference in blood concentrations
of IL-1 beta and IL-6 between the two groups after 3-
month therapy (P > 0.05). The levels of IL-1 beta and IL-6
were further reduced in both groups (P < 0.05), and there
were significant statistical differences in blood concentrations
of IL-1 beta between the two groups after 6- and 9-month
therapy (Figure 2(a), P < 0.05). There were significant statis-
tical differences for blood concentrations of IL-6 between the
two groups after and 9-month therapy (Figure 2(b),
P <0.05). The results suggest that long-term FJACP signifi-
cantly reduces the levels of IL-1 beta and IL-6.

3.6. Long-Term FJACP Consumption Increased the Levels of
Serum miR-424, Keapl, and Nrf2. As Figure 3 showed, before
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FIGURE 2: Measurement of the concentrations of IL-1 beta and IL-6 by ELISA in blood samples. (a) The concentration of IL-1 beta. (b) The
concentration of IL-6. FJACPG: FJACP group; CG: placebo group. All data were presented as mean values + SD.

this study, there was no significant statistical difference for
mRNA levels of serum miR-424, Keapl, and Nrf2 between
the two groups (P> 0.05). Comparatively, mRNA levels of
serum miR-424, Keapl, and Nrf2 were increased in both
groups (P < 0.05), but there were significantly statistical dif-
ferences for mRNA levels of Nrf2 between the two groups
after 3 months (P < 0.05). The mRNA levels of serum miR-
424, Keapl, and Nrf2 were further increased in both groups
(P <0.05), and there were significant statistical differences
in mRNA levels of Keapl and Nrf2 between the two groups
since 6 months (Figure 3, P <0.05). Much difference for
mRNA levels of serum miR-424, Keapl, and Nrf2 was
observed between the two groups after and 9 months
(Figures 3(a), 3(b), and 3(c), P < 0.05). The results suggest
that long-term FJACP consumption significantly increases
mRNA levels of Keapl and Nrf2.

3.7. Long-Term FJACP Consumption Increased Protein
Levels of Keapl and Nrf2. As Figure 4 showed, before this
study, there was no significantly statistical difference for
protein levels of Keapl and Nrf2 between the two groups
(P>0.05). Comparatively, the protein levels of Keapl
and Nrf2 were increased in both groups (P < 0.05), but there
were only significant statistical differences for the protein
levels of Nrf2 between the two groups after 3-month therapy
(P <0.05). The protein levels of Keapl and Nrf2 were further
increased in both groups (P < 0.05), and there were signifi-
cant statistical differences in the protein levels of Keapl and
Nrf2 between the two groups since 6-month therapy
(Figure 4, P <0.05). Much difference for the protein levels
of Keapl and Nrf2 was observed between the two groups
after and 9-month therapy (Figures 4(a) and 4(b), P < 0.05).
The results suggest that long-term FJACP significantly
increases protein levels of Keapl and Nrf2.

3.8. The Association of the Levels between miR-424 and
Inflammatory Cytokines. Spearman’s rank correlation anal-
ysis showed that the levels of IL-1 beta (Figure 5(a)) and
IL-6 (Figure 5(b)) were reduced when the level of miR-
424 was increased. There was a negative relationship
between the level of miR-424 and the level of IL-1 beta
or IL-6 (P <0.05). The results suggest that a higher level
of Nrf2 will result in lower levels of IL-1 beta and IL-6.

3.9. The Association of the Levels between miR-424 and
Biomarkers of Antioxidant Factors. Spearman’s rank correla-
tion analysis showed that the levels of SOD (Figure 6(a))
and GSH (Figure 6(b)) were increased when the level of
miR-424 was increased. There was a positive relationship
between the levels of miR-424 and the levels of IL-1 beta
or IL-6 (P<0.05). In contrast, the levels of ALT
(Figure 6(c)) and AST (Figure 6(d)) were reduced when
the level of miR-424 was increased. The results suggest
that a higher level of miR-424 will promote antioxidant
activities of T2DM patients.

3.10. The Association of the Protein Levels between Nrf2 and
Inflammatory Cytokines. Spearman’s rank correlation analy-
sis showed that the levels of IL-1 beta (Figure 7(a)) and IL-6
(Figure 7(b)) were reduced when the level of Nrf2 was
increased. There were a negative relationship between the
level of Nrf2 and the level of IL-1 beta or IL-6 (P <0.05).
The results suggest that a higher level of Nrf2 will result in
lower levels of IL-1 beta and IL-6.

3.11. The Association of the Protein Levels between Nrf-2
and Biomarkers of Antioxidant Factors. Spearman’s rank
correlation analysis showed that the levels of SOD
(Figure 8(a)) and GSH (Figure 8(b)) were increased when



Oxidative Medicine and Cellular Longevity

<
o
<+ P<0.05
=]
g
3 07
&
—_ 4 .
<Zc P<0.05
o~
g 2
2
< 0-
R~ >~ > >~ >
) o 5 g
3] o) 3 o)
< < ks =
@ = ks =
3 5 g g
e = g =
o o [o)}
Bl FJACPG
B CG
(@)
30 -
P<
20 -

Relative protein levels of Nrf2

Relative protein levels of Keapl

25 P <0.05
20 1 P <0.05
15 '_| T
T
10 A T
5 . T
0 - T T T T
> > > >
a o a a
< I < I
o) o) o) o)
S = S S
2 = = =]
9 g g g
Q g g =)
o © o
(b)
P <0.05

=
=}
G
el
A
=3
o
ol
_‘—,

H

4 T
10IT
0 ., ;
>~ >~
o o
< <
- —
Q Q
= =
= =]
L =
S E
15 =]
/A g
*

—
O
~

6-month therapy |
9-month therapy |

FIGURE 3: QRT-PCR analysis of relative mRNA levels. (a) Relative mRNA levels of serum miR-424. (b) Relative mRNA levels of Keapl. (c)
Relative mRNA levels of Nrf2. FJACPG: FJACP group; CG: placebo group. All data were presented as mean values + SD.

the level of Nrf2 was increased. There was positive relation-
ship between the level of Nrf2 and the level of IL-1 beta or
IL-6 (P < 0.05). In contrast, the levels of ALT (Figure 8(c))
and AST (Figure 8(d)) were reduced when the level of Nrf2
was increased. The results suggest that a higher level of
Nrf2 will promote antioxidant activities of T2DM patients.

3.12. The Association of the Levels between miR-424 and Nrf2.
Spearman’s rank correlation analysis showed that the levels
of Keapl (Figure 9(a)) and Nrf2 (Figure 9(b)) were
increased when the level of miR-424 was increased. There
was a positive relationship between the level of miR-424
and the level of Keapl or Nrf2 (P <0.05). The results sug-
gest that a higher level of miR-424 will increase the levels
of Keapl and Nrf2.

4. Discussion

The changes of physical indexes indicated that both the con-
trol group and the FJACP group improved the antioxidant
activities of T2DM. Notably, long-term FJACP showed a bet-
ter result after 3-month therapy. For the most elderly, the

ability of movement begins to decline and the strength of
the skeletal muscles of the lower limbs plays a critical role
in the activity. In the population cohort with difficult walk-
ing, higher risk of diabetic complications will be developed
[35]. In contrast, long-term consumption of FJACP signifi-
cantly ameliorates diabetes, including the improvement of
general well-being and the decrease of the levels of HbAlc,
FBG, and BMI [36]. Similarly, FJACP also has been reported
to have the functions for reducing the levels of BMI [37] and
blood glucose [38].

Present comparing study showed physical condition was
improved in both groups after 3 months. Furthermore, the
knee extension strength and balance function in FJACPG
were improved obviously (data was not shown). The results
might be caused by the normal exercise (walking daily) which
could be maintained. The exercise was kept at the same level
(each person walks about 1.5 to 2 miles per day) between the
two groups. The exercise function was not explored in detail.
The general improvement in the patients from FJACPG was
better than those from CG. After 6 months, there were signif-
icant statistical differences between FJACPG and CG. The
results suggest that FJACP may have some benefits on
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FiGurg 10: The multiple functions of FJACP on T2DM patients.

general well-being. The work is not the focus of the present
study, but it is very important and will be performed in the
future to confirm the conclusion.

FJACP improves the indices of antioxidant and anti-
inflammation status by affecting Keapl and Nrf2 in the
patients with T2DM. Keap1 and Nrf2 play an important role
in preventing the risk and development of T2DM. It can
reduce the levels of proinflammatory cytokines and increase
the level of antioxidant molecules. T2DM is characterized
by inflammatory [39, 40] and oxidant status [41, 42]. The dis-
ease is closely associated with kidney disorder [43, 44] and
peripheral neuropathy [45, 46]. T2DM is also the main cause
for cardiovascular disorder [47, 48]. The levels of Nrf2 and
Keapl were significantly decreased in T2DM patients. To
make sure the interaction between Nrf2 and Keap1, and these
molecules, is present, much work is needed to be done in
future work.

The reasons for the functions of FJACP are complex
(Figure 10). The reasons for the functions of FJACP are com-
plex (Figure 10). FJACP contains a large number of antioxi-
dants such as polyphenols and vitamins [49]. Polyphenols
show strong antioxidant activities as ROS scavengers [50].
Polyphenols as an important bioactive compound have been
reported to have anticancer effects by upregulating the level
of miR-1 [51]. Other reports also show that polyphenol
exhibits its biological functions by affecting miRNA-
mediated regulation [52]. Thus, FJACP may also affect the
level of serum miR-424.

Vitamin C is rich in FJACP which may affect serum levels
of microRNAs. Vitamin C is regarded as a reprogramming
enhancer for inducing a blastocyst state in embryo cells. Vita-
min C demethylates gene promoters by affecting epigenetic
modifiers, which activates pluripotency genes and miRNAs
of embryo cells [53]. Then, differentiation and development
genes are repressed by ESC-enriched miRNAs, which

maintain the stem cell state. MicroRNA-expressing profiles
have been reported to be affected by vitamin C [54]. Present
findings showed that FJACP increased the levels of micro-
RNA-424, which downregulated the activities of Nrf2 and
Keapl. The results improved the indices of antioxidant and
anti-inflammatory situation of T2DM patients.

According to Chinese theory, FJACP can transfer the
strength between deficiency and excess from different parts
of the human body, including the upper and lower limbs,
the internal organs, and environment. Full body and cooper-
ation among the different organs are the main ideas of
FJACP. The limitation of FJACP is that it must be understood
well and performed exactly as its central ideas. Overcon-
sumption of FJACP will cause harmful effects on human
health since it contains much vitamin C. More trouble, incor-
rect of FJACP consumption may result in stomach pain.

There were some limitations to the present study. The
function of FJACP should be performed in a larger popula-
tion since it shows fewer side effects. The detail molecular
mechanism for the association between proinflammatory
cytokines and Keapland Nrf2 remains unclear. Although
FJACP is rich with polyphenols and vitamin C, the relation-
ship between miR-424 and polyphenols or vitamin C
remains unknown. To make sure the functional role of
FJACP on T2DM is present, much work is still needed to
be done in the future.

5. Conclusions

Beneficial effects of FJACP were proven here, and the long-
term FJACP would be beneficial for improving the symptoms
of T2DM. The rehabilitant functions of FJACP might be
associated with the increase in the activities and levels of
SOD and GSH and the decrease in the levels of ALT and
AST, which further increased the level of HDL-c and
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decreased the level of FJACPG, TC, and LDL-c. All the
results decreased oxidative stress in T2DM. Furthermore,
FJACP activated Keapl and Nrf2 via the upregulation of
miR-424, which plays an important role in antioxidant
and anti-inflammatory activities in T2DM patients. FJACP
as a nonpharmaceutical intervention should be developed
as a potential way for preventing the risk or development
of T2DM.
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We have demonstrated that neural progenitor cells (NPCs) protect endothelial cells (ECs) from oxidative stress. Since exosomes
(EXs) can convey the benefit of parent cells through their carried microRNAs (miRs) and miR-210 is ubiquitously expressed
with versatile functions, we investigated the role of miR-210 in the effects of NPC-EXs on oxidative stress and dysfunction in
ECs. NPCs were transfected with control and miR-210 scramble/inhibitor/mimic to generate NPC-EXs“*", NPC-EXs*, NPC-
EXs*™R210 and NPC-EXs™"*'°. The effects of various NPC-EXs on angiotensin II- (Ang II-) induced reactive oxygen
species (ROS) overproduction, apoptosis, and dysfunction, as well as dysregulation of Nox2, ephrin A3, VEGF, and p-VEGFR2/
VEGFR?2 in ECs were evaluated. Results showed (1) Ang II-induced ROS overproduction, increase in apoptosis, and decrease in
tube formation ability, accompanied with Nox2 upregulation and reduction of p-VEGFR2/VEGFR2 in ECs. (2) Compared to
NPC-EXs®" or NPC-EXs*, NPC-EXs?*tmiR210 (vore Jess whereas NPC-EXs™R210 were more effective on attenuating these
detrimental effects induced by Ang II in ECs. (3) These effects of NPC-EXs*""™R210 and NPC-EXs™ > were associated with
the changes of miR-210, ephrin A3, VEGF, and p-VEGFR2/VEGFR2 ratio in ECs. Altogether, the protective effects of NPC-EXs

on Ang II-induced endothelial injury through miR-210 which controls Nox2/ROS and VEGF/VEGFR2 signals were studied.

1. Introduction

Oxidative stress is well-known to play a critical role in a
diverse array of cardiovascular disorders including hyper-
tension, diabetic vasculopathy, hypercholesterolemia, and
atherosclerosis [1-3]. Indeed, overproduction of reactive
oxygen species (ROS) has been shown to induce dysfunc-
tion, proinflammatory, and apoptotic death of endothelial
cells (ECs) [4-6]. Therefore, an efficient antioxidant defense
system to prevent endothelial dysfunction is critical in the
protection of vasculature.

Recently, neural crest stem cells have been reported to pro-
mote the survival of neurons under normal and oxidative
stress conditions in a superoxide dismutase 2 mutant neuron
cell line [7]. As one type of stem cells in the brain, neural pro-
genitor cells (NPCs) residing in the subventricular zone con-
tact the blood vessels and directly juxtapose to ECs [8]. The

two types of cells could interact with each other through direct
physical contact or through paracrine mechanisms with
potentially different biological effects. As showed in our previ-
ous study [9], NPCs can decrease hypoxia/reoxygenation-
induced ROS overproduction on ECs. However, the exact
mechanism of NPCs against oxidative stress remains unclear.
Exosomes (EXs), small vesicles secreted by most cells, are
emerging as mediators for cell-cell communications. They
can transfer the carried cargoes such as microRNAs (miRs)
and proteins to distant/nearby cells and thereby modulate
the recipient cell function [10-12]. Stem cell-derived EXs have
been shown to convey the benefits of their parent cells [13-17].
For example, endothelial progenitor cell-derived vesicles can
protect ECs against hypoxia/reoxygenation injury [16]. Mes-
enchymal stem cell-derived EXs can promote functional
recovery and neurovascular plasticity after stroke in rats
through miR-133 [13] and enhance cell survival in kidney
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injury [17]. More recently, our group demonstrated that endo-
thelial progenitor cell-derived vesicles from healthy controls
have protective effects on the function of endothelial progeni-
tor cells from diabetic patients through their carried miR-126
[14]. In order to explore the mechanism of NPCs protecting
ECs from oxidative stress, we investigated whether EXs
released from NPCs (NPC-EXs) can protect ECs from oxida-
tive stress and dysfunction in an AngII-induced injury model.

miR-210 is ubiquitously expressed in a wide range of
cells, such as inducible pluripotent stem cells and bone mar-
row stem cells, and has versatile functions [18]. It is reported
that miR-210 is a crucial element of ECs in response to hyp-
oxia which considerably influences the endothelial angio-
genic capability [19]. More studies have demonstrated that
miR-210 not only influences cell survival by targeting apo-
ptotic genes [20-22] but also displays antioxidant effect by
reducing mitochondrial ROS production [23-25]. Recently,
Wang et al. reported that EXs derived from inducible plurip-
otent stem cells can deliver miR-210 to the cardiomyocytes
and protect the cardiomyocytes against H,O,-induced oxida-
tive stress [15]. Nevertheless, there is no study investigating
whether miR-210 is involved in the protective effects of
NPC-EXs on ECs against oxidative stress.

In this study, we illustrated whether miR-210 participates
in the protective effects of NPC-EXs on attenuating Ang II-
induced ROS overproduction and dysfunction in ECs.

2. Materials and Methods

2.1. Cell Culture of NPCs and ECs. Human NPCs were pur-
chased from ATCC® (ATCC-BYS012; Manassas, VA, USA)
and cultured according to the manufacturer’s protocol. Briefly,
NPCs were cultured in complete growth medium which
includes DMEM/F12 supplemented with the growth kit for
NPC expansion (ATCC ACS-3003; Manassas, VA, USA).
Medium was changed every other day. Human brain ECs were
purchased from Cell Systems (Kirkland, WA, USA) and cul-
tured with CSC complete medium (Cell Systems) containing
10% serum, 2% human recombinant growth factors, and
0.2% antibiotic solution under standard cell culture conditions
(5% CO2, 37°C). Medium was changed twice a week.

2.2. Overexpression of miR-210 in NPCs. NPCs were
expanded and used for transfection to up- or downregulate
of miR-210 [19]. Briefly, the NPCs were cultured to 60—
70% confluence and transfected with miR-210 mimic, miR-
210 inhibitor, or the scramble control (SC) (40 nM, Exiqon,
Woburn, MA) by using lipofectamine 2000 (Invitrogen,
Carlsbad, CA) for 24 hrs according to the manufacturer’s
instruction. NPCs transfected with miR-210 SC, inhibitor,
or mimic were denoted as NPCs*, NPCs*""™R210" op
NPCs™® 2% respectively. NPCs cultured in complete culture
medium served as control (NPCs™"). The three types of
NPCs were used for producing corresponding EXs. All trans-
fections were carried out in triplicate.

2.3. Preparation and Collection of EXs Released from NPCs.
The protocol for collecting EXs from serum-free culture
medium has been reported in our previous study [26].
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Briefly, NPCs*", NPCs*, NPCs*""™R210 " or NPCs™R2!10
were cultured in serum-free culture medium to release EXs
which were denoted as NPC-EXs™", NPC-EXs*, NPC-
EXg?ntmiR210 - ond  NPC-EXs™R210  After 24hrs, the
medium was collected and centrifuged at 300g for 15 mins
to remove dead cells. The supernatants were centrifuged at
2000g for 30 mins to remove cell debris, followed by centri-
fugation at 20,000g for 70 mins and ultracentrifugation at
170,000g for 90 mins to pellet EXs. The pelleted NPC-EXs™",
NPC-EXs*, NPC-EXs*""™ 210 or NPC-EXs™"*'% were
resuspended with phosphate-buffered saline (PBS) and ali-
quoted for nanoparticle tracking analysis (NTA) and cocul-
ture experiments. PBS was filtered through 20nm filter
(Whatman, Pittsburgh, PA).

2.4. Nanoparticle Tracking Analysis of NPC-EXs. The Nano-
Sight NS300 (Malvern Instruments, Malvern, UK) was used
to detect EXs as we previously reported [26]. Briefly, 700 ul
diluted suspensions containing NPC-EXs were loaded into
the sample chamber and the camera level was maintained
at 10 for light scatter mode for sample analysis. Three videos
of typically 30-second duration were taken, with a frame rate
of 30 frames per second. Data was analyzed by NTA 3.0 soft-
ware (Malvern Instruments, Malvern, UK) on a frame-by-
frame basis. The experiment was repeated four times.

2.5. Labeling of NPC-EXs. NPC-EXs were labeled with a red
fluorescence dye PKH26 (Sigma Aldrich, St. Louis, MO) as
we previously reported [16]. In brief, NPC-EXs were incu-
bated with 2 uM PKH26 dye in PBS for 5 mins at RT. An
equal volume of FBS was added to stop staining. Then,
NPC-EXs were pelleted by ultracentrifugation and resus-
pended with culture medium for coculture experiments.

2.6. Ang II Injury Model in ECs. ECs were seeded in 12-well
plates (5x10* cells/well) during the logarithmic growth
phase. When 70-80% confluent was reached, the cells were
incubated with AngII (0 or 1075 M; Sigma-Aldrich, St. Louis,
MO) for 24 hrs [27]. After coincubation, the medium was
replaced with fresh culture medium. ECs were then used
for coculture experiments or collected for various analyses.

2.7. Coculture of NPC-EXs with ECs. To further elucidate the
effects NPC-EXs on ECs, ECs were divided into five coculture
groups: vehicle (coculture medium only), NPC-EXs“", NPC-
EXs*, NPC-EXs*"™R210" 51 NPC-EXs™® !, Briefly, the
NPC-EXs labeled with PKH 26 were resuspended with CSC
medium and added to the culture medium of ECs subjected
to Ang II injury. The concentration of NPC-EXs (50 pg/ml)
was determined based on our previous study [16]. After
24 hr coculture, the incorporation of NPC-EXs into ECs
was observed by fluorescence microscopy (EVOS; Thermo
Fisher Scientific). The level of cellular fluorescence intensity
was analyzed by Image] (NIH) according to the instruction
and a previous report [28]. The culture medium of ECs was
collected for measuring the concentration of VEGF by
ELISA. ECs were used for apoptosis, tube formation, and
ROS production assays. The levels of miR-210, ephrin A3,
Nox2, and p-VEGFR2/VEGFR2 in ECs were analyzed by
quantitative RT-PCR and Western blot, respectively. ECs
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cultured under normal condition were used as controls. The
experiment was repeated for four times.

2.8. Apoptosis Assay of ECs. After coculture, ECs were
detached for apoptosis assay by using the FITC Annexin V
apoptosis detection kit (BD Biosciences, CA) [9]. Briefly,
cells were washed with PBS, resuspended with 100 uL Ix
annexin-binding buffer, incubated with 5ul FITC-
conjugated annexin V and 5 uL propidium iodide (PI) for
15 mins in the dark, and then analyzed by flow cytometry.
The apoptotic cells were defined as annexin V+/PI- cells.
The percentage of apoptotic cells was calculated as the fol-
lowing: annexin V+/PI- cells/total cells x 100%. The experi-
ment was repeated four times.

2.9. Measurement of ROS. Intracellular ROS production was
determined by dihydroethidium (DHE) (Sigma) staining.
Briefly, cells were incubated with 2uM DHE solution at
37°C for 2 hrs. Cells were then washed twice with PBS, and
images were taken under a fluorescence microscope (EVOS,
Life Sciences). The level of cellular fluorescence intensity
was analyzed by Image] (NIH, Bethesda, MD) according to
a previous report [29]. Data are expressed as fold of fluores-
cence compared with the control. ECs cultured with CSC
medium were used as control.

2.10. Quantitative RT-PCR Analysis. After transfection, cells
were washed twice with PBS. The miRs from NPCs and their
released EXs, as well as the ECs cocultured with various
NPC-EXs were extracted using mirVana miRNA isolation
kit (Qiagen, Hilden, Germany). For detecting miR-210 level,
reverse transcription (RT) reactions were performed by using
mirVana qRT-PCR miRNA detection kit and hsa-miR-210
qRT-PCR primer set from Ambion. The RT primer was 5-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG
GATACGACGACTGT-3". The forward primer of miR-210
was 5-CACGCAGTCGTA TCCAGTGCAGG-3' The reverse
primer of miR-210 was 5-CCAGTGCAGGGTCCG AGG
TA-3" The expression of U6 was used as endogenous control
for each sample. The forward primer of U6 was 5-CT
CGCTTCGGCAGCACA-3', and the reverse primer of U6
was 5-AACGCTTCACGAATTTGCGT-3" Relative expres-
sion level of each gene was normalized to U6 and calcu-
lated using the 27%“T method. The experiment was
repeated four times.

2.11. Enzyme-Linked Immunosorbent Assay. The level of
VEGF in the culture medium of ECs cocultured with NPC-
EXs“", NPC-EXs*, NPC-EXs*"™R219, or NPC-EXs™ 210
were measured by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN, USA). The concentration of
VEGF was calculated as pg/ml of culture medium. Each group
was triplicated. The experiment was repeated four times.

2.12. The Tube Formation Assay for ECs. The tube formation
assay was conducted by using in vitro angiogenesis assay kit
(Chemicon, Rosemont, IL). First, the ECMatrix solution
was thawed and mixed with the ECMatrix diluent. Then,
the ECMatrix mixture was placed in a 96-well tissue culture

TaBLE 1: NTA analysis of the size and concentration of various
NPC-EXs.

. Concentration
EX type Size range (nm) (x10° particles/ml)
NPC-EXs<" 102 +30 5.67 +0.07
NPC-EXs* 104 +43 5.58+0.11
NPC-EXgnti-miR-210 100 + 51 5.69+0.18
NPC-EXg™miR-210 105 +62 5.74 +0.08

NPC-EXs®”, NPC-EXs*, NPC-EXs™™R210" and  NPC-EXs™R210
represent EXs released from NPCs cultured in culture medium (control)
and transfected with scramble control, miR-210 inhibitor, or miR-210
mimic. Data are expressed as mean + SEM. N = 4/group.

plate at 37°C for 1 hr to allow the matrix solution to solidify.
ECs (1 x 10* cells/well) were seeded onto the solidified matrix
and incubated at regular cell culture conditions (5% CO2,
37°C). After 24 hr post-seeding, 2 yg/ml calcein (Fisher Sci-
entific, Hampton, NH) was directly added to the culture well
and incubated for 20 mins prior to imaging under an inverted
fluorescence microscope. Tubes were defined as a tube struc-
ture exhibiting a length 4 times of its width [30]. The number
of tubes per field was determined. Five random microscopic
fields were assessed in each well. The average number from
the five fields represents a group.

2.13. Western Blot Analysis. After 24 hr treatments, proteins
of ECs in different groups were extracted with cell lysis buffer
(Thermo Fisher Scientific, Waltham, MA) supplemented
with complete mini protease inhibitor tablet (Roche, Basel,
Switzerland). Then, the protein lysates were electrophoresed
through SDS-PAGE gel and transferred onto PVDF mem-
branes. The membranes were blocked with 5% nonfat milk
for 1hr at room temperature and incubated with primary
antibody against ephrin A3 (1:500; Abcam, Cambridge,
MA), Nox2 (1:1000; Abcam, Cambridge, MA), VEGFR2
(1:1000; Abcam, Cambridge, MA), p-VEGFR2 (p-Flkl;
1:1000; Abcam, Cambridge, MA), or f-actin (1:4000;
Sigma, St. Louis, MO) at 4°C overnight. On the next day,
membranes were washed and incubated with horseradish-
peroxidase-conjugated anti-rabbit or anti-mouse IgG
(1:40,000; Jackson Immuno Research Lab, West Grove,
PA) for 1hr at room temperature. Blots were developed with
enhanced chemiluminescence developing solutions, and
images were quantified under Image] software. The experi-
ment was repeated four times.

2.14. Statistical Analysis. All experiments were repeated for
four times. Data are expressed as mean + SEM. Multiple com-
parisons were analyzed by one- or two-way ANOVA
followed by LSD post hoc test. SPSS 17.0 statistical software
was used for analyzing the data. For all measurements, a
P <0.05 was considered statistically significant.

3. Results

3.1. Transfection of miR-210 Mimic and Inhibitor Altered
the Level of miR-210 in NPCs and NPC-EXs. Upon the
results obtained from NTA analysis (Table 1), modulation



Oxidative Medicine and Cellular Longevity

*
9.0

3.0 1

Level of miR-210
(fold of control)
(o))
=Y
|

+

oL Coimim -

Control SC Anti-miR-210 miR-210
O NPCs
m NPC-EXs
(a)

I
I )
=
~

(b)

5 160
g
§% 120
E 5
v P

£ 80
iz w
O —
=1
= 0

NPC-EXs®"

NPC-EXs*

=]
S
&
|
izl
>
e
O
=9
Z

NPC_EXSamLmiR—ZIO

(c)

F1GURE 1: The levels of miR-210 in NPCs and their released NPC-EXs were changed by miR-210 mimic or inhibitor. (a) Summarized data
showing the levels of miR-210 in NPCs and NPC-EXs. *p < 0.05 versus control or SC or anti-miR-210; *p < 0.05 versus control or SC. SC:
scramble control of miR-210. (b) Representative images showing the incorporation of NPC-EXs into the cytoplasm of ECs. (c)
Summarized data showing the fluorescence intensity in ECs. Data are expressed as mean + SEM. N = 4/group.

of miR-210 did not change the size and the concentration
of EXs released from NPCs (versus NPC-EXs®" or NPC-
EXs*, p>0.05). As shown in Figure 1(a), transfection of
the miR-210 mimic significantly increased miR-210 level
in NPCs. As expected, miR-210 level was higher in
NPC-EXs™"?!% than that in NPC-EXs*" and NPC-EXs™.
On the contrary, miR-210 inhibitor significantly decreased
the level of miR-210 in NPCs and their released EXs.

3.2. NPC-EXs"™®21% Significantly Upregulated the Level of
miR-210 and Downregulated Ephrin A3 Level in ECs. As
shown in Figures 1(b) and 1(c), PKH26-labeled NPC-EXs

were observed in the cytoplasm of ECs after 24 hr of cocul-
ture, indicating EXs were uptaken by ECs. There was no
significant difference of the fluorescence intensity among dif-
ferent groups.

In order to evaluate whether coculture with NPC-EXs
can alter the level of miR-210 in ECs, we conducted quan-
titative RT-PCR to determine the level of miR-210 in ECs
after different treatments. As shown in Figure 2(a), Ang II
downregulated the level of miR-210 in ECs (versus control,
P < 0.05).Inthe treatment groups, coculture with NPC-EXs“"
or NPC-EXs*“alone significantly upregulated miR-210level in
ECs (versus vehicle, p < 0.05). NPC-EXstmiR-210 444 not
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significantly alter the level of miR-210 in Ang II-injured ECs
(versus vehicle, p > 0.05), whereas, NPC-EXs™"*' remark-
ably raised the level of miR-210 in ECs (versus NPC-EXs“"
or NPC-EXs* or NPC-EXs*""™R219 5 < (.05). These data
suggest that NPC-EXs can deliver miR-210 into ECs in vitro.

We also determined the protein level of ephrin A3, a target
gene of miR-210, in ECs after coculture. Our data
(Figure 2(b)) showed that the ephrin A3 level was upregu-
lated in Ang II-injured ECs (versus control, p <0.05),
which was downregulated by NPC-EXs“" or NPC-EXs™
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coculture (versus vehicle, p < 0.05). NPC-EXgnti-miR-210 454
not significantly affect, while NPC-EXs™"**'* upregulated
the level of ephrin A3 in Ang II-injured ECs. These findings
reflect that NPC-EXs and NPC-EXs™"®?'" could transfer
miR-210 to ECs and modulate the expression of its target
gene, ephrin A3, in ECs.

3.3. NPC-EXs*"""™R210 Were Less, Whereas NPC-EXs™210
Were More Effective on Reducing Ang 1I-Induced Apoptosis,
ROS Overproduction, and Nox2 Upregulation on ECs. To ver-
ify the model of Ang II-induced EC injury, we conducted
flow cytometry and DHE staining to evaluate the apoptotic
rate and ROS production, respectively. Our results
(Figure 3) showed that Ang II significantly increased the per-
centage of ECs in the early apoptosis phase and the level of
ROS production (versus control, p < 0.05).

To determine the effects of NPC-EXs on ECs against Ang
II-induced oxidative stress injury, we cocultured Ang II-
injured ECs with various NPC-EXs. Our data showed that
coculture with NPC-EXs“*" or NPC-EXs* alone can reduce
Ang II-induced apoptosis and ROS overproduction (versus
vehicle, p<0.05). NPC-EXs™"™R 210 can decrease these
detrimental effects of Ang II, but was less than NPC-EXs™"
and NPC-EXs*® did (versus NPC-EXs“" or NPC-EXs®,
p <0.05). NPC-EXs™"?'” had the most effects on decreasing
Ang II-induced apoptosis and ROS production of ECs
among the four types of NPC-EXs.

In addition, we analyzed the expression of Nox2 in ECs
after cocultured with different NPC-EXs. Our Western blot
results (Figure 4) showed that Ang II upregulated Nox2
expression in ECs (versus control, p<0.05). Coculture
with NPC-EXs“™" or NPC-EXs™ alone significantly down-
regulated Nox2 expression (versus vehicle, p<0.05).
NPC-EXs*™™R210 can  downregulate Nox2 expression,
but had much less effect than NPC-EXs“*" and NPC-EXs*

had (versus NPC-EXs“" or NPC-EXs™, p < 0.05). Similarly,
NPC-EXs™"?'% had the most effect on decreasing Ang II-
induced Nox2 expression in ECs.

Collectively, this data suggests that miR-210 plays a
role in the protective effects of NPC-EXs on ECs against
Ang II-induced oxidative stress, and exogenous miR-210

can boost the antioxidant and antiapoptosis effects elicited
by NPC-EXs.

3.4. NPC-EXs*"""™"®210 Were Less, Whereas NPC-EXs™"%!?
Were More Effective on Increasing VEGF Secretion and
Improving the Tube Formation Ability of ECs. In order to
assess whether NPC-EXs can improve the endothelial
angiogenic function compromised by Ang II, we analyzed
VEGF level in the culture medium and the tube formation
ability of ECs. Our data showed that the level of VEGF in
the culture medium was decreased in ECs injured by Ang
I (versus control, p<0.05). In the treatment groups,
coculture with NPC-EXs“" and NPC-EXs* increased the
VEGEF level (versus vehicle, p<0.05), whereas NPC-
EXs*™R219 had less effect than NPC-EXs®” and NPC-
EXs* had (versus NPC-EXs“" or NPC-EXs™, p<0.05).
Similarly, NPC-EXs™"®?!” had the most effect on upregu-
lating VEGF secretion of ECs among the four types of
NPC-EXs (Figure 5(a)).

Similarly, the tube formation ability of ECs was compro-
mised by Ang II (versus control, p < 0.05). Coculture with
NPC-EXs™" or NPC-EXs* alone significantly improved the
tube formation ability of ECs subjected to Ang II (versus vehi-
cle, p < 0.05). NPC-EXs*™"™R210 displayed less effect than
NPC-EXs°" or NPC-EXs* did. Likely, NPC-EXs™"?'% had
the most effect on promoting tube formation (Figure 5(b)).
Taken together, these results indicate that miR-210 is involved
in the effect elicited by NPC-EXs on improving the angiogenic
function of Ang II-injured ECs.
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3.5. NPC-EXs*"""R210 Were Less, Whereas NPC-EXs™"*2"7
Were More Effective on Upregulating the Expression of
p-VEGFR2/VEGFR?2 in ECs. As shown in Figure 6, the ratio
of p-VEGFR2/VEGFR2 in ECs was decreased by Ang II
(versus control, p <0.05). In the treatment groups, cocul-
ture with NPC-EXs“™" or NPC-EXs*™ increased the phos-
phorylation of VEGFR2 (versus control or vehicle,
p<0.05). NPC-EXs*""™R21% 4155 raised the expression
ratio of p-VEGFR2/VEGFR2, but the effect was less than
NPC-EXs®" or NPC-EXs* had (versus NPC-EXs“" or

NPC-EXs*, p<0.05). Similarly, NPC-EXs™**!* had the
strongest effect on upregulating the ratio of p-VEGFR2/
VEGFR2 in ECs subjected to Ang II injury (versus NPC-
EXs°", NPC-EXs*, or NPC-EXs*""™™R210 1, £ 0.05).

4. Discussion

In the present study, we have demonstrated that NPC-EXs
have protective effects against Ang II-induced oxidative
stress, cell death, and angiogenic dysfunction in ECs, which
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versus NPC-EXs™™™R210 Data are expressed as mean + SEM. N = 4/group.

are at least partly through Nox2/ROS and VEGF/VEGFR2
signaling pathways modulated by miR-210.

Oxidative stress is the major cause of endothelial dys-
function which is implicated in various vascular diseases
[31]. Ang II has been well documented to trigger ROS
overproduction and decrease the production/bioavailability
of nitric oxide of ECs, which consequently contribute to
endothelial dysfunction [32, 33]. In this study, we used
Ang II to construct an EC oxidative stress model. As
agreed with previous reports [27, 34], Ang II resulted in
increasing of apoptosis, overproduction of ROS, and
impairment of angiogenic function (tube formation ability
and VEGF secretion), along with the upregulation of Nox2
level and downregulation of the ratio of p-VEGFR2/
VEGEFR?2 in ECs.

We previously demonstrated that NPCs could decrease
apoptosis and ROS overproduction on hypoxia/reoxygena-
tion-injured ECs [9]. Our study is supported by a recent
report showing that neural crest-derived stem cells promote
the survival of neurons under normal and oxidative stress
conditions in a mutant neuron cell line [7]. However, the
underlying mechanism requires further investigation. Cur-
rently, EXs are emerging as cell-cell communicators. Mount-
ing evidence shows that stem cell-derived EXs harbor the
benefits of their parent cells and can alter the function of
recipient cells [13, 16, 17]. For instance, mesenchymal stem
cell-derived extracellular vesicles can enhance cell survival
in kidney injury [17] and promote functional recovery and
neurovascular plasticity after stroke in rats [13]. We have
demonstrated that endothelial progenitor cell-derived vesi-
cles can protect ECs against hypoxia/reoxygenation [16]. In
this study, we investigated whether NPC-EXs could rescue
injured ECs following direct oxidative stress by using the
Ang II injury model. In order to test our hypothesis, we
cocultured NPC-EXs“" with Ang II-injured ECs and found
that NPC-EXs™" could be uptaken by ECs and can attenuate
Ang II-induced apoptosis, ROS overproduction, and Nox2

upregulation. In addition, the tube formation capacity and
VEGF secretion capacities compromised by Ang II were also
rescued by NPC-EXs“". All of these findings suggest that
NPC-EXs can protect ECs against Ang II, associated with
the suppression of Nox2 expression and subsequently inhi-
biting ROS overproduction.

Interestingly, we also found that the level of miR-210 was
increased in ECs after coincubation with NPC-EXs. This
raised the hypothesis that the protective effects of NPC-EXs
on Ang II-induced ECs might be related with miR-210. Previ-
ous studies have demonstrated that miR-210 is ubiquitously
expressed in a wide range of cells and displays versatile
functions such as antioxidative stress [15, 25, 35, 36] and
apoptosis defense [20-22]. Blockade of miR-210 in myo-
blasts greatly increases myoblast cell sensitivity to oxidative
stress and mitochondrial dysfunction [25]. Overexpression
of miR-210 enhances the survival of mesenchymal stem cells
in an oxidative stress environment [35] and reduces ROS
overproduction as well as cardiomyocyte death in response
to hypoxia-reoxygenation [36]. Recently, Wang et al
reported that EXs derived from inducible pluripotent stem
cells can deliver miR-210 to cardiomyocytes and protect
them against H,0,-induced oxidative stress [15]. In order
to investigate the potential mechanisms, we tested our
hypothesis that miR-210 modulates the beneficial effects
exhibited by NPC-EXs on Ang II-injured ECs. First, we up-
or downregulated miR-210 in NPCs and found that the
miR-210 level was parallelly raised or reduced in their corre-
sponding EXs, NPC-EXs™"?!% and NPC-EXs*"™miR210,
This suggests that NPCs carried by miR-210 was packaged
into NPC-EXs. Next, we cocultured NPC-EXs™"**'°, NPC-
EXs*tmiR-210 "and their controls (NPC-EXs*) with Ang II-
injured ECs. Our data showed that both NPC-EXs™ and
NPC-EXs™"?'% increased the miR-210 level in ECs. Mean-
while, we found that the protein level of ephrin A3, a target
gene of miR-210 [19], was significantly downregulated by
NPC-EXs™®?'% in Ang Il-injured ECs. These results reflect
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that NPC-EXs can deliver miR-210 into ECs. Besides, we
found that NPC-EXs™"?'" had the strongest effects on
decreasing Ang II-induced apoptosis and ROS production,
indicating miR-210 can boost the protection effects of
NPC-EXs on ECs. As one of the most prominent sources
of vascular ROS [37], Nox2 level was also evaluated. We
found the Nox2 level in ECs was remarkably decreased
by NPC-EXs™®?1 suggesting that the antioxidant effect
of NPC-EXs might be associated with the Nox2/ROS signal.
In contrast, NPC-EXs*™ ™R 219 partially reduced the protec-
tive effects of NPC-EXs, which further confirmed the impor-
tant role of miR-210 in NPC-EXs for protecting ECs from
Ang Il-induced injury. This data also suggests that other
cargoes such as proteins and cytokines carried by NPC-EXs
might also participate in the protection event.

As we know, VEGF is a proangiogenic factor [38] which
could be modulated by ephrin A3 [39]. In the present study,
our data indicated that NPC-EXs™®?'° could decrease
ephrin A3 level whereas increase VEGF level in the culture
medium of ECs, suggesting that ephrin A3 is connecting
miR-210 and VEGF in ECs. The result showing the increase
of VEGF level is coherent with that NPC-EXs™R?2'°
improved tube formation ability of ECs compromised by
Ang II. VEGFR2 is responsible for most downstream angio-
genic effects of VEGF [40]. Binding of VEGF to VEGFR2
can activate downstream survival and migration pathways
involving PI3-kinase/Akt and focal adhesion kinase, respec-
tively [41]. In order to determine whether the increased level
of VEGF can activate VEGFR?2 signal, we used Western blots
to evaluate the changes in the signaling proteins VEGFR2
and its phosphorylation. We found the total expression of
VEGEFR2 in ECs was not changed after NPC-EX treatment,
while the expression of p-VEGFR2 was remarkably
increased by NPC-EXs™"?'%, indicating the activation of
the VEGF/VEGFR2 signal. Meanwhile, our data indicated
that NPC-EXs*""™R21% 3150 upregulated the phosphorylat-
ing VEGFR2, though at a less extent as compared to that of
NPC-EXs“" or NPC-EXs™ had. This effect could be resulted
from other cargoes such as proteins and cytokines carried by
NPC-EXs™™™R210 " Collectively, these data reflect that
miR-210 can modulate the effect of NPC-EXs on ECs sub-
jected to Ang ITinjury by activating the VEGF/VEGFR2 signal.

5. Conclusion

Our results demonstrate that miR-210 can modulate the
effects of NPC-EXs on protecting ECs from Ang II-induced
oxidative stress, majorly through the Nox2/ROS and VEGF/
VEGEFR2 signals.

Conflicts of Interest

There is no conflict of interests.

Authors’ Contributions

Hua Liu, Jinju Wang, and Yusen Chen contributed equally to
this work.

Oxidative Medicine and Cellular Longevity

Acknowledgments

This work was supported by the American Heart Association
(16SDG26420078), the Natural Science Foundation of Hubei
Province (2015CFA084), the Outstanding Young Scientific
and Technological Innovation Team in the Colleges and
Universities of Hubei Province, China (T201523), and
the Scientific Research Project supported by the Wuhan
Sports University (2014QZ07, 2016XH24).

References

[1] Y.Ohara, T. E. Peterson, and D. G. Harrison, “Hypercholester-
olemia increases endothelial superoxide anion production,”
The Journal of Clinical Investigation, vol. 91, no. 6, pp. 2546—
2551, 1993.

[2] S. Grunfeld, C. A. Hamilton, S. Mesaros et al., “Role of super-
oxide in the depressed nitric oxide production by the endothe-
lium of genetically hypertensive rats,” Hypertension, vol. 26,
no. 6 Part 1, pp. 854-857, 1995.

[3] S.Rajagopalan, X. P. Meng, S. Ramasamy, D. G. Harrison, and
Z.S. Galis, “Reactive oxygen species produced by macrophage-
derived foam cells regulate the activity of vascular matrix
metalloproteinases in vitro. Implications for atherosclerotic
plaque stability,” The Journal of Clinical Investigation,
vol. 98, no. 11, pp. 2572-2579, 1996.

[4] J. Bauersachs, A. Bouloumie, D. Fraccarollo, K. Hu, R. Busse,
and G. Ertl, “Endothelial dysfunction in chronic myocardial
infarction despite increased vascular endothelial nitric oxide
synthase and soluble guanylate cyclase expression: role of
enhanced vascular superoxide production,” Circulation,
vol. 100, no. 3, pp. 292-298, 1999.

[5] M. Aoki, T. Nata, R. Morishita et al., “Endothelial apoptosis
induced by oxidative stress through activation of NF-«B: anti-
apoptotic effect of antioxidant agents on endothelial cells,”
Hypertension, vol. 38, no. 1, pp. 48-55, 2001.

[6] N. Marui, M. K. Offermann, R. Swerlick et al., “Vascular cell
adhesion molecule-1 (VCAM-1) gene transcription and
expression are regulated through an antioxidant-sensitive
mechanism in human vascular endothelial cells,” The Journal
of Clinical Investigation, vol. 92, no. 4, pp. 1866-1874, 1993.

[7] T. Aggarwal, J. Hoeber, P. Ivert, S. Vasylovska, and E. N.
Kozlova, “Boundary cap neural crest stem cells promote
survival of mutant SOD1 motor neurons,” Neurotherapeutics,
vol. 9, pp. 1-11, 2017.

[8] M. Tavazoie, L. Van der Veken, V. Silva-Vargas et al., “A
specialized vascular niche for adult neural stem cells,” Cell
Stem Cell, vol. 3, no. 3, pp. 279-288, 2008.

[9] J. Wang, Y. Chen, Y. Yang et al., “Endothelial progenitor cells
and neural progenitor cells synergistically protect cerebral
endothelial cells from hypoxia/reoxygenation-induced injury
via activating the PI3K/Akt pathway,” Molecular Brain,
vol. 9, no. 1, p. 12, 2016.

[10] Y. Shao, Y. Shen, T. Chen, F. Xu, X. Chen, and S. Zheng, “The
functions and clinical applications of tumor-derived
exosomes,” Oncotarget, vol. 7, no. 37, pp. 60736-60751, 2016.

[11] Y. Chen, Y. Tang, W. Long, and C. Zhang, “Stem cell-released
microvesicles and exosomes as novel biomarkers and treat-
ments of diseases,” Stem Cells International, vol. 2016, Article
1D 2417268, 2 pages, 2016.



Oxidative Medicine and Cellular Longevity

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

N. Tang, B. Sun, A. Gupta, H. Rempel, and L. Pulliam, “Mono-
cyte exosomes induce adhesion molecules and cytokines via
activation of NF-«xB in endothelial cells,” The FASEB Journal,
vol. 30, no. 9, pp- 3097-3106, 2016.

H. Xin, Y. Li, Z. Liu et al., “miR-133b promotes neural plastic-
ity and functional recovery after treatment of stroke with
multipotent mesenchymal stromal cells in rats via transfer of
exosome-enriched extracellular particles,” Stem Cells, vol. 31,
no. 12, pp. 2737-2746, 2013.

K. Wu, Y. Yang, Y. Zhong et al., “The effects of microvesicles
on endothelial progenitor cells are compromised in type 2 dia-
betic patients via downregulation of the miR-126/VEGFR2
pathway,” American Journal of Physiology. Endocrinology and
Metabolism, vol. 310, no. 10, pp. E828-E837, 2016.

Y. Wang, L. Zhang, Y. Li et al., “Exosomes/microvesicles from
induced pluripotent stem cells deliver cardioprotective miR-
NAs and prevent cardiomyocyte apoptosis in the ischemic
myocardium,” International Journal of Cardiology, vol. 192,
pp. 61-69, 2015.

J. Wang, S. Chen, X. Ma et al, “Effects of endothelial
progenitor cell-derived microvesicles on hypoxia/reoxygena-
tion-induced endothelial dysfunction and apoptosis,” Oxida-
tive Medicine and Cellular Longevity, vol. 2013, Article ID
572729, 9 pages, 2013.

S. Bruno, C. Grange, F. Collino et al., “Microvesicles derived
from mesenchymal stem cells enhance survival in a lethal
model of acute kidney injury,” PloS One, vol. 7, no. 3, article
e33115, 2012.

Y. Gong, F. Xu, L. Zhang et al., “MicroRNA expression sig-
nature for Satb2-induced osteogenic differentiation in bone
marrow stromal cells,” Molecular and Cellular Biochemistry,
vol. 387, no. 1-2, pp. 227-239, 2014.

P. Fasanaro, Y. D'Alessandra, V. Di Stefano et al., “MicroRNA-
210 modulates endothelial cell response to hypoxia and
inhibits the receptor tyrosine kinase ligand ephrin-A3,” The
Journal of Biological Chemistry, vol. 283, no. 23, pp. 15878-
15883, 2008.

H. W. Kim, H. K. Haider, S. Jiang, and M. Ashraf, “Ischemic
preconditioning augments survival of stem cells via miR-210
expression by targeting caspase-8-associated protein 2,” The
Journal of Biological Chemistry, vol. 284, no. 48, pp. 33161-
33168, 2009.

S. Y. Chan and J. Loscalzo, “MicroRNA-210: a unique and
pleiotropic hypoxamir,” Cell Cycle, vol. 9, no. 6, pp. 1072-
1083, 2010.

C. Devlin, S. Greco, F. Martelli, and M. Ivan, “miR-210: more
than a silent player in hypoxia,” IUBMB Life, vol. 63, no. 2,
pp. 94-100, 2011.

Y. Jiang, L. Li, X. Tan, B. Liu, Y. Zhang, and C. Li, “miR-210
mediates vagus nerve stimulation-induced antioxidant stress
and anti-apoptosis reactions following cerebral ischemia/
reperfusion injury in rats,” Journal of Neurochemistry,
vol. 134, no. 1, pp. 173-181, 2015.

J. H. Kim, S. G. Park, S. Y. Song, J. K. Kim, and J. H. Sung,
“Reactive oxygen species-responsive miR-210 regulates prolif-
eration and migration of adipose-derived stem cells via
PTPN2,” Cell Death & Disease, vol. 4, no. 4, p. €588, 2013.

L. Cicchillitti, V. Di Stefano, E. Isaia et al., “Hypoxia-inducible
factor 1-alpha induces miR-210 in normoxic differentiating
myoblasts,” The Journal of Biological Chemistry, vol. 287,
no. 53, pp. 44761-44771, 2012.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

11

J. Wang, R. Guo, Y. Yang et al., “The novel methods for
analysis of exosomes released from endothelial cells and endo-
thelial progenitor cells,” Stem Cells International, vol. 2016,
Article ID 2639728, 12 pages, 2016.

X. Xiao, C. Zhang, X. Ma et al., “Angiotensin-(1-7) counteracts
angiotensin II-induced dysfunction in cerebral endothelial
cells via modulating Nox2/ROS and PI3K/NO pathways,”
Experimental Cell Research, vol. 336, no. 1, pp. 58-65, 2015.

E. C. Jensen, “Quantitative analysis of histological staining and
fluorescence using Image],” The Anatomical Record, vol. 296,
no. 3, pp. 378-381, 2013.

H. Xia, S. Suda, S. Bindom et al., “ACE2-mediated reduction of
oxidative stress in the central nervous system is associated with
improvement of autonomic function,” One, vol. 6, no. 7, article
€22682, 2011.

T. G. Chen, J. Z. Chen, and X. X. Wang, “Effects of rapamycin
on number activity and eNOS of endothelial progenitor cells
from peripheral blood,” Cell Proliferation, vol. 39, no. 2,
pp. 117-125, 2006.

H. Ogita and J. Liao, “Endothelial function and oxidative
stress,” Endothelium, vol. 11, no. 2, pp. 123-132, 2004.

M. Sata and D. Fukuda, “Crucial role of renin-angiotensin sys-
tem in the pathogenesis of atherosclerosis,” The Journal of
Medical Investigation, vol. 57, no. 1-2, pp. 12-25, 2010.

C. E. Murdoch, S. P. Alom-Ruiz, M. Wang et al., “Role of
endothelial Nox2 NADPH oxidase in angiotensin II-induced
hypertension and vasomotor dysfunction,” Basic Research in
Cardiology, vol. 106, no. 4, pp. 527-538, 2011.

S. Sivasinprasasn, R. Pantan, S. Thummayot, J. Tocharus, A.
Suksamrarn, and C. Tocharus, “Cyanidin-3-glucoside attenu-
ates angiotensin II-induced oxidative stress and inflammation
in vascular endothelial cells,” Chemico-Biological Interactions,
vol. 28, 2016.

J. Xu, Z. Huang, L. Lin et al, “miR-210 over-expression
enhances mesenchymal stem cell survival in an oxidative
stress environment through antioxidation and c-Met path-
way activation,” Science China. Life Sciences, vol. 57,
no. 10, pp. 989-997, 2014.

R. K. Mutharasan, V. Nagpal, Y. Ichikawa, and H. Ardehali,
“MicroRNA-210 is upregulated in hypoxic cardiomyocytes
through Akt- and p53-dependent pathways and exerts cyto-
protective effects,” American Journal of Physiology. Heart
and Circulatory Physiology, vol. 301, no. 4, pp. H1519-
H1530, 2011.

R. P. Brandes, N. Weissmann, and K. Schroder, “NADPH
oxidases in cardiovascular disease,” Free Radical Biology ¢
Medicine, vol. 49, no. 5, pp. 687-706, 2010.

J. Skog, T. Wurdinger, S. Van Rijn et al, “Glioblastoma
microvesicles transport RNA and proteins that promote
tumour growth and provide diagnostic biomarkers,” Nature
Cell Biology, vol. 10, no. 12, pp. 1470-1476, 2008.

7. Wang, Z. Liu, B. Liu, G. Liu, and S. Wu, “Dissecting the
roles of ephrin-A3 in malignant peripheral nerve sheath
tumor by TALENSs,” Oncology Reports, vol. 34, no. 1,
pp. 391-398, 2015.

T. Sakurai and M. Kudo, “Signaling pathways governing
tumor angiogenesis,” Oncology, vol. 81, Supplement 1,
pp. 24-29, 2011.

G. Taraboletti, S. D'Ascenzo, I. Giusti et al., “Bioavailability of
VEGF in tumor-shed vesicles depends on vesicle burst induced
by acidic pH,” Neoplasia, vol. 8, no. 2, pp. 96-103, 2006.



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 2398696, 12 pages
https://doi.org/10.1155/2017/2398696

Review Article

MicroRNA Regulation of Oxidative Stress-Induced Cellular

Senescence

Huaije Bu, Sophia Wedel, Maria Cavinato, and Pidder Jansen-Diirr

Institute for Biomedical Aging Research and Center for Molecular Biosciences Innsbruck (CMBI), Universitit Innsbruck,

Innsbruck, Austria

Correspondence should be addressed to Huaije Bu; huajie.bu@uibk.ac.at

Received 1 February 2017; Revised 31 March 2017; Accepted 11 April 2017; Published 16 May 2017

Academic Editor: Jaideep Banerjee

Copyright © 2017 Huaije Bu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aging is a time-related process of functional deterioration at cellular, tissue, organelle, and organismal level that ultimately brings
life to end. Cellular senescence, a state of permanent cell growth arrest in response to cellular stress, is believed to be the driver of the
aging process and age-related disorders. The free radical theory of aging, referred to as oxidative stress (OS) theory below, is one of
the most studied aging promoting mechanisms. In addition, genetics and epigenetics also play large roles in accelerating and/or
delaying the onset of aging and aging-related diseases. Among various epigenetic events, microRNAs (miRNAs) turned out to
be important players in controlling OS, aging, and cellular senescence. miRNAs can generate rapid and reversible responses and,
therefore, are ideal players for mediating an adaptive response against stress through their capacity to fine-tune gene expression.
However, the importance of miRNAs in regulating OS in the context of aging and cellular senescence is largely unknown. The

purpose of our article is to highlight recent advancements in the regulatory role of miRNAs in OS-induced cellular senescence.

1. Introduction

Cellular senescence, a state of permanent cell growth arrest
inresponse to cellular stress, is characterized by morphological
transformations, expression of senescence-associated f3-galac-
tosidase (SA-f3-gal), accumulation of the cyclin-dependent
kinase (CDK) inhibitor p16INK4a, senescence-associated
secretory phenotype (SASP), senescence-associated hetero-
chromatin foci (SAHF), telomere shortening, and
concomitant-persistent DNA damage response (DDR) [1].
Senescence-inducing stimuli include a variety of intracellular
and extracellular stressors. Telomere shortening is found to
cause replicative senescence in vitro, although its relevance
to human aging remains unclear [2]. Other factors like onco-
gene activation, tumor suppressor loss, DNA damage, and
oxidative stress (OS) are responsible for stress-induced
premature cellular senescence [3]. The halting of damaged
cells from proliferation has been initially considered as a
tumor suppressor mechanism [4], although recent studies
showed that the physiological role of senescence also extends
to development, tissue repair, inflammation associated with

tumor promotion, and aging [1]. Aging is a time-related
process of functional deterioration at cellular, tissue,
organelle, and organismal level that ultimately brings life
to end. Senescent cells accumulate in multiple tissues with
age [5], and removal of these cells delays tumorigenesis
and age-related disorders in different tissues [6] as well
as prolongs lifespan in vivo [7]. It is generally believed
that cellular senescence is the driver of the aging process
and age-related disorders [3, 8].

The signaling networks and molecular mechanisms
underlying the induction and maintenance of cellular
senescence are being unraveled. In response to DNA dam-
age and reactive oxygen species (ROS), DDR is activated,
in which ATR or ATM kinase blocks cell-cycle progres-
sion through stabilization of p53 and transactivation of
the CDK inhibitor p21"V*/“P! [3]. Other stressors trigger
senescence in DDR-dependent or DDR-independent way
through activating p19*™, p16™**, and pRb [3]. Senescence
is a multistep evolving process, in which the cells evolve from
early to full senescence [3]. p53/p21 or p16/pRb signaling are
important for the early phase of senescence, in which the cells
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transit from temporal to persistent cell-cycle arrest,
whereas extensive changes in chromatin structure and
chromosome organization are required in order to prog-
ress to full senescence [3, 9]. Alterations in chromatin
structure greatly affect the transcriptional program [3],
including the upregulation of a group of secreted proteins,
such as growth factors, proteases, and proinflammatory
cytokines and chemokines, collectively referred to as the
senescence-associated secretory phenotype (SASP). SASP
is one of the key characteristics that distinguishes senes-
cent cells from quiescent or terminally differentiated cells
[1]. Of note, unlike quiescent cells that are metabolically
inactive, senescent cells are highly metabolically active.
New findings reveal key roles of changes in cell metabolism
in the establishment and control of senescent phenotypes
[10]. For example, a significant shift to more glycolytic
metabolism but also less energetic state was observed as
fibroblasts undergo replicative senescence [11]. In line with
these findings, mitochondria, the cellular powerhouse, play
a key role in pathophysiology of aging, and mitochondrial
dysfunction is a major contributor to aging and aging-
related diseases [12]. Thus, cellular senescence, as both evolv-
ing and static phenotype, is induced and maintained by a
complex signaling network, in which genomic surveillance
pathways, transcription program, and cellular metabolism
are coordinated.

2. OS, Cellular Senescence, and Aging

The free radical theory of aging [13] describes one of the
most studied mechanisms of aging and aging-related pathol-
ogies such as diabetes, cardiovascular diseases, and neurode-
generative diseases. It explains aging at a molecular level by
cellular accumulation of oxidative damage to macromole-
cules, like DNA, proteins, and lipids, and results from failure
to maintain antioxidant defenses, mitochondrial function,
genomic integrity, metabolic homeostasis, and immune
function [14]. ROS are produced from inefficient electron
transfer in the mitochondrial respiratory chain and can be
enhanced by a number of pathophysiological stimuli like
tobacco smoking, UV radiation, and inflammation [15]. In
the aging process, increased ROS generation results from
mitochondrial dysfunction characterized by accumulation
of mitochondrial DNA mutations, impairment of oxidative
phosphorylation, impairment of antioxidant defenses [16],
and other regulatory inputs. The function of ROS in control-
ling cellular senescence, aging, and age-associated diseases, as
well as its regulation mechanisms, has been recently reviewed
[14, 17, 18]. ROS causes senescence associated cell-cycle
arrest by triggering DDR pathway to stabilize p53 and trans-
activate p21 gene expression [19]. In case of persistent DNA
damage, p16 is activated via p38/MAPK pathway and nuclear
lamin BI is downregulated, triggering chromatin remodeling
coupled with the formation of highly condensed chromatin
regions referred to as senescence-associated heterochromatin
foci (SAHF) [9]. SASP, the senescence-specific proinflamma-
tory secretome, is closely linked to SAHF and reinforces
senescence by coupling with a persistent DDR as a positive
tfeedback loop with the ROS stimulation [20]. Stem cells, a
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group of self-renewable cells responsible for maintenance
of tissue homeostasis and whose dysfunction leads to
accelerated aging, age-associated pathologies, or cancer,
are also sensitive to ROS level [17]. High levels of ROS
impair the function of hematopoietic and neural stem
cells, while physiological levels of ROS are required for
both their proliferation and their differentiation [17].
Collectively, ROS that trigger aging are referred to as
aging-inducing ROS (AIROS) below.

Although widely accepted, the OS theory of aging has
been recently challenged due to (1) failure of evidence from
increasing antioxidant capacity to prolong lifespan and (2)
the fact that several longevity-promoting interventions, for
example, caloric restriction or inhibition of target of rapamy-
cin (TOR), in animal models converge by causing activation
of mitochondrial oxygen consumption and, sometimes,
increased ROS production [21]. In fact, nontoxic levels of
ROS, referred to as vitality-associated ROS (VIROS) below,
are suggested to promote metabolic health and longevity
[21]. An increasing body of evidence shows that besides
inducing OS, ROS are able to act as signaling molecules in
the maintenance of physiological functions—a process
termed redox biology. In contrast to high level of ROS that
results in damage to macromolecules, redox biology refers
to modulation of ROS levels that activates signaling pathways
to initiate biological processes, like proliferation, inflamma-
tion, and aging [17]. Depending on ROS concentration,
subcellular localization, and species, the cellular response
can be either OS-induced damage or redox signaling [17].
For instance, increasing mitochondrial superoxide level
extends lifespan, while cytosolic ROS shortens lifespan in C.
elegans [22]. The function of mitochondrial ROS in increas-
ing immunity to various pathogens suggests a possible link
between ROS, immunity, and longevity [23]. In the case of
UVB-induced senescence of human diploid fibroblasts
(HDFs), ROS is essential for autophagy activation and inhibi-
tion of ROS production by antioxidant treatment leads to cell
death [24]. The different functions of ROS in aging and
senescence are depicted in Figure 1.

In young animals and young cells, youthful physiology
and vitality are assured by physiological levels of reactive
oxygen species (ROS), referred to as VIROS, which are essen-
tial for a plethora of signaling pathways. During aging,
increased levels of ROS, probably in combination with an
altered spectrum of ROS chemistry and ROS subcellular
localization, collectively referred to as AIROS, lead to the
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accumulation of damage to biological macromolecules con-
tributing to aging.

Taken together, these studies suggest a reorientation of
the initial view of ROS as promoter of cellular senescence
and aging by causing cumulative damage; instead, ROS act
as signaling molecules which are able to elicit either beneficial
or detrimental effects depending on intracellular and envi-
ronmental factors.

3. p53, OS, Cellular Senescence, and Aging

p53 plays key and complex roles in cellular response to
OS. p53 as a cellular gatekeeper on one side is able to
decrease ROS level in order to control OS and repair
DNA damage; and on the other side, it can also promote
ROS production and induce apoptosis or senescence when
the damage is irreversible. In response to physiological OS,
p53 reduces intracellular ROS level by inducing antioxi-
dants and regulating metabolism [25]. In this context,
antioxidant enzymes including MnSOD, Sestrins, and
GPx1 are involved [25, 26]; other metabolic enzymes like
TIGAR, GLS2, and ALDH4 decrease ROS production by
either slowing down glycolysis and promoting NAPDH pro-
duction or strengthening mitochondrial function [25, 26]. In
response to high levels of OS, p53 exacerbates OS and exe-
cutes cellular apoptosis by targeting pro-oxidants including
NADPH oxidase, members of pro-oxidant family PIG1-13
(p53-inducible genes 1-13), and proapoptotic molecules
BAX and PUMA, as well as inhibiting expression of anti-
oxidants [25, 26].

p53 is also a longevity assurance gene through tumor-
suppressing function and a regulator of aging and cellular
senescence. In mouse models, altered p53 activity may either
suppress longevity and accelerate aging phenotypes or
enhance longevity [27-32]. p53 mutant mice with consistent
active p53 showed diminished stress tolerance and reduced
lifespan [27, 28], while mouse with increased but otherwise
normally regulated p53 showed a normal aging [29, 30].
Interestingly, modest and regulated increase of both p53
and Ink4/Arf significantly prolonged longevity and delayed
organismal aging [31, 32]. At cellular level, p53 is induced
in HDFs when cells are challenged by senescence stimuli, that
is, OS, irradiation, or oncogene activation, leading to mitosis
skip and subsequent senescence induction [33]. Transient
activation of p53 at G2 phase was found to be sufficient for
senescence induction [33, 34]. Interestingly, downregulation
of p53 by SCF™™°? was reported to be crucial for the induc-
tion of pl6 and SASP [35]. In case of moderate stress
challenge, p53 is activated to halt the cell cycle and trigger
the repair mechanisms. The reversion of cell cycle arrest after
the repair response requires p53 degradation in an
ubiquitylation-dependent way [36]. mTOR is identified as a
key molecule in determining the outcome of p53 signal
to either induce reversible quiescence or irreversible senes-
cence; while maximal activation of p53 blocked mTOR
and led to quiescence, partial p53 activation preserved
mTOR activity and induced senescence [37]. Other players
in decision of cell fates in response to p53 pathway have
been reviewed recently [38].

4. Changes in Gene Expression during Cellular
Senescence

Senescence is a multistep dynamic process with acquired
phenotypes. Changes in gene expression profiles have been
proposed to be implicated in the process [39]. A time series
transcriptome study in replicative senescence revealed
changes in the expression of genes related to growth arrest
and metabolism during the early onset of senescence and to
genes involved in inflammation and immune function-
related and growth regulation in the late stage of senescence
[39]. Inflammation and the immune function are also found
to be common pathways in both replicative and stress-
induced premature senescence models [40]. As mentioned
previously, in addition to p53/p21 and pRb/p16 signaling,
epigenetic modifications including DNA methylation, his-
tone modifications, and chromatin remodeling also play an
important role in defining and maintaining the senescence
state through regulating gene expression [9, 41]. For instance,
both in vivo and in vitro studies show that aging and cellular
senescence are associated with genome-wide DNA hypome-
thylation and focal DNA hypermethylation [42]. Loss of the
active chromatin histone marker H3K4me3 at cell-cycle reg-
ulatory genes, due to proteolysis, facilitates transcriptional
silencing and promotes senescence [43].

5. Changes of miRNA Biogenesis during Aging
and Cellular Senescence

In the past years, microRNAs (miRNAs) turned out to be
important players in controlling aging and cellular senes-
cence [44-46] by regulating gene expression either by
translational repression or by mRNA degradation [47].
For example, one of the best characterized aging-
associated pathways in C. elegans, the IGF signaling path-
way, is regulated by lin-4 and its target lin-14. Of note, a
global decrease in miRNAs abundance was found in aging
of different model organisms, suggesting aging-associated
alteration of miRNAs biogenesis [44]. In fact, aging-
induced dysregulation of miRNAs biogenesis proteins is
reported to promote aging and aging-associated patholo-
gies. Among them, ribonuclease Dicer is most studied
and a reduced level was reported in tissues of aged mice
and rats, as well as in senescent cells [48-50]. Downregu-
lation of Dicer and multiple miRNAs in adipose tissue is
associated with accelerated aging, reduced life span, and
stress defense in different model organisms from C. elegans
to mice and also in humans [48]. A similar phenotype was
also observed in primary cerebromicrovascular endothelial
cells, where aging-induced downregulation of Dicer] resulted
in altered miRNA profiles and vascular cognitive impairment
[50]. Interestingly, longevity-promoting interventions, for
example, caloric restriction and metformin supplementation
[51], prevent age-related decline of Dicer and miRNA pro-
cessing and exert Dicer-dependent antisenescence effect
[48, 52], while senescence-inducing stimuli, like OS or UV
radiation, decrease Dicer expression [48]. Knockdown or
knockout of Dicerl in cells resulted in increased DNA dam-
age and pl19Arf-p53 activity [53] and premature senescence



[48, 53, 54]. Dicerl knockout mice showed a shift in metab-
olism from oxidative phosphorylation to aerobic glycolysis,
hypersensitivity to OS, and cell senescence phenotype
in vivo [48, 53, 55]. In comparison to Dicer, the role of pro-
teins of microprocessor complex in cellular senescence is less
studied. Although several studies pointed to an antisenes-
cence role of DGCRS, the function of Drosha remains to
be unraveled [56-60]. Loss of miRNA synthesis through
blocking DGCRS8 expression in adult C. elegans showed
accelerated aging and reduced lifespan [57]. Knockdown
of DGCRS triggered a dramatic antiproliferative response
and consequently senescence phenotype characterized by
upregulation of p21 in primary fibroblasts of human and
mouse origin [58]. In addition, several senescence regulat-
ing proteins are reported to regulate DGCR8. Among
them, p63, an essential transcription factor for epidermal
function and an antiaging molecule, directly promotes
the transcription of DGCR8 and Dicer [60]; ING proteins
(inhibitor of growth), a family of tumor suppressors and
senescence promoters, repress DGCR8 expression [56, 59].
Drosha mRNA was reported to be moderately reduced in
adipose tissue of aged mice [48] and the protein level was
downregulated in replicative senescent WI-38 fibroblasts
[61]. Although knockdown of Drosha in IMR90 human pri-
mary fibroblasts showed an antiproliferative effect [58], its
downregulation in WI-38 fibroblast, however, revealed no
effects on cellular senescence [61]. Further efforts are needed
to clarify the role of Drosha in aging and cellular senescence.

6. miRNA Stability in Cellular Senescence

Although the mechanisms of miRNA biogenesis have been
intensively investigated since the last years, processes regulat-
ing miRNA stability remain to be explored. miRNAs have
been generally considered as stable molecules with half-life
of days long [62, 63], while some miRNAs, for example,
brain-enriched miRNA-9, miRNA-125b, are actually short
lived with half-life of no more than few hours [64]. It is now
clear that the absolute levels of mature miRNAs are also
controlled by cis- and trans-acting factors that directly affect
stability [65]. Under them, the association of mature miRNAs
with Argonaute (AGO) is critical for miRNA stability [66],
probably due to protection from degradation by ribonucle-
ase. GW182, a downstream effector of AGO and an AGO-
interacting partner essential for gene silencing is also
important for stability of miRNAs [67]. In addition, the
stability or degradation of mature miRNAs seems to be
miRNA and modification specific. For example, 3" adenyla-
tion of specific miRNAs like miR-122, miR-145, and Let-7d
by PAPD4, a noncannonical poly(A) RNA polymerase, stabi-
lized them [68], while PAPD5-mediated 3’ adenylation of
miR-21 leads to its degradation [69]. The exonuclease
XRN-2 also shows selectivity on degradation of its miRNAs
substrates [70, 71]. Further efforts are needed to elucidate
the mechanisms of altered miRNA stability in the context
of miRNA modification and selectivity of miRNA stabili-
zation and/or degradation enzymes.

If miRNA stability changes during cellular senescence is
so far, to our knowledge, not known. In Drosophila, 2-O-
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methylation of miRNAs, a modification occurs on nearly all
small RNAs in plants to protect them from degradation
[72, 73], was reported to be increased in aged animals [74].
An increased loading of these miRNAs to AGO2 and stabiliz-
ing was found to underlie the age-associated alteration and
lack of 2-O-methylation of miRNAs results in accelerated
neurodegeneration and shorter life span [74]. Further
researches on miRNA stability and degradation mechanisms
in cellular senescence and aging are needed to identify its
impact on age-associated process and may provide potential
new targets to interfere the process.

7. miRNA Biomarkers of Senescence and Aging

A number of miRNAs, including miR-106b, miR-125b, miR-
126, miR-146a, miR-21, miR-22, miR-29, miR-210, miR-34a,
miR-449a, miR-494, and miR-17-92 cluster and miR-200
family, have been found to be differentially expressed in
senescent cells or aged tissues and play a role in cellular
senescence [75-77]. Recently, miRNAs have been found
extracellularly and function in intercellular communication
upon taken up by recipient cells [78]. The fact that circulating
miRNAs are packed in the form of microvesicles, proteins
including AGO?2 or lipoprotein protects them from degrada-
tion [79]. The stability of miRNAs in the circulation and in
body fluids, their tissue and disease specificity, and the easy
and reliable quantification methods make them feasible as
potential biomarkers [78]. Several miRNAs including miR-
126, miR-130a, miR-142, miR-21, and miR-93 detected in
blood samples have been found in several studies to be asso-
ciated with human aging [80]. Furthermore, circulating miR-
NAs can also help to define healthy aging by comparing
nonagenarians, centenarians and their offspring to patients
with age-related diseases [80]. For example, miR-21 level is
increased with aging process, aging associated diseases, and
cancers but decreased in subjects older than 80 years and in
centenarians, implying that low levels of miR-21 are benefi-
cial for longevity and could be a promising biomarker candi-
date of healthy aging [80]. A miRNA profiling of serum
samples collected longitudinally at the ages of 50, 55, and
60 from individuals with documented lifespans was recently
analyzed [81]. When the participants were subdivided into
long-lived and short-lived subgroups, a multiplex of aging
biomarker with the expression of miR-211-5p, miR-374a-
5p, miR-340-3p, miR-376¢-3p, miR-5095, and miR-1225-
3p was proposed to be significantly differentially expressed
and correlated with lifespan, providing a basis for investigat-
ing miRNAs as potential longevity predictors and regulators
of aging process [81]. Circulating miRNAs from blood
samples have been also investigated as biomarkers of aging-
associated diseases, like cardiovascular diseases, neurodegen-
erative diseases, type 2 diabetes mellitus, and bone diseases
[78, 82, 83]. Body fluids other than blood samples are also a
reservoir of miRNA biomarkers. For example, a pilot study
on exosomal miRNAs in saliva suggests that miR-24 may
be potential biomarkers for aging [84]. The levels of
miR-34a, miR-125b, and miR-146a in cerebrospinal fluid
of patients with Alzheimer’s disease were lower compared
with those of control subjects, implying a possibility to use
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FIGURE 2: Role and regulation of micro-RNAs in aging and senescence.

miRNAs detected in cerebrospinal fluid as biomarkers for
neurodegenerative diseases [85]. Further efforts are needed
to identify consensus miRNA biomarkers not only as indi-
cators of aging process and aging-associated disease but
also as longevity predictors and eventually therapeutic
approaches to modulate the aging process.

8. miRNAs Regulating OS in Cellular
Senescence

OS can regulate miRNA-mediated gene silencing in senes-
cence induction, by either affecting the miRNA producing
organelle (Figure 2) or regulating (upregulation or downreg-
ulation) the expression of certain specific miRNAs (see
below, Figure 3).

The function of miRNA biosynthesis apparatus is com-
promised during organismic aging and in cellular senescence,
leading to a general decline of microRNA availability with
age. On the other hand, cellular pathways regulating OS are
fine-tuned by specific microRNAs (up- or downregulated)
which alter the expression of cellular target genes with the
final result to induce and/or enforce senescence and aging.

In a study of RAS-induced premature senescence of
fibroblasts, AGO2 was found to be a substrate of protein
tyrosine phosphatase 1B (PTP1B), a major target of
RAS-induced ROS [86]. Inactivation of PTP1B and conse-
quently phosphorylation of AGO2, which inhibits loading
and function of miRNAs, were necessary and sufficient
for RAS-induced senescence, implying the importance of
OS-mediated inhibition of miRNA function in senescence
induction [86]. On the other hand, miRNAs can generate
rapid and reversible responses and, therefore, are ideal
players for mediating adaptive responses against stress
through their capacity to fine-tune gene expression [87].

In the following section, we will summarize and categorize
the miRNAs that regulate OS in cellular senescence
according to their targets (Figure 3).

8.1. Redox Homeostasis. miR-93, miR-214, and miR-669¢
were found to be overexpressed in aged mouse livers [88].
Through proteomics approach, glutathione S-transferases,
such as microsomal glutathione S-transferase 1 (MGST1),
glutathione S-transferase zeta 1 (GSTZ1), glutathione S-
transferase mu 1 (GSTMI), and glutathione S-transferase
theta-1 (GSTT1), were identified as targets of these miRNAs,
implying the decline of oxidative defense mechanisms
through miRNAs in aging liver [88]; miR-93 was also
reported to be upregulated in aged rat liver where Sirtuinl
(SIRT1), in addition to MGST1, was identified as its target
[89]. SIRT1 is a nicotinamide adenine dinucleotide-
(NAD™-) dependent deacetylase that regulates crucial cellular
functions and is associated with aging and longevity. It medi-
ates stress resistance and its expression levels decline in aging
organisms, where OS occurs [90]. A variety of miRNAs regu-
late SIRT1 expression [90]. Of note, miR-34a was found to
induce cellular senescence by targeting SIRT1 in different
tissues [89, 91-93]. miR-217 was reported to induce a prema-
ture senescence-like phenotype and impaired angiogenesis in
endothelial cells through directly targeting SIRT1 and modu-
lating its deacetylase activity [94]. miR-92a was found to
exacerbate endothelial dysfunction in response to OS through
targeting SIRT1, Kriippel-like factor 2, and Kriippel-like
factor 4, which are key molecules in endothelial cell
homeostasis [95].

miR-34a was also reported to target genes in the antioxi-
dant pathway other than SIRT1 to contribute to OS-mediated
cellular senescence. Together with miR-335, miR-34a was
found to be upregulated in aged rat kidney having superoxide
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(additional) mechanisms which are currently incompletely understood.

dismutase 2 (SOD2) and thioredoxin reductase 2 (TXNRD2)
as their targets, respectively [96]. Overexpression of miR-335
and miR-34a induced premature senescence of young
mesangial cells via suppression of both antioxidative
enzymes with a concomitant increase in ROS [96]. SOD?2 is
also a target of miR-21 in human angiogenic progenitor cells
(APCs). Reversed correlation of miR-21 and SOD expression
was seen in APCs from patients with coronary artery disease.
Upregulation of this miRNA increased cellular ROS genera-
tion and impaired migratory capacity of APCs [97].
miR-494 was observed to be overexpressed in both repli-
cative senescence and OS-induced premature senescence of
HDFs. Its overexpression also promoted a senescent pheno-
type, as well as enhanced DNA damage and intracellular
ROS generation [98]. In line with this, several OS regula-
tors were found to be miR-494 targets. For instance, both
c-MYC and SIRT1 were identified as direct targets in pan-
creatic cancer cells and tissues, where miR-494 is often
found to be downregulated. Overexpression of miR-494
could inhibit proliferation of pancreatic cancer cells through
induction of apoptosis, G1-phase arrest, and senescence [99].
DJ-1, an oxidative sensor and molecular chaperone, whose
dysfunction contributes to Parkinson’s disease, was also

found to be posttranslationally repressed by miR-494. This
miRNA reversely correlated with DJ-1 level in vivo and
rendered cells more susceptible to OS, resulting in loss of
dopaminergic neurons in mice [100].

Caloric restriction (CR) is a well-accepted lifespan pro-
longation intervention method described for most model
organisms from worms to primates. In a study conducted
to elucidate the mechanism protective of moderate CR on
cerebrovascular cells of aged rats, age-related increase in OS
was found to be positively correlated with miR-144 and neg-
atively correlated with miRNA target transcription factor of
antioxidant gene Nrf2. CR significantly decreased miR-144
levels and restored NRF2 expression, indicating that CR con-
fers antioxidative effects through regulating miR-144-NRF2
axis [101]. Actually, as master regulator of redox biology
through induction of antioxidant defense, NRF2 is targeted
by various miRNAs in order to “fine-tune” the redox homeo-
stasis, and these miRNAs have been reviewed elsewhere
[102]. In a recent miRNA profiling study addressing age-
related changes in NRF2 protein homeostasis using rat hepa-
tocytes, miR-146a was found to be significantly upregulated
in aged liver and identified as a new NRF2-targeting miRNA
[103]. Interestingly, the effect of miR-146a in modulating
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redox biology seems to be tissue dependent. During replica-
tive senescence of human endothelial cells, this miRNA is
continuously decreased in higher passage cells and its overex-
pression was found to delay the appearance of the
senescence-like phenotype through direct targeting of
NADPH oxidase 4 (NOX4) protein, a major ROS generator
in HUVEC cells [104, 105].

8.2. DNA Quality Control. miR-24 was previously found by
us to exacerbate OS induced cellular senescence through
directly targeting DNA topoisomerase I (TOP1) [106]. Since
TOP1 plays a role in genomic stability [107], we suggested
that in the OS-induced premature senescence model of
HDFs, TOP1 attenuates cellular senescence potentially due
to its physiological function to maintain genomic stability.
miR-24 was also reported by others to target H2AX, a key
double-strand break repair protein, in terminally differen-
tiated hematopoietic cell lines and to render cells hyper-
sensitive to DNA damage [108]. In highly differentiated
CD8+ T cells, miR-24 was found to be upregulated upon
etoposide treatment and to sensitize them to apoptotic cell
death [109].

Excess intracellular ROS in normal human fallopian
tube epithelial cells upregulates miR-182. miR-182 overex-
pression triggers significant cellular senescence in a p53/
p21-dependant way. However, in cells with p53 mutations,
miR-182 overexpression no longer increases p2l expres-
sion but functions as an “Onco-miR” to enhance
senescence bypass in cells exposed to OS or DNA damage
in vitro and in vivo [110]. Since miR-182 is reported to
target DNA repair genes, BRCA1 and FOXO3a [111], a
role of slowing down DNA damage repair by miR-182 in
cells with dysfunctional p53 is suggested underlying miR-
182-mediated tumorigenesis [110].

8.3. Protein Quality Control. Major cellular mechanisms
controlling protein quality control during aging are autoph-
agy and the 20S proteasome. Autophagy activation has been
considered as part of the cellular responses to excessive OS,
eliminating unwanted, damaged, or oxidative structures, thus
favoring antiaging mechanism [112]. Alteration of the cellu-
lar quality control mechanism contribute to aging and aging-
associated pathology [113]. miR-184 and miR-150 were
found to be upregulated in aged rat kidney. Autophagy-
associated proteins Rabla and Rab31 were identified as
targets of both miRNAs. Transfection of kidney cells with
mimics of miR-184 and miR-150 suppressed the expression
of both proteins and consequently lowered autophagy activ-
ity, increasing cellular oxidative products that lead to cellular
senescence [114]. miR-216a is induced during endothelial
aging and is reported to repress oxidized low-density lipo-
protein- (ox-LDL-) induced autophagy. Two autophagy-
related genes, Beclinl (BECN1) and ATGS5 are putative
targets of miR-216a, whose expression reversely correlated
with putative targets in vitro and in vivo. BECN1 was identi-
fied as a direct target of miR-216a, implying that miR-216a
controls OS induced autophagy in HUVECs by regulating
intracellular levels of BECN1 and may have a relevant role
in aging-associated cardiovascular disorders [115].

8.4. Mitochondrial Metabolism. In a search of a tumor-
suppressive role of miRNAs in medulloblastoma, miR-128a,
which is downregulated in this type of tumor, was found to
inhibit cancer cell growth by promoting senescence, through
increased ROS production, upregulation of p16 protein level,
and increased number of SA-f-Gal positive cells [116]. Bmi-
1 oncogene, which is important for mitochondrial function
and redox homeostasis [117], was identified as a direct target
of miR-128a, indicating novel regulation of ROS by miR-
128a via the specific inhibition of the Bmi-1 oncogene
[116]. SIRT4, a member of sirtuin family exclusively localized
in mitochondria, plays an important role in mitochondrial
metabolism [118]. Upregulation of SIRT4 was found to be
inversely associated with miR-15b in replicative, stress-
induced cellular senescence and photoaged human skin
in vivo. SIRT4 was identified as a direct target of miR-15b,
whose inhibition promotes mitochondrial ROS generation
and mitochondrial dysfunction in a SIRT4-dependent
manner, linking the miR-15b-SIRT4 axis to senescence-
associated mitochondrial dysfunction [119]. In addition,
miR-15 was also found to be downregulated in UVB-
induced senescence of human dermal fibroblasts [120].

8.5. Other Mechanisms. miR-200 family members are often
reported to be associated with cellular senescence. For
instance, miR-141 is overexpressed in replicative and
HDAC-inhibitor-induced senescence of human mesenchy-
mal stem cells [121]. ZMPSTE24, an enzyme involved in
the posttranslational maturation of lamin A and responsible
for the prelamin A accumulation related to cellular senes-
cence, is found to be a direct target of miR-141 [121]. miR-
200 family members, especially miR-200c and miR-141, are
upregulated in OS-induced HUVEC cells [122]. Similar to
hydrogen peroxide treatment, miR-200c overexpression also
induced growth arrest, apoptosis, and senescence in HUVEC
cells. E-cadherin transcriptional repressor zinc finger E-box-
binding homeobox 1 (ZEB1), a molecule downregulated by
OS, was identified as a target of miR-200c. Downregulation
of ZEB1 was required for miR-200c-mediated effects [122].
miR-200 family members have been previously reported to
target p38a, modulate OS response and chemosensitize
cancer cells [123]. A similar mechanism was proposed in a
ROS-dependent chemotherapeutic drug-induced senescent
model of HDFs, where metformin was found to sensitize
the doxorubicin-treated cells to senescence through upregu-
lation of miR-205, together with miR-200 family members
miR-200a, miR-141, and miR-429 [124].

In a screen of OS-induced premature senescence in
primary cultures of HDFs and human trabecular meshwork
(HTM) cells, miR-106a was found to be downregulated in
both models and p21 was identified as its target [125]. miR-
106a was also downregulated in several human models of cel-
lular aging in vitro and in vivo [46]. Among the upregulated
miRNAs, miR-182 was found to target retinoic acid recep-
tor gamma (RARG), whose level is downregulated in both
senescent models [125]. The function of RARG in cellular
senescence requires more study. Protein kinase CKII is a
ubiquitous serine/threonine kinase that catalyzes the phos-
phorylation of a large number of cytoplasmic and nuclear



proteins. Its downregulation is found to induce cellular
senescence in both HDFs [126] and human colon cancer
cells in p53/p21-dependent way [127]. In a search of CKII
targeting miRNAs, miR-186, miR-216b, miR-337-3p, and
miR-760 were identified. Overexpression of these miRNAs
altogether increased cellular senescence and ROS production,
which could be antagonized by CKII overexpression [128].
miR-125a-5p was downregulated in human brain microves-
sel endothelial cells by ox-LDL, a risk factor for vascular
diseases by inducing proinflammatory and proatherogenic
responses [129]. Overexpression of this miRNA increased
nitric oxide production and decreased ROS production, con-
sequently reducing senescence and apoptosis. miR-125a-5p
also improved endothelial cell function and decreased cell
adhesion to leukocytes, indicating an anti-inflammatory role
by decreasing leukocyte recruitment [129].

9. Conclusions

Although a relatively new field of research, miRNAs add sub-
stantial complexity to the regulation of aging processes and
cellular senescence. On one side, a single miRNA can regulate
the expression of hundreds of genes from different signaling
pathways, which means the whole signaling network could be
reset by modulating the expression of one single miRNA. In
contrast, miRNAs as players of adaptive stress response
could act both as promoters and inhibitors of senescence,
depending on the type of stress, the cell or tissue where they
are located, and the molecular context in which they play a
role. Further efforts are needed to explore the modulatory
role of additional miRNAs in OS- and stress-induced cellular
senescence. Especially important is to distinguish the func-
tion of specific miRNAs in specific cell or tissue types, where
the knowledge gained on cell culture level will be applied to
the organismal level.
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MicroRNAs play important roles in cell proliferation, differentiation, and apoptosis, and their expression influences
cardiomyocyte apoptosis resulting from ischemia-induced myocardial infarction. Here, we determined the role of miR
expression in cardiomyocyte apoptosis during hypoxia and reoxygenation. The rat cardiomyocyte cell line H9c2 was
incubated for 3h in normal or hypoxia medium, followed by reoxygenation for 24h and transfection with a miR-302
mimic or antagomir. The effect of miR-302 on myeloid leukemia cell-differentiation protein-1 (Mcl-1) expression was
determined by western blot, real-time polymerase chain reaction, and luciferase reporter assays, with cell viability assays.
We observed that miR-302 expression was elevated by hypoxia/reoxygenation injury and increased further or decreased by
transfection of the miR-302 mimic or miR-302 antagomir, respectively. Additionally, elevated miR-302 levels increased
apoptosis-related protein levels and cardiomyocyte apoptosis, and luciferase reporter assays revealed miR-302 binding to
the Mcl-1 mRNA 3’ untranslated region. Our findings suggested that miR-302 overexpression aggravated hypoxia/
reoxygenation-mediated cardiomyocyte apoptosis by inhibiting antiapoptotic Mcl-1 expression, thereby activating
proapoptotic molecules. Furthermore, results indicating cardiomyocyte rescue from hypoxia/reoxygenation injury following
treatment with miR-302 antagomir suggested that miR-302 inhibition might constitute a therapeutic strategy for protection

against cardiomyocyte apoptosis during hypoxia/reoxygenation injury.

1. Introduction

MicroRNAs (miRs) are a group of noncoding RNAs (~20-25
nucleotides in length) that downregulate mRNA expression
through binding to their 3" untranslated region (3'UTR) [1].
Over 1000 miRs have been discovered in human beings [2],
and several mechanisms of miR-induced target suppression
have been described [3]. Moreover, miRs regulate cell prolifer-
ation, differentiation, apoptosis, autophagy, and development
by upregulating or downregulating mRNA expression [4-8].

Cardiomyocyte apoptosis occurs when cardiac tissue is
exposed to a stressor, such as ischemia and/or reperfusion,
during myocardial infarction, which is a major cause of
morbidity and mortality worldwide [9]. Our previous study
revealed that upon cardiomyocyte hypoxia/reoxygenation

(H/R) injury, alterations in miR expression occur, causing
disturbances in downstream mRNA expression and apoptotic
pathway regulation [10]. Other studies reported that certain
diseases, such as myocardial infarction, ischemia-reperfusion,
and arrhythmia, can be treated or prevented by pharmacolog-
ical (mimics or antagomirs) or genetic approaches to alter miR
expression [2, 11-15]. miRs can also regulate mRNA expres-
sion to mitigate H/R injury. Cheng et al. [2] reported that
miR-21 inhibits cell death under H/R conditions by regulating
expression of the programmed cell death 4 (PDCD4) gene,
which is also targeted by miR-499 [2]. Additionally, they
found that miR-499 mitigates lipopolysaccharide-induced
cardiac cell death by inhibiting the translation of PDCD4
and sex-determining region Y- (SRY-) box 6 mRNA [15].
miR-20a also inhibits expression of the apoptotic factor Egl
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nine homolog 3 to protect cardiomyocytes from H/R injury
[11]. Furthermore, several miRs, including miR-210
(which regulates angiogenesis) [14], miR-199a (which
modulates hypoxia-inducible factor-la (HIF-1lar) expres-
sion) [16], and miR-494 (which upregulates p-Akt, HIF-
la, and heme oxygenase-1 expression) [17], protect cells
from hypoxia- or ischemia-induced damage.

During cardiomyocyte H/R injury, pro- and antiapopto-
tic proteins of the B-cell lymphoma 2 (Bcl-2) family are in
disequilibrium in the mitochondrial membrane, leading to
changes in membrane potential, leakage of cytochrome ¢
from the mitochondrion, and subsequent activation and
binding of caspase-9 to form apoptosomes, which ultimately
activate caspase-3 and induce apoptosis [18]. The binding of
myeloid leukemia cell-differentiation protein-1 (Mcl-1), an
antiapoptotic protein of the Bcl-2 family, to proapoptotic
proteins, such as Bas, Bid, or Bak, inhibits apoptosis [19].
miRs regulate gene expression posttranscriptionally by direct
endonucleolytic cleavage or slicer-independent decay of
mRNAs and posttranslationally by decreasing the rate of
translation [20]. The binding of the seed sequence in miRs
to a complementary sequence in the mRNA 3'UTR pro-
motes mRNA degradation, whereas failure to bind due to
the sequences not being complementary can result in
translation inhibition [21]. miR-302 transcriptionally regu-
lates gene expression and methylation [22] and supports
reprogramming in stem cells during hypoxia [23, 24]. As
a putative upstream regulator of Mcl-1 expression, the
role of miR-302 in protecting cardiomyocytes from H/R
remains unknown. Here, we investigated whether miR-302
binds to the 3'UTR of Mcl-1 mRNA and the effects of that
binding activity on protecting H9¢2 cardiomyocytes from
H/R injury.

2. Materials and Methods

2.1. Cell Culture. The rat cardiomyocyte cell line H9¢2 was
cultured in Dulbecco’s modified Eagle medium (Thermo
Fisher Scientific, Waltham, MA, USA) containing 10% fetal
bovine serum at 37°C in a humidified atmosphere containing
95% air and 5% CO,. Cells were rendered quiescent by serum
starvation for 24h before all experiments. H/R injury was
induced by hypoxia for 3h (ie., incubation in oxygen
and glucose deprivation medium containing 2.3 mM CaCl,,
56mM KCI, 154mM NaCl, 5mM Hepes, and 3.6 mM
NaHCO, (pH 7.4) and under an atmosphere of 5% CO,, 85%
N,, 10% H,, and <0.1% O,), followed by the addition of
glucose (4500 mg/L) to the medium and reoxygenation for
24h in a humidified atmosphere (95% air and 5% CO,) at
37°C. Control cells were incubated at 37°C under 95% air
and 5% CO, for 27h. To upregulate and downregulate
miR-302 expression, an miR-302 mimic (m302; 50 or
100nM; Thermo Fisher Scientific) or antagomir (i302;
50-100 nM; Thermo Fisher Scientific) was transfected into
cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to manufacturer instructions. Nonsense
control (NC) miR (100nM) was also used as an internal
control. The sequences of the nonsense miR, miR-302
mimic, and miR-302 antagomir were as follows: NC,
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5-UCACAACCUCCUAGAAAGAGUAGA-3; miR-302
mimic, 5-UAAGUGCUUCCAUGUUUUGGUGA-3" and
miR-302 antagomir, 5-AUUCACGAAGGUACAAAAC
CACU-3"

2.2. Luciferase Reporter Assay. The Mcl-1 3'UTR sequences
(three repeats of 5~TCTCTAAGGACCTAAAAGCACTTT-
3') were synthesized and subcloned into a PsiCheck2 vector
(psi-Mcl-1; Promega, Madison, WI, USA). The PsiCheck2
vector without the Mcl-1 3'UTR was used as a control. Cells
were cotransfected with 200ng of plasmids containing 3’
UTR or nonsense sequences and 100 nM miR mimic or a
100nM NC miR (Thermo Fisher Scientific) according to
manufacturer instructions using Lipofectamine 2000 reagent
(Thermo Fisher Scientific). Experiments were performed in
triplicate. After 48 h, cells were harvested and their luciferase
activities were measured using the Luciferase dual-reporter
kit (Promega) according to manufacturer instructions.

2.3. Real-Time Quantitative Polymerase Chain Reaction
(qPCR). The expression of Mcl-1 and miR-302 was examined
by real-time qPCR using glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) or U6 as internal controls, respectively.
A poly-A tail was added to the extracted total RNA, which
was then reverse transcribed into cDNA, to extend RNA
length. Mcl-1 and miR-302 expression was quantified follow-
ing ¢cDNA annealing using the following real-time PCR
primers: Mcl-1 forward, 5" TGCTTCGGAAACTGGACAT
TAAA-3" and Mdl-1 reverse, 5-ATGGGTCATCACTCG
AGAAAAAG-3; miR-302 forward, 5-TAAGTGCTTCCA
TGTTTTGGTGA-3' and miR-302 reverse, 5-GAACATG
TCTGCGTATCTCAGACTTC-3 GAPDH forward, 5-AT
GACTCTACCCACGGCAAG-3' and GAPDH reverse, 5-
GGAAGATGGTGATGGGTTTC-3% U6 forward, 5-GCTT
CGGCAGCACATATA-3' and U6 reverse, 5-AACGCTTC
ACGAATTTGCGT-3"

2.4. Western Blot Analysis. Proteins were resolved based on
molecular weight via electrophoresis on 8%, 10%, and 12%
polyacrylamide gels, followed by transfer to a polyvinyli-
dene difluoride membrane. The membrane was blocked
and incubated with antibodies for cleaved caspase-3, cleaved
caspase-9, poly ADP ribose polymerase (PARP; Cell Signaling
Technology, Danvers, MA, USA), -actin (Sigma-Aldrich, St.
Louis, MO, USA), and Mcl-1 (Abcam, Cambridge, MA,
USA). Protein levels were analyzed using an enhanced chemi-
luminescence detection kit (GE Healthcare, Wauwatosa,
WI, USA).

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
(MTT). Following incubation and treatment with different
miRs under control or H/R conditions for 27 h, cell viability
was tested by incubation with MTT reagent (Sigma-Aldrich)
at a final concentration of 0.5 mg/mL and a temperature of
37°C for 4 h. The optical density of the purple MTT formazan
product was measured at 570nm using an enzyme-linked
immunosorbent assay (ELISA) reader. The absorbance
of cells transfected with NC was regarded as indicating
100% viability.
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(b) Dual-luciferase reporter assay

FIGURE 1: miR-302 regulates the transcriptional activity of Mcl-1 by targeting its 3'UTR. (a) The 3'UTR sequence (2209-2232) of Mcl-1
contains a miR-302a-binding site as predicted by miRanda (http://microRNA.org). (b) Mcl-1 is a miR-302 target based on dual-luciferase
reporter results. Luciferase activity was evaluated in H9¢2 cells transfected with the PsiCheck2 vector only or with PsiCheck2 vectors
containing the Mcl-1 3'UTR with nonsense control (NC) or a miR-302 mimic (m302). Data are presented as the mean + STD of six

experiments. *p < 0.05.

2.6. Lactate Dehydrogenase (LDH) Release Assay. H9¢c2 cells
were incubated in 96-well plates under hypoxic conditions,
followed by reoxygenation, and LDH released to the medium
from damaged cells was measured using an LDH cytotoxicity
kit (Roche, Indianapolis, IN, USA) and ELISA reader to
measure the change in absorbance at 490 nm. The absorbance
of cells treated with Triton X-100 (Sigma-Aldrich) was re-
garded as indicating 100% cytotoxicity.

2.7. Flow Cytometry. H9c2 cells (1x 10°) were collected,
washed with cold phosphate buffer, and resuspended with
1x binding buffer containing Annexin V-FITC and propidium
iodide (PI; Sigma-Aldrich) for double staining according to
manufacturer instructions (BD Bioscience, San Jose, CA,
USA). The collected samples were analyzed by flow cytometry
(Beckman Coulter, San Diego, CA, USA), and the percentage
of living cells, apoptotic cells, and necrotic cells was calculated
using Kaluza software (Beckman Coulter).

2.8. Statistical Analysis. All data are expressed as the mean +
standard deviation (STD), and a p <0.05 was regarded as
significant. A two-tailed unpaired Student’s ¢-test or analysis
of variance (ANOVA) was used to compare two or more
than three groups, respectively. ANOVA with a post hoc
Scheffe’s test was used to evaluate the statistical significance
of differences between groups.

3. Results

3.1. miR-302 Binds to the Mcl-1 mRNA 3'UTR. To determine
whether miR-302 binds to Mcl-1 mRNA, we utilized a
reporter gene (luciferase) conjugated to the Mcl-1 3'UTR
inserted into a PsiCheck2 vector. We predicted that upon
miR-302 binding to the Mcl-1 3'UTR (Figure 1(b), mirSVR
score: —1.094; http://www.microrna.org/), reporter-gene ex-
pression would decrease. miRs exhibiting a mirSVR score
of <-1.0 represent the top 7% of predictions and exhibit
a >35% probability of having a (Z-transformed) log expres-
sion change of at least —1 concerning downregulation of the
predicted gene [24]. Cells were transfected with the following
vector combinations: (1) luciferase vector not containing the
Mcl-1 3'UTR (PsiCheck2), (2) luciferase vector containing
the Mcl-1 3'UTR (psi-Mcl-1) and the NC vector, (3) Psi-
Check2 and the vector containing m302, (4) psi-Mcl-1
and the NC vector, or (5) psi-Mcl-1 and the vector con-
taining m302. Transfection with psi-Mcl-1 and m302, but
not psi-Mcl-1 and NC, PsiCheck2 and m302, or PsiCheck2
and NC decreased luciferase activity (Figure 1(b)). These
results indicated that miR-302 binds to the target sequence
in the Mcl-1 3'UTR.

3.2. Transfection of the miR-302 Mimic and Antagomir
Upregulates and Downregulates miR-302 Expression,
Respectively, in an H/R Injury Model. We examined the
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effects of H/R injury on miR-302 expression in H9¢2 cardio-
myocytes following transfection with NC, m302, and i302.
Results of qPCR analysis (Figure 2) showed that miR-302
expression increased significantly in H9¢2 cells transfected
with m302 or 1302 as compared with cells transfected with
NC following H/R injury, respectively.

3.3. miR-302 Regulates Mcl-1 mRNA and Protein Levels in
H/R-Injured Cardiomyocytes. qPCR analysis showed that
transfection with m302 or 1302 (compared with transfection
with NC) significantly decreased and increased Mcl-l mRNA
levels in H9¢2 cardiomyocytes following H/R injury, respec-
tively, as compared with levels observed in NC-transfected
controls (Figure 3(a)). Mcl-1 mRNA levels in H9¢2 cardio-
myocytes cotransfected with m302 and i302 prior to H/R
injury were significantly higher and lower, respectively, than
those observed in cells transfected with either m302 or i302
alone. Western blot analyses showed that patterns of Mcl-1
protein expression following H/R injury in H9¢2 cardiomyo-
cytes transfected with either NC, m302, or i302 matched
levels of Mcl-1 mRNA expression (Figure 3(b)); however,
Mcl-1 mRNA levels were lower in cells cotransfected with
m302 and i302 as compared with levels in cells transfected
with i302 alone; although, the difference was not significant.

3.4. miR-302 Induces Cardiomyocyte Injury. To examine the
possible damage attributable to miR-302 expression during
H/R injury, H9c2 cardiomyocyte viability was evaluated by
MTT and LDH assays. We observed that LDH levels increased
significantly in cells transfected with m302 (50 nM: 132.7 +
7.9%; or 100 nM: 184.5 +26.4%) versus NC (50 nM: 103.2 +
12.9%; or 100nM: 100+21.9%; p <0.05 for both groups
(n=6)) (Figure 4(b)). Our results showed that LDH levels
increased along with higher concentrations of transfected
m302 (p =0.047; n=6). Additionally, the amount of LDH
released from cardiomyocytes following H/R injury was
reduced by decreasing the expression of miR-302 following
i302 transfection and by elevating Mcl-1 expression. Cotrans-
fection of m302 (50 nM) and i320 (50 nM and 100 nM) also
significantly decreased the amount of LDH released (50 nM
m302: 125.3 +18.2%; and 50 nM i302: 101.0 + 12.8%) during
H/R injury, and cotransfection with the higher concentration
of 1302 decreased LDH release to an even greater extent
(p=0.048).

However, during H/R injury, m302 transfection (50 nM:
92.3+7.2%; and 100 nM: 81.2 + 5.2%) decreased cell viability,
whereas i302 transfection increased cell viability (50 nM:
107.9 £ 1.5%; and 100 nM: 116.2 +7.8%) according to MTT
assay results (Figure 4(a)). The increases and decreases in via-
bility were more pronounced in cells transfected with higher
concentrations (50nM versus 100 nM) of m302 (p=0.02)
or 302 (p = 0.03). These results indicated that cotransfection
with 1302 and m302 increased cell viability as compared with
levels observed following m302 transfection alone.

3.5. 1302 Transfection Decreases Cell Apoptosis and Necrosis
in H/R-Injured Cardiomyocytes. Levels of apoptosis and
necrosis can be elevated by stress. Flow cytometry with
Annexin V and PI staining were used to determine levels of
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FIGURE 2: Assessment of miR302 expression and transfection
efficiency as determined by real-time qPCR analysis in H9¢2 cells
exposed to H/R injury. Data are presented as the mean+ STD of
six experiments. *p < 0.05. NC: nonsense control; m302: miR-302
mimic; i302: miR-302 antagomir.

cardiomyocyte apoptosis or necrosis during H/R injury and
whether changes in apoptosis and necrosis are aggravated
or mitigated by miR-302 expression. Cells not stained by
either Annexin V or PI were considered healthy. The number
of PI-stained cells (necrotic) and PI + Annexin V costained
cells (late apoptotic) was calculated as a percentage of the total
number of cardiomyocyte nuclei (Figure 5). Following H/R
injury, the percentage of apoptotic H9c2 cardiomyocytes
was significantly higher following m302 transfection (30.4 +
2.2%) as compared with that observed following NC transfec-
tion (17.5+0.7%; p=0.0012). Additionally, the percentage
of apoptotic H9¢c2 cardiomyocytes was significantly lower
following i302 transfection (13.2+1.0%; p = 0.014) and 1302
and m302 cotransfection (9.1+0.8%; p=0.0003) as com-
pared with percentages accompanying NC transfection.

3.6. miR-302 Regulates the Expression and Activation of
Apoptosis-Related Proteins. To determine whether the under-
lying mechanism of apoptotic suppression involves inhibition
of miR-302 expression, levels of apoptosis-related proteins
were evaluated by western blot analysis in cells transfected
with NC, m302, i302, or m302 + i302 (Figure 6). Consistent
with previous data, H9c2 cells transfected with m302 and
exhibiting elevated miR-302 expression and reduced Mcl-1
expression also exhibited significantly increased levels of acti-
vated caspase-3 and -9 (both p < 0.05), which significantly
increased the expression of cleaved PARP (both p <0.05).
However, cells transfected with 1302 or cotransfected with
m302 + i302 exhibited significantly reduced levels of acti-
vated caspase-3 and -9 and cleaved PARP.

4. Discussion

miRs are critical regulators of cell function [25] and influ-
ence a myriad of cell characteristics, including stem cell
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reprogramming, cardiac differentiation, and hypertrophy [5].
Successful manipulation of miRs can improve outcomes
of cardiovascular disease and constitutes a new cardio-
vascular therapeutic strategy [26, 27]. In this study, we
showed that decreasing miR-302 expression by transfec-
tion of a miR-302 antagonist elevated the expression of the
antiapoptotic protein Mcl-1, decreased the activation of
caspase-3 and -9, and reduced cardiomyocyte injury and
death during H/R injury.

The antiapoptotic Mcl-1 protein is a member of the Bcl-2
family, a suppressor of apoptosis, and enhances cell viability
during H/R [28]. Here, we confirmed that the Mcl-1 3'UTRis
a miR-302 target. miR-302 plays a role in preventing cell
death resulting from oxidant-induced damage [4] and affects
the reprogramming of stem cells and somatic cells [29].
Additionally, miR-302-transfected cells can be used to repair
heart damage [30], and another study found that miR-302
can inhibit the expression of transformation-related genes
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and exhibit a deprogramming effect on glioblastoma cells,
implying that miR-302 could also be a cancer therapeutic
target [31]. Regarding the effects of miR-302 on cell prolifer-
ation and reprogramming, Kuppusamy et al. [5] reported
that miR-302 plays an important role in cardiomyocyte dif-
ferentiation and maturation, especially after myocardial
infarction [5]. However, the possible differential effects asso-
ciated with miR-302 on cardiomyocytes under H/R injury
had not been previously studied. According to our hypothe-
sis, miR-302 downregulation would result in elevation of
Mcl-1 expression and reductions in cardiomyocyte death.
We found that H/R-induced cell death was potentiated
by miR-302 overexpression following m302 transfection,
whereas decreased miR-302 expression via its antagomir
(i302) protected cells from H/R injury. Moreover, cotransfec-
tion of 1302 with m302 mitigated H/R-induced cell injury.
Our results showed for the first time that elevated miR-302
expression was harmful to H/R-injured cardiomyocytes.
Additionally, we confirmed that miR-302 binds to the
Mcl-1 3'UTR and decreases Mcl-1 mRNA and protein levels
according to luciferase reporter results. Mcl-1 is capable of
inhibiting the activation of proapoptotic proteins, such as

Bax, Bak, or Bid, and the release of cytochrome ¢ from mito-
chondria, thereby preventing apoptosis during H/R [19]. In
H9c¢2 cells, m302 transfection elevated miR-302 expression,
resulting in decreased Mcl-1 mRNA and protein levels dur-
ing H/R, whereas 1302 transfection in the presence or absence
of m302 transfection attenuated H/R-induced miR-302
expression, rescued Mcl-1 mRNA and protein levels, and
decreased cell injury. These results indicated that Mcl-1
expression was inhibited by miR-302 during H/R injury.
Analysis of the percentage of cells undergoing apoptosis by
Annexin V/PI double staining revealed that m302 transfec-
tion increased rates of cell death following H/R, whereas
cotransfection with i302 significantly decreased the per-
centage of apoptotic cells. Therefore, inhibition of miR-302
expression decreased cytotoxicity, increased viability, and
decreased apoptosis during H/R by promoting increased
Mcl-1 protein levels.

Our results showed that the effects of m302 could be
reversed by i302 cotransfection. miR-302 levels following
m302 transfection were elevated as compared with those
observed in other groups (Figure 2). Additionally, Mcl-1
mRNA levels were significantly decreased only in the m302-
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transfected group, indicating that high levels of miR-302 were
capable of attenuating Mcl-1 levels. This finding verified our
hypothesis that miR-302 was induced in cardiomyocyte H/
R injury and subsequently inhibited the expression of Mcl-1
mRNA and protein.

Cardiomyocyte apoptosis is a key cellular event in cardiac
ischemia/reperfusion injury [32]. Changes in Mcl-1 expres-
sion, as well as that of other key elements of the apoptosis
pathway, such as phosphoinositide 3-kinase, Bcl-2, heat-
shock protein 60, heat-shock protein 70, PDCD4, and
Fas ligand, alter cellular response to ischemia-reperfusion
injury [33]. Mcl-1 is involved in cardiomyocyte loss and

contributes to a variety of cardiac pathologies, including
heart failure and ischemia/reperfusion injury [34, 35].
Additionally, Mcl-1 is known to function as an upstream
antagonist of the intrinsic death activators caspase-3 and -9,
thereby inhibiting apoptosis while also being essential for
maintaining cardiac mitochondrial homeostasis and induc-
ing autophagy in the heart [34]. Wang et al. [35] found that
Mcl-1 ablation results in a loss of cardiac contractility,
followed by fatal cardiomyopathy [35]. Similar to our findings
concerning miR-302, Zou et al. [8] reported that miR-153
targets Mcl-1 to modulate apoptosis and autophagy, thereby
regulating the survival of cardiomyocytes during oxidative



stress [8]. Here, miR-302 overexpression or knockdown
alone was shown to decrease and increase Mcl-1 protein
levels, respectively.

Restoration of blood flow or reoxygenation produces free
radicals that harm cells and tissues. In developing countries,
myocardial infarction is a primary cause of death, because
therapies to restore blood circulation are not always avail-
able. Therefore, maintenance of cardiomyocyte function to
improve heart contraction is a potential therapeutic ap-
proach. According to recent studies, miRs regulate cells or
tissues exposed to myocardial infarction or ischemia, with
reports finding that miR-21 protects hearts from ischemic
injury via PDCD4 expression [2], miR-361 transfected into
rat hearts causes mitochondrial fission and myocardial
ischemic injury [36], and miR-30b protects cardiomyocytes
by inhibiting cyclophilin D [3]. Embryonic stem cells express
high levels of the miR-302/367 cluster, with this expression
regulated by the binding of transcription factors, such as
octamer-binding transcription factor 3/4, SRY-box 2, and
Nanog, to miR-302/367-cluster promoter regions. The miR-
302/367 cluster subsequently increases stem cell self-renewal
capacity, pluripotency, and maintenance of stemness [37].
miR-302 inhibits differentiation by inhibiting the differentia-
tion factors Leftyl and Lefty2 to maintain embryonic stem
cell proliferation [37]. Furthermore, increases in hydrogen
peroxide in quiescent fibroblasts lead to miR-302-mediated
regulation of the cell cycle regulatory factor AT-rich interac-
tion domain 4A and chemokine (C-C motif) ligand-5 mRNA
levels [38]. Other cell-signaling pathways, such those related
to bone morphogenetic protein signaling and the tumor
necrosis factor-/Nodal/Smad-2/3 pathway, are also regu-
lated by the miR-302/367 cluster [39]. Here, our data showed
that miR-302 increased cardiomyocyte apoptosis and regu-
lated Mcl-1 mRNA and protein levels, resulting in elevated
levels of Mcl-1 preventing cell death or tissue damage and
decreased levels promoting apoptosis. Because miR-302
transfection preserves stem cell stemness, cells transfected
with miR-302 and transplanted into the heart have been used
to explore their ability to promote cell proliferation and the
repair of cardiomyocytes damaged by myocardial infection.
Similarly, we examined the effect of miR-302 transfection
on H/R-injured cardiomyocytes, revealing that elevated
miR-302 levels were detrimental to cells, whereas decreased
miR-302 levels were beneficial according to an H/R model.
These findings suggested that reducing miR-302 levels in
cardiomyocytes during H/R might constitute an effective
therapeutic intervention.

5. Conclusions

We found that miR-302 mediates H/R-induced cardio-
myocyte death by regulating Mcl-1 expression. Therefore,
miR-302 inhibition might offer an effective therapeutic
strategy for the treatment of myocardial infarction or
ischemia-related diseases.
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There are no previous studies assessing the microRNAs that regulate antioxidant enzymes in Hodgkin lymphomas (HLs). We
determined the mRNA levels of redox regulating enzymes peroxiredoxins (PRDXs) I-III, manganese superoxide dismutase
(MnSOD), nuclear factor erythroid-derived 2-like 2 (Nrf2), and Kelch-like ECH-associated protein 1 (Keapl) from a carefully
collected set of 41 classical HL patients before receiving any treatments. The levels of redoxmiRs, miRNAs known to regulate the
above-mentioned enzymes, were also assessed, along with CD3, CD20, and CD30 protein expression. RNAs were isolated from
freshly frozen lymph node samples and the expression levels were analyzed by qPCR. mir23b correlated inversely with CD3 and
CD20 expressions (p = 0.00076; r = —0.523 and p = 0.0012; r = —0.507) and miR144 with CD3, CD20, and CD30 (p = 0.030;
r =-0.352, p = 0.041; r = —0.333 and p = 0.0032; r = —0.47, resp.). High MnSOD mRNA levels associated with poor HL-specific
outcome in the patients with advanced disease (p = 0.045) and high miR-122 levels associated with worse HL-specific survival
in the whole patient population (p = 0.015). When standardized according to the CD30 expression, high miR212 and miR510
predicted worse relapse-free survival (p = 0.049 and p = 0.0058, resp.). In conclusion, several redoxmiRs and redox regulating

enzyme mRNA levels associate with aggressive disease outcome and may also produce prognostic information in classical HL.

1. Introduction

Although modern polychemotherapy has significantly
improved Hodgkin lymphoma (HL) survival rates, relapsed
and refractory HL have still poor prognosis [1]. There are
prognostic risk factor scores separately both in limited
(IA-IIA) and in advanced (IIB-IV) stages of HL to guide
the treatment selection. Nevertheless, prognosis varies
considerably inside these classes and it would be of
utmost importance to find novel prognostic and predictive
biomarkers to help to select the patients at the highest risk
for relapse.

We recently demonstrated a potential prognostic role
of the protein expression of several cellular redox state
regulating enzymes [2]. Since reactive oxygen species (ROS),

especially superoxide anions, are produced primarily in mito-
chondria, mitochondrially located manganese superoxide
dismutase (MnSOD or SOD?2) is in the first-line defense by
dismutating superoxide to the less harmful hydrogen perox-
ide (H,0,) and oxygen. H,O, is further catalyzed to water
and oxygen by peroxiredoxins (PRDXs), glutathione perox-
idases, and catalase. PRDXs are a peroxidase family having
multiple subcellular locations such as cytosol (PRDXs I, II,
111, V, and VI), peroxisomes (PRDXs IV and V), lysosomes
(PRDXs IV and VI), endoplasmic reticulum, extracellular
space, Golgi apparatus (PRDX IV), and also mitochondria
(PRDXs IIT) [3-6]. Their structure is conserved from bacteria
to mammals and knockdown mice with PRDX I or II
deficiency are susceptible to early aging and carcinogenesis
[7-9]. PRDXs are involved in a variety of activities where
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H,0, is generated, including cellular metabolism, growth,
differentiation, inflammation, and proliferation [10].

Nuclear factor erythroid-derived 2-like 2 (Nrf2) is con-
sidered as the main cellular redox state regulator. It is
a transcription factor able to regulate the expression of
genes for antioxidant enzymes, metal-binding proteins, drug-
metabolizing enzymes, drug transporters, and molecular
chaperones. Under basal conditions, Nrf2 is bound to a
cytoplasmic complex with its inhibitor Kelch-like ECH-
associated protein 1 (Keapl). During oxidative stress Nrf2 is
released and moves to the nucleus where it complexes with a
small maf proteins and consequently upregulates the above-
mentioned genes [11, 12].

MicroRNAs are small, single-stranded, noncoding RNAs
that are essential posttranscriptional regulators of gene
expression. The knowledge of miRNA in the regulation of
redox state regulating enzymes (“redoxmiRs”) is rapidly
increasing [13]. Although miRNAs are recognized as essential
cellular homeostasis regulators, there is only limited amount
of data on their role in the pathogenesis of HL with no existing
literature on the impact of redoxmiRs in HL.

Cluster of differentiation proteins CD3, CD20, and CD30
are typically used as cell type markers of lymphocytes.
Interestingly, they are membrane proteins with important
physiological functions and likely to interact in oxidative
stress also: CD3 is a coreceptor of T cell receptor, responsible
for ligand-dependent initiation of intracellular signaling
[14]. CD20 is a potential mediator of apoptosis through its
interaction with membrane microdomains rich in src-family
kinases [15], while CD30 is a member of tumor necrosis factor
receptor superfamily [16].

Based on the results of our previous work assessing
antioxidant protein expression in HL [2], we aimed here
to clarify whether major redox regulator mRNA levels or
miRNAs regulating them would associate with traditional
prognostic factors of HL or chemoresistance or if they could
serve as potential novel prognostic factors in classical HLs.
We also compared their expression with CD30, a marker to
detect Hodgkin’s cells in classical Hodgkin’s lymphoma, to
CD20, a marker for B cell lineage, and CD3, a marker for T
cell lineage.

2. Materials and Methods

2.1. Cases. The cohort consisted of 41 previously untreated
classical Hodgkin lymphomas [17]. The samples were col-
lected from the archives of Department of Pathology of
Oulu University Hospital and they dated from the year
2000 until the year 2011. Freshly frozen lymph node samples
were stored at —80°C. Clinical data of the patients were
retrospectively collected from the patient records of Oulu
University Hospital. Median follow-up of patients was 77.0
months and 6 patients had a relapse during the follow-up.
Patients’ characteristics are described in Table 1.

2.2. CD3, CD20, and CD30 Immunohistochemistry. Sections
of 4 ym thickness were cut from samples which had been
routinely fixed in formalin and embedded in paraffin. The
paraffin tissue sections were deparaffinized in xylene (5 min,
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TABLE 1: Patient characteristics.

Male
Limited stage

20 (48.8%)
17 (41.5%)
8 (471%)"
9 (37.5%)"

Limited stage risk factors
International Prognostic Score > 2

B-symptoms 18 (43.9%)
WHO performance status > 1 3L3%

Radiotherapy 21 (51.2%)
Relapsed 6 (14.6%)
CR with 1st-line ABVD 34 (82.9%)

!Percentage from the patients with limited stage and advanced stage,
respectively.

2 times) and rehydrated through graded ethanol. Antigen
retrieval was performed by immersing sections in 10 mM
sodium citrate buffer (pH 6.0) and boiling by microwave
(95°C, 30 min). After boiling the sections were allowed to
cool at room temperature and washed by PBS (5min, 3
times). The sections were incubated in 3% hydrogen perox-
idase for 10 min to inactivate endogenous peroxidases. After
washing by PBS (5min, 3 times), sections were incubated
with the primary antibodies for 30 minutes at room tem-
perature with a dilution of 1:300 for CD30 (code K5007,
Dako, Dakopatts, Denmark), 1:1000 for CD20 (clone 126,
Dako), and 1: 50 for CD3 (clone PS1, Novocastra Biosystems
Newcastle Ltd., Newcastle upon Tyne, UK). The following
day, sections were washed repeatedly by PBS and incubated
with Dako REALTM EnVision™/HRP, Rabbit/Mouse (Dako
REAL EnVision Detection System: Dako, code K5007) for 1h
at room temperature. After washing repeatedly by PBS, the
labelled secondary antibody was visualized by adding Dako
REAL Substrate Buffer (Dako REAL EnVision Detection
System: Dako, code K5007) containing Dako REAL DAB+
Chromogen (Dako REAL EnVision Detection System: Dako,
code K5007). Sections were then counterstained with hema-
toxylin, dehydrated, and mounted. The data was evaluated by
assessing the percentage of positive cells in the section for
each antibody.

2.3. RNA Isolation and qPCR Analyses. Total RNA was
extracted from lymph nodes using miRNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA quality was checked by
electrophoresis. cDNA synthesis was done with miScript II
Reverse Transcription Kit (Qiagen). miScript SYBR Green
PCR Kit (Qiagen) was used for cDNA amplification by
Rotor-Gene Q real-time quantitative PCR equipment (Qia-
gen). The following gene-specific primers were used for
amplification; Keapl (NM_203500.1): F (forward primer): 5'-
GGTCCCCTACAGCCAAGGT-3' and R: (reverse primer)
5'-CTGCATGGGGTTCCAGAAGAT-3'; Nrf2 (S740171): F:
5'-GCAGGACATGGATTTGATTGACA-3' and R: 5'-TCA-
TACTCTTTCCGTCGCTGA-3'; PRDX1 (NM_002574.3): F:
5'-CACTGACAAACATGGGGAAGT-3' and R: 5'-TGC-
TCTTTTGGACATCAGGCT-3'; PRDX2 (NM_005809.5):
F: 5'-GTCCAGGCCTTCCAGTACAC-3' and R: 5'-TGT-
CATCCACGTTGGGCTTA-3'; PRDX3 (NM_006793.3): F:
5'-TTAAACATGGTTAGTTGCTAGTACAAGGA-3" and
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TABLE 2: Associations between CD3, CD20, and CD30 protein levels and redoxmRNAs and miRNAs regulating them.

CD3 CD20 CD30
CD3
CD20 p = 0.000040; r = 0.615
CD30 NS NS NS
PRDX I mRNA p=0.037;r = -0.339 NS NS
PRDX II mRNA
PRDX III mRNA p = 0.046; r = —0.326
Nrf2 mRNA
Keapl mRNA p =0.050; r = -0.320
SOD2 mRNA
miR23b p =0.00076; r = —0.523 p =0.0012; r = -0.507
miR28 p =0.022;r = -0.370 p=0.011;r = -0.409
miR93 p=0.031r=-0.351
miR122
miR144 p =0.030; r = -0.352 p =0.041;r = -0.333 p =0.0032;r = -0.471
miR200a
miR212
miR383
miR510

R: 5'-TTGAGACATGATCTAAGAATAGCCTTCTA-3';
MnSOD (NM_000636.2): F: 5-GGACACTTACAAATT-
GCTGCTT-3" and R: 5'-CCACACATCAATCCCCAG-
CA-3'. GAPD (BC029618; F: 5-TGGAAGGACTCATGA-
CCACA-3" and R: 5-CCATCACGCCACAGTTT-3) was
used as reference gene for normalization of qPCR results
in mRNA studies. For miRNA quantification, the follow-
ing commercial miScript Primer Assays (Qiagen) were
used: MIR23B, MIR28, MIR93, MIR122, MIR144, MIR200A,
MIR212, MIR383, and MIR510. miScript Primer Assay for
RNU6B was used for normalization of qPCR results in
miRNA studies. Cycling was carried out as recommended in
the PCR Kit with annealing temperatures of 60-68 or 55°C for
mRNA and miRNA, respectively. Fluorescence signals were
measured continuously during repetitive cycles in order to
detect Ct values for target RNA and reference (GAPD or
RNUG6B) in the samples. Relative expression levels of mRNA
or miRNA targets were calculated using 27**“" method

(18], where AACt = (Cyyrger rna — CloarD or RNU6B)Sample -

(Cliarget RNA ~ CLGAPD or RNUSB) oference sample”

2.4. Statistical Analyses. Statistical analyses were performed
by using IBM SPSS Statistics software, v. 22.0.0.0 (IBM
Corporation, Armonk, NY, USA). The significance of asso-
ciations was defined by using Mann-Whitney U test and
Spearman’s rho test with correlation coefficient. Kaplan—
Meier curves with the log-rank test were applied in survival
analysis. In survival analyses, median mRNA and miRNA
levels were used as a cut-off for two-classed variable. Disease-
specific survival (DSS) was calculated from the time of
diagnosis to the time of confirmed Hodgkin lymphoma-
related death and relapse-free survival (RFS) from the time

of diagnosis to the confirmed relapse. Values of p of less than
0.05 were considered significant.

The ethical committee of the Northern Ostrobothnia
Hospital District approved the study design. During the data
collection and management, the principles of the Declaration
of Helsinki were followed.

3. Results

CD3, CD20, and CD30 immunohistochemistry were applied
to 37 (90.2%) samples. The median expressions of CD3,
CD20, and CD30 were 65%, 35%, and 7%, and the ranges of
expression were 30-95%, 5-80%, and 1-55%, respectively.

CD3 expression correlated with CD20 expression highly
significantly (p = 0.000040; » = 0.615). mir23b correlated
inversely with CD3 and CD20 expressions (p = 0.00076; r =
-0.523 and p = 0.0012; » = —0.507) and miR144 with CD3,
CD20, and CD30 (p = 0.030; r = —0.352, p = 0.041; r =
—-0.333 and p = 0.0032; r = —0.47, resp.). These and other
correlations between CD3, CD20, and CD30 and redoxmiRs
and mRNAs are presented in Table 2.

Higher redox regulator mRNA levels associated consis-
tently with the traditional factors of poor prognosis (Table 3).
PRDX I mRNA expression associated with the presence of
limited stage risk factors (p = 0.027) and was the most highly
expressed in nodular sclerosis subtype, following mixed cell
histology, and the least expressed in the tumors with classical
lymphocyte-rich subtype (p = 0.008). MnSOD mRNA
expression associated with the presence of B-symptoms (p =
0.006) and higher Nrf2 mRNA levels with the presence of
risk factors of limited disease (p = 0.027). Nrf2 and Keapl
mRNA expressions correlated strongly with each other (p =
1.09 x 107, 7 = 0.787).
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TABLE 3: Two-sided p values < 0.05 when the clinicopathological parameters are set against mRNA and miRNA expression. T and | indicate

the direction of the correlation.

Stage
Limited Advanced

Expression of

Histol
mMRNA or miRNA  0:08Y

B-symptoms

Risk factors Disease-specific survival

Limited disease Advanced disease Limited disease Advanced disease

PRDX I 0.008"
miR-510
PRDX II
miR-1227
PRDX III
miR-23bT
miR-3837
MnSODT
miR-212T
Nrf2]
miR-28T
miR-93
miR-144
Keapl
miR-200aT

0.037

0.021
0.014

0.025
0.013
0.006

0.019"

0.047

0.036

0.044"

0.027

0.015

0.015

0.045

0.027

'Most frequently expressed in nodular sclerosis subtype followed by mixed cell histology and least expressed in lymphocyte-rich subtype.

miR-383 (p = 0.019) and miR-200a (p = 0.044) were
the most frequently expressed in the tumors with nodular
sclerosis histology, following mixed cell histology. It was
least expressed in the tumors with classical lymphocyte-
rich subtype. miR-383 also associated with the presence of
advanced disease (p = 0.014) and B-symptoms at the time
of diagnosis (p = 0.013). Likewise, miR-23b associated
with advanced stage (p = 0.021) and B-symptoms (p =
0.025). miR-212 and miR-28 levels were elevated in advanced
stage tumors (p values 0.047 and 0.036, resp.). High miR-122
expression associated with the presence of B-symptoms.

Higher MnSOD mRNA levels associated with shorter
disease-specific survival (DSS), but only in the patients with
advanced disease (p = 0.045). miR-122 levels over median
were also in association with poor DSS (p = 0.015) in the
whole patient population.

When the results were standardized according to the
CD30 expression (miRNA or mRNA variable divided by
CD30 expression), there were no significant associations
with stage, histology, chemotherapy response, or risk factors.
Instead, higher miR212 and miR510 levels predicted worse
RES (p = 0.049 and p = 0.0058, resp.) (Figure 1).

4. Discussion

We report here a potential role of high mitochondrial antiox-
idant enzyme MnSOD mRNA levels in predicting worse
prognosis of patients with untreated classical HL. This is
in line with our previous study assessing MnSOD protein
expression in HL [2] and may be related to the role of MnSOD
in chemoresistance. In addition, miR510, PRDX I suppressing
redoxmiR, was a highly significant predictor of dismal RFS
when miR510 level was related to CD30 protein expression.

The most common first-line treatment of classical HL
is ABVD, consisting of intensive dosing of doxorubicin,
bleomycin, vinblastine, and dacarbazine. The mechanism of
action of these drugs is closely linked to ROS generation,
especially in the case of bleomycin. Although doxorubicin
and vinblastine have other mechanisms of action, they also
induce ROS generation leading to enhanced oxidative stress
and eventually apoptosis [19, 20]. Dacarbazine produces also
toxic amounts of ROS contributing to cell lysis [21]. Increas-
ing evidence suggests that antioxidant enzyme levels may
confer to chemoresistance in solid tumors, although evidence
is still scarce in lymphomas [22, 23] and almost absent in HLs.
We previously reported that stronger immunohistochemical
MnSOD expression is a predictor of worse RFS in classical
HLs. Consistently, in the current material MnSOD mRNA
levels associated with poor DSS rates. This was observed
only with the patients with advanced disease, among the
patient group most eagerly requiring novel prognostic and
predictive factors to guide treatment intensification. miR-
212 has been identified to interact with MnSOD mRNA
and miR-212 downregulation is able to promote colorectal
cancer metastasis growth in animal models [24]. This effect
seems to be cancer-specific since in the current material
increased miR-212 level was associated with advanced rather
than limited stage. High miR212 levels also predicted worse
RES, when the expression was related to CD30 expression.

Both plasma miRNA levels and specific miRNA signa-
tures have been demonstrated to have prognostic significance
in classical HL [25, 26]. Although there are no previous
publications on the miRNA regulation of redox status in HL,
there is a plenty of data on the impact of miRNAs to redox
regulators in other cancers. miR-28, miR-144, and miR-93
have been shown to directly repress the major antioxidant
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FIGURE 1: Kaplan-Meier curve of disease-specific survival according to MnSOD mRNA level only in patients with advanced stage (a) and
miR-122 level in the whole patient population (b). Relapse-free survival is demonstrated when miR212 (c) and miR510 (d) are standardized

according to the CD30 expression.

response inducer Nrf2 mRNA [27]. On the other hand, there
is emerging evidence that Nrf2 can regulate the expression
of various miRNAs [28]. Nrf2 has emerged as a prognostic
factor in multiple solid carcinomas [29-31] and the blockage
of Nrf2 by siRNA leads to the inhibition of tumor growth and
increased chemosensitivity [32]. We found that Nrf2 mRNA
levels associated with the presence of traditional risk factors
of limited stage HL and miR-28 was clearly overexpressed
in the advanced disease. Although the results with miR-28
are more difficult to explain with the current knowledge
of its function, our data suggests that Nrf2 may accelerate

HL lymphomagenesis. This would be in line with multiple
solid carcinomas, but, to confirm this hypothesis, more
mechanistic approach should be adopted in further studies.
In addition, we noted that Keapl and Nrf2 mRNA levels
had extremely significant correlation. Although this seems
logical based on the inhibitory function of Keapl against Nrf2
activation, to the best of our knowledge this correlation has
been previously reported only at protein level, but not at
mRNA level [33].

In solid tumors PRDX overexpression has been con-
nected to chemoresistance and radiotherapy resistance, the



best data being available from PRDX II [34, 35]. There is
increasing evidence from in vitro studies that PRDX II may
block especially doxorubicin-mediated cell death [36, 37].
PRDX I and II overexpression have also been connected
to poorer prognostic factors in several carcinomas [36, 38-
40]. In the present study PRDX I associated with more
aggressive histological subtypes of classical HL and the
presence of risk factors in limited stage patients. Although
these are surrogates to aggressive disease course in general,
no link between PRDX I mRNA expression and survival or
chemoresistance was observed. miR510 has been proposed as
PRDX I 3'UTR binding, tumor growth promoting oncomiR
in breast cancer [41, 42], while in ovarian cancer high miR510
expression levels associate with better outcome [43]. When
we standardized miR510 expression with CD30 expression,
none of the patients with low mir510 expression had relapse
during the follow-up, compared to the dismal RFS of 63% at
6 years in those with high mir510 levels. Furthermore, high
levels of PRDX II mRNA targeting miRNA, miR-122 [44],
associated with the dismal outcome in the current material.
The prognostic role of miR-122 has been previously quite
extensively studied especially in hepatocellular carcinoma
with both worse and better survival being reported [45-47].

miR-23b and miR-383 have been recognized to downreg-
ulate the mitochondrial isoform of PRDX family, PRDX III
[48, 49]. miR-23b and miR-383 were linked to advanced stage
and B-symptoms and miR-383 associated also with poor risk
factor profile of limited disease and to more aggressive his-
tological subtype. miR-23b is a well characterized miRNA of
aggressive features of several solid carcinomas (“oncomiR”)
and may induce tumor survival, accelerate glioma invasion,
and promote prostate cancer cell proliferation by regulating
PTEN and its downstream signaling [50, 51]. In gastric cancer
miR-23b associated with unfavorable survival [52]. The exist-
ing evidence from miR-383 suggests its tumor-suppressing
role in vitro, for example, hepatocellular, pancreatic, and
esophageal carcinomas [53-55]. This is in contradiction with
our results, which suggested both miR-23b and miR-383 act
clearly oncogenic in Hodgkin lymphomas.

CD30 is a well-known marker for Hodgkins cells in
classical Hodgkin’s lymphoma. Hodgkin’s lymphoma is a type
of neoplastic disease where the tissue contains abundant
reactive elements. Of lymphocytes T cells are overwhelmingly
present but B cells and macrophages constitute also a signifi-
cant part of the reactive elements in tumor tissue. No reports
have been published on CD30 and miRNAs studied here. In
ALK negative large anaplastic lymphomas there was a high
miR-155 expression [56]. Interestingly, miR-155 is also highly
expressed in Hodgkin lymphoma cell lines, but CD30 is not
a target for this miRNA even though anaplastic large cell
lymphoma and Hodgkin lymphoma both share its expression
[57]. Additionally, miR-155 is elevated in all B cell ymphomas
except Burkitt’s ymphoma [58].

CD3 complex mediates activation of the T cell receptor
across the plasma membrane [59]. Since T cells are most
abundantly expressed in Hodgkin lymphoma low miR-23b
or miR-144 expression would be expected to be due to low
miRNA synthesis in these cells. In scanning miRNA levels
from blood cells these miRNAs were not, however, found to
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be present among the most over- or underexpressed miRNAs
in CD3 or CDI9 positive cells [60]. miR-23b or miR-144
are not either targets against CD3 gene complex [61]. The
miRNAs studied here, however, are regulating the Nrf2/Keapl
axis in these cells, and in activated T or B cells their expression
may change. The inverse association of CD3 as well as CD20
with miR-23b or miR-144 thus suggests a promotion of Nrf2
related antioxidative response in the lymphatic elements. In
line with this, high miR-144 levels have been shown to reduce
Nrf2 levels [62]. miR23, on the other hand, has an impact
on Keapl synthesis [63]. All in all, the associations between
CD30, CD3, CD20, and the miRNAs shown in this study most
likely reflects the activation of the oxidative defense system in
stromal lymphocytes and Hodgkin cells.

5. Conclusions

This study gives support to the previous evidence that
MnSOD expression could have prognostic impact in
untreated advanced HL. It is possible that MnSOD mRNA
levels could also be used as predictive factor, but this has to
be assessed in future studies. Several redoxmiRs, especially
miR510, also appear as potentially interesting indicators of
aggressive disease course and should be validated in larger
cohort of HLs, the most optimally with microdissection
technique enabling assessing different tumor compartments
separately.
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Oxidative stress induces endothelial cell apoptosis and promotes atherosclerosis development. MicroRNA-210 (miR-210) is linked
with apoptosis in different cell types. This study aimed to investigate the role of miR-210 in human umbilical vein endothelial cells
(HUVECs) under oxidative stress and to determine the underlying mechanism. HUVECs were treated with different concentrations
of hydrogen peroxide (H,O,), and cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay and ATP assay. To evaluate the role of miR-210 in H,O,-mediated apoptosis, gain-and-loss-of-function approaches
were used, and the effects on apoptosis and reactive oxygen species (ROS) level were assayed using flow cytometry. Moreover, miR-
210 expression was detected by quantitative reverse transcriptase polymerase chain reaction (QRT-PCR), and expression of the
following apoptosis-related genes was assessed by qRT-PCR and Western blot at the RNA and protein level, respectively: caspase-
8-associated protein 2 (CASP8AP2), caspase-8, and caspase-3. The results showed that H,O, induced apoptosis in HUVECs in a
dose-dependent manner and increased miR-210 expression. Overexpression of miR-210 inhibited apoptosis and reduced ROS level
in HUVEC: treated with H,0,. Furthermore, miR-210 downregulated CASP8AP2 and related downstream caspases at protein
level. Thus, under oxidative stress, miR-210 has a prosurvival and antiapoptotic effect on HUVECs by reducing ROS generation

and downregulating the CASP8AP2 pathway.

1. Introduction

Atherosclerosis is the leading cause of coronary heart disease,
with high mortality and morbidity rates [1]. Under oxidative
stress, excessive reactive oxygen species- (ROS-) induced
endothelial cell apoptosis plays a crucial role in atheroscle-
rosis development [2]. Therefore, reduction of endothelial
apoptosis is vital in atherosclerosis prevention.

The association of microRNAs (miRNAs), which are
involved closely in various cell processes through post-
transcriptional downregulation of their target mRNAs, with
apoptosis has drawn much attention [3-6]. In particular,
expression of miRNA-210 (miR-210) has been considered
a general response to hypoxia [7], and miR-210 has been
reported to be participated in various cellular processes,
including cell cycle arrest [8], angiogenesis [6], and cell
survival [5] in various cell types, including endothelial cells
[6]. Besides hypoxia, miR-210 is involved in oxidative stress-
induced injury. Our previous study has revealed that miR-210

protects cardiomyoblasts against apoptosis under oxidative
stress [9]. However, the role of miR-210 in cell apoptosis
apparently varies with cell types and stimuli [10-13]. It has
been reported that miR-210 protects cardiomyocytes against
apoptosis under hypoxic conditions [10] and protects stem
cells against oxidative stress [11]. However, some studies
identified miR-210 as a proapoptotic component in human
pulmonary artery epithelial cells [12] and in a human lung
cancer cell line [13]. Therefore, the role of miR-210 in apopto-
sis in different cell types and under different conditions needs
further investigation.

Some studies have indicated that miR-210 exerts anti-
apoptosis action by downregulating caspase-8-associated
protein 2 (CASP8AP2) in stem cells under hypoxic condi-
tions [5]. CASP8AP2 (or FLICE-associated huge protein), a
1,962-amino acid-long protein, takes part in several cellular
processes, such as mRNA processing, cell cycle, apoptosis,
and transcriptional control [14]. CASP8AP2 was identified
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as a proapoptosis member that acts via binding the death
effector domains of procaspase-8, which activates caspase-
8 and its downstream caspases, including caspase-3, thereby
participating in the extrinsic apoptosis pathway mediated by
CD95 [15, 16].

However, the effect of miR-210 on endothelial cells
under oxidative stress remains unclear. In this study, we
investigated the effects of miR-210 on apoptosis and the
underlying mechanism in human umbilical vein endothelial
cells (HUVECs) treated with hydrogen peroxide (H,O,),
which has been commonly used to induce oxidative stress
in in vitro models [17]. We found that miR-210 protected
HUVECs against oxidative stress by reducing ROS generation
and downregulating the CASP8AP2 pathway.

2. Materials and Methods

2.1. Cell Culture. HUVECs were obtained from the Depart-
ment of Cardiology of The Second Hospital of Jilin University
and cultured in a humidified incubator at 5% CO, and 37°C.
The complete growth medium for this cell line consisted
of the vascular cell basal medium (ATCC, USA) with the
endothelial cell growth kit-BBE (ATCC, USA) and contained
the following components: 2% fetal bovine serum, 0.2%
bovine brain extract, 10 mmol/L L-glutamine, 1 4g/mL hydro-
cortisone hemisuccinate, 5 ng/mL rhEGE, 50 pug/mL ascorbic
acid, and 0.75 units/mL heparin sulfate.

2.2. Lentivirus Infection of HUVECs. A replication-deficient
lentivirus was purchased from Sangon Biotech (Shanghai,
China), encoding the human miR-210 precursor (pre-210),
miR-210 inhibitor (anti-miR-210), or miR-scramble (miR-Scr,
without miR-210 as a control) labeled with green fluorescent
protein. 5uL of lentiviral vectors was added per well for
transduction of HUVECs in 6-well plates (1 x 10> cells/well)
for 12h. Fresh complete growth medium was subsequently
added to replace the medium. To eliminate nontransduced
cells, puromycin (Sigma-Aldrich, USA) was added to the
medium at a final concentration of 4 yg/mL [18], and the
medium was incubated for at least 72h. The transduced
cells were then stained with DAPI and observed with a
fluorescence microscope. The Image J software was used to
quantitate the transduction efficiency.

2.3. DAPI Staining. After transduction with the lentivirus,
cells were stained with DAPI to visualize the nucleus. Cells
were cultured in a 6-well plate and fixed in 4% paraformalde-
hyde for 25 min at room temperature (25°C). Subsequently,
cells were incubated with DAPI for 10 min and washed with
PBS thrice.

2.4. Transfection. HUVECs were transfected in 6-well plates
using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
HUVECs were transfected with miR-210 mimics, miR-210
inhibitor, or negative control (NC) (GenePharma, Shanghai,
China) at approximately 80% confluence.
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2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Detection. MTT detection was used to evaluate
the viability of HUVECs treated with different concentra-
tions of H,O, and the effect of miR-210 on cell viability.
Cells in a 96-well plate (1 x 10* cells/well) were treated
with different concentrations of H,0, (0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0 mmol/L) for 24h. MTT (Biosharp, China) was
added to each well, and the wells were incubated for 4h at
37°C. Subsequently, the medium was removed, and dimethyl
sulfoxide (Sigma-Aldrich, USA) was added (150 uL/well) to
solubilize the formazan crystals. Optical density was mea-
sured at 570 nm with a Varioskan Flash microplate reader
(Thermo Scientific, USA), and cell viability was calculated as
a percentage of the control optical density.

2.6. ATP Assay. To further evaluate cell viability, a lumines-
cent ATP assay kit, CellTiter-Glo® Luminescent Cell Viability
Assay (Promega, USA), was employed. Cells were treated
with different concentrations of H,0, (0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0 mmol/L) for 24h in a white 96-well plate (1 x
10* cells/well). After the treatment, 100 uL of CellTiter-Glo
Reagent was added per well. The luminescence was then
detected with a Varioskan Flash microplate reader (Thermo
Scientific, USA). Cell viability was calculated as a percentage
normalized to the control group.

2.7. Flow Cytometry. To detect apoptosis and determine ROS
level of HUVECs treated with different concentrations of
H,0, and to assess the effect of miR-210, flow cytometry
experiments were performed with the FACSCalibur system
(BD Biosciences, USA). After treatment with different con-
centrations of H,0, (0, 0.5, and 1.0 mmol/L), PE Annexin
V Apoptosis Detection kit I (BD Biosciences, USA) was
used following the protocol for apoptosis detection. After
transfection with miR-210 mimics, miR-210 inhibitor, or
negative control, cells were dealt with H,O, (0.5 mmol/L).
A Reactive Oxygen Species Assay Kit (Beyotime, China) was
used following the protocol for ROS detection.

2.8. Quantitative PCR. Total RNA was extracted using
Eastep® Super Total RNA Extraction Kit (Promega, USA)
following the protocol. The quality of the extracted RNA
was evaluated with a NanoDrop 2000 Spectrophotometer
(Thermo Scientific, USA). To detect miR-210 expression
levels, RNA was reverse-transcribed into cDNA by using the
miRcute miRNA First-Strand cDNA Synthesis Kit (TIAN-
GEN Biotech, China) according to the protocol. To determine
expression profiles of apoptosis-related genes, RNA was
reverse-transcribed into ¢cDNA by using the TransScript
One-Step gDNA Removal and cDNA Synthesis SuperMix
Kit (TransGen Biotech, China) following the manufacturer’s
instructions. Thereafter, qRT-PCR was performed in the
LightCycler 480 system (Roche, Switzerland) with TransStart
Green qPCR SuperMix (TransGen Biotech, China). U6 was
selected as the reference gene. qRT-PCR conditions were set
as follows: 95°C for 1 min followed by 40 cycles of 95°C for 20 s
and 61°C for 31s. All primers were purchased from Sangon
Biotech, China.
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FIGURE I: H, 0, induces cell death in a dose-dependent manner. (a) The effect of H,O, on HUVECs viability compared to untreated control
cells shown by the MT T assay. (b) Evaluation of HUVECs viability under H,O, treatment using the ATP assay. (c) HUVECs were treated with
0, 0.5, or 1.0 mmol/L H, O, for 24 h, and apoptosis was assessed by flow cytometry. (d) Flow cytometry analysis showed that H,O, induced

HUVEC apoptosis in a dose-dependent manner. Alln = 3, *p < 0.05.

2.9. Western Blot. After 24 h of treatment with H,O, (0 or
0.5mmol/L), HUVECs were lysed using the radioimmuno-
precipitation assay buffer with protease inhibitors, 1mM
phenylmethylsulfonyl fluoride, and mercaptoethanol. The
homogenate was centrifuged for 15 min at 4,500 rpm at 4°C,
and the supernatant was used for sodium dodecyl sulfate

polyacrylamide gel electrophoresis at 20 ug of total protein
per lane, followed by transfer to a polyvinylidene fluoride
membrane. The membranes were blocked with nonfat dry
milk for 90 min at room temperature and incubated with
primary monoclonal rabbit anti-CASP8AP2 (1:200; Santa
Cruz Biotechnology, USA), monoclonal rabbit anti-caspase-8
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FIGURE 2: H,O, increased miR-210 expression. (a) Incubation with H,O, at different concentrations (0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mmol/L)
for 24 h increased miR-210 expression compared that in untreated control cells. miR-210 expression was highest at 1.0 mmol/L. (b) HUVECs
were treated with H,0, at 0.5 mmol/L for 2, 4, 6, 8, 12, 16, and 24 h. miR-210 expression increased in all cases compared to that in untreated

control cells. Alln = 3, *p < 0.05.

(1:1000; Cell Signaling Technology, USA), monoclonal rabbit
anti-caspase-3 (1:1000; Cell Signaling Technology, USA),
and monoclonal mouse anti-fB-actin (1:2000; Proteintech,
USA) antibodies, followed by incubation with a secondary
horseradish peroxidase-conjugated anti-rabbit IgG antibody
or anti-mouse IgG antibody (1:1000; Beyotime, China). The
blots were visualized using the SuperSignal West Pico kit
(Thermo Scientific, USA). The relative expression level of
each protein was normalized to that of -actin.

2.10. Statistical Analysis. Data are reported as means + SE.
Statistical analysis was performed using SPSS13.0 (IBM,
USA). For all experiments, Student’s ¢-test was employed to
assess statistical significance, and the threshold was set at
p =0.05.

3. Results

3.1. The Effect of H,0, on Cell Viability and miR-210 Expression
in HUVECs. HUVECs were treated with different concen-
trations of H,O, (0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mmol/L),
and cell viability was tested using the MTT assay and ATP
assay. As shown in Figures 1(a) and 1(b), the viability of
HUVECs was reduced with increasing H,O, concentrations
compared with that of control cells (p < 0.05). Apoptosis
of HUVECs treated with different concentrations of H,O,
(0, 0.5, and 1.0 mmol/L) was evaluated by performing flow
cytometry to determine whether H,O,-induced apoptosis
contributed to cell viability variation (Figures 1(c) and 1(d)).
The results demonstrated that H,O, induced apoptosis in a
dose-dependent manner (p < 0.05).

We then tested the expression of miR-210 in HUVECs
with qPCR in response to stimulation with H,O, at different
concentrations (0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mmol/L).
miR-210 expression increased (p < 0.05; Figure 2(a)),
with the highest value observed at 1.0 mmol/L. In addition,
we investigated the dependence of miR-210 expression on

duration of H,0, stimulation. In HUVECs treated with
H,0, at 0.5 mmol/L for 0, 2, 4, 6, 8, 16, and 24 h, miR-210
expression increased (p < 0.05; Figure 2(b)). These results
indicated that miR-210 was involved in HUVEC apoptosis
induced by H,O,.

3.2. The Effect of miR-210 on HUVEC Apoptosis in Response
to H,0,. Since miR-210 expression increased in HUVECs
treated with H,0O,, we tested the effect of miR-210 on
HUVECs apoptosis upon H,O, treatment using gain-and-
loss-of-function approaches. HUVECs were transduced with
lentiviral vectors and observed under a fluorescence micro-
scope (Figure 3(a)). The Image J software was used to quan-
titate the transduction efficiency (Figure 3(b)). The mean
transduction efficiency of miR-Scr, pre-210, and anti-miR-210
was 0.88, 0.89, and 0.86, respectively. qRT-PCR showed that
miR-210 expression levels were increased in the pre-210 cell
line and decreased in the anti-miR-210 cell line compared
with that in normal HUVECs (all p < 0.05). The level of
miR-210 in the control cell line transfected with miR-Scr
did not differ from that in normal HUVECs (Figure 3(b)).
Moreover, during H, O, stimulation (0.5 mmol/L, 24 h), miR-
210 expression increased in the pre-210 cells and decreased
in the anti-miR-210 cells compared with the miR-Scr cells
(Figures 3(c) and 3(d)) (all p < 0.05).

We then investigated the effect of miR-210 on survival
by treating HUVECs transduced with pre-210, anti-miR-210,
and miR-Scr with H, O, at different concentrations. The MTT
assay showed that the cell viability ratio increased in pre-
210 HUVECs at all H,O, concentrations and decreased in
anti-miR-210 HUVECs treated with H,O, at 0.2, 0.5, 1.0, and
1.5 mmol/L compared with miR-Scr HUVECs (Figures 4(a)
and 4(b)). Similar results were obtained with the ATP assay.
Under H, O, treatment, cell viability also increased in pre-210
HUVECs at all concentrations and decreased in anti-miR-
210 HUVEC:s at 0.1, 0.2, 0.5 and 1.0 mmol/L compared with
miR-Scr HUVECs (Figures 4(c) and 4(d)). In agreement, flow
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FIGURE 4: miR-210 reduced cell death in HUVECS treated with H,O,. (a) MTT assay results showing that miR-210 overexpression increased
cell viability compared with that of miR-Scr HUVECs upon H, O, treatment. (b) MTT assay results showing that miR-210 inhibition decreased
cell viability compared with that of miR-Scr HUVECs upon H, O, treatment. (c) ATP assay showing that miR-210 overexpression increased
cell viability compared with that of miR-Scr HUVECs upon H,O, treatment. (d) ATP assay showing that miR-210 inhibition decreased cell
viability compared with that of miR-Scr HUVECs upon H, O, treatment (e) Flow cytometry of the three transduced lines of HUVEC:s treated
with H,0, (0.5 mmol/L, 24 h). (f) Flow cytometry analysis showing that miR-210 protected HUVECs from apoptosis during H,O, treatment.

Alln=3,"p < 0.05.

cytometry showed that the cell apoptosis ratio decreased in
pre-miR-210 cells and increased in anti-miR-210 cells upon
treating with H,O, at 0.5 and 1.0 mmol/L (p < 0.05; Figures
4(c) and 4(d)).

3.3. The Effect of miR-210 on ROS Generation in HUVECs
in Response to H,0,. To investigate the effect of miR-210
on ROS generation, the cells were transfected with miR-210
mimics, miR-210 inhibitor, or NC, and ROS levels were deter-
mined after H,O, treatment (0, 0.5mmol/L, 24 h). Based
on the results of qPCR (see S1 Fig in Supplementary Mate-
rial available online at https://doi.org/10.1155/2017/3565613),
miR-210 expression increased after transfection with miR-
210 mimics and decreased after transfection with the miR-
210 inhibitor compared with that of untransfected HUVECs.
No difference was found between untransfected HUVECs
and those transfected with the NC. ROS levels (Figure 5)
increased in the NC group and were higher in the miR-
210 inhibitor-transfected cells upon H,O, treatment. Over-
expression of miR-210 decreased the ROS levels during H,O,
treatment when compared with cells transfected with the NC.

3.4. H,O, Effect on Relative Expression of Genes of the
CASP8AP2 Pathway in HUVECs. Since the CASP8AP2 path-
way plays an important role in apoptosis, we investigated
its contribution to the H,O,-induced apoptosis in HUVECs.
The miR-Scr cells were treated with H,O, at 0 or 0.5 mmol/L
for 24 h, and expression of genes of the CASP8AP2 pathway
was detected. There were no differences in mRNA expression
after the H,0O, treatment (S2 Fig). However, Western blot

results showed that, at protein level, CASP8AP2 expression
increased after H,O, treatment compared to the control
(p < 0.05). In agreement, the cleaved caspase-8/caspase-8
and cleaved caspase-3/caspase-3 ratios were also increased
(all p < 0.05) (Figures 6(a)-6(c)). These results indicated that
the CASP8AP2 pathway was involved in HUVEC apoptosis
during H,O, treatment.

3.5. The Effect of miR-210 on the Expressions of CASPS8AP2
Apoptosis Pathway-Related Genes in HUVECs Stimulated with
H,0,. Since the CASP8AP2 pathway was involved in H,O,-
mediated apoptosis, we investigated whether an association
of the anti-apoptotic effect of miR-210 with CASP8AP2
pathway regulation existed. In HUVECs transduced with
pre-210, anti-miR-210, and miR-Scr under H,O, treatment
(0 and 0.5 mmol/L, 24 h), no differences were found in the
mRNA expression of CASP8AP2, caspase-8, or caspase-3 (S2
Fig). Nevertheless, protein expression of these genes differed
in the three cell lines. CASP8AP2 expression was decreased
in the pre-210 cells and increased in the anti-miR-210 cells
compared with the miR-Scr cells (in cells both treated and not
treated with H,O,, all p < 0.05; Figures 6(a) and 6(d)). With-
out H, O, treatment, there were no differences in the caspase-
8 cleavage or caspase-3 cleavage in the pre-210, anti-miR-210,
and miR-Scr cells. However, under H,O, stimulation, both
caspase-8 cleavage and caspase-3 cleavage decreased in the
pre-210 cells and increased in the anti-miR-210 cells versus
the miR-Scr cells (all p < 0.05; Figures 6(b), 6(c), 6(e), and
6(f)). These results revealed that miR-210 downregulated the
expression of CASP8AP2 pathway-related proteins.
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FIGURE 5: miR-210 reduced ROS generation in HUVECS treated with H,0O,. (a) HUVECs were transfected with miR-210 mimics, miR-210
inhibitor, or NC and subsequently treated with H,O, for 24h (0, 0.5 mmol/L). Cells were collected and incubated with 10 uM DCFH-DA
for 20 minutes according to the manufacturer’s instructions. After the incubation, the cells were washed with warm PBS, and ROS levels
were analyzed by flow cytometry. (b) Quantification of mean fluorescent intensity in each group. Stars above bars refer to p values between
NC-transfected cells treated with H,O, and the corresponding group. Alln = 3, *p < 0.05.

4. Discussion

Endothelial cell apoptosis under oxidative stress plays a
critical role in the initiation and progression of atheroscle-
rosis [17]. In this study, we found that H,O, induced
HUVEC apoptosis through CASP8AP2 pathway activation.
In addition, H,O, stimulation upregulated the expression of
miR-210, which protected HUVECs against H,O,-induced
apoptosis by reducing ROS generation and affecting the
CASP8AP2 pathway.

We found that H,0, induced HUVEC apoptosis in a
dose-dependent manner. In addition, CASP8AP2 pathway-
related proteins were upregulated by the H,O, treatment,
which further contributed to the process of apoptosis.
CASP8AP?2 is a member of the apoptosis signaling complex

that activates caspase-8, which results in the activation
of caspase-3, eventually leading to apoptosis [5, 19]. In
agreement, our results showed that the CASP8AP2 protein
expression level increased in miR-Scr HUVECS treated with
H,0O,. Furthermore, we found that the cleaved caspase-
8/caspase-8 and cleaved caspase-3/caspase-3 ratios increased,
reflecting elevated activation of the initiator and effector
caspases (caspase-8 and caspase-3, resp.) that intensified
apoptosis. Therefore, activation of the CASP8AP2 pathway
leads to apoptosis in HUVECs under oxidative stress.
Moreover, miR-210 was upregulated in HUVECs during
H,0O, stimulation. Some studies, including our previous
work, showed that miR-210 upregulation had an antiapop-
totic effect in the rat HOC2 cell line [9], human mesenchymal
stem cells [20], and mouse myoblast C2C12 cell line [21].
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FIGURE 6: miR-210 downregulated CASP8AP2 pathway-related genes at the level of protein expression. (a) A Western blot showing that
CASP8AP2 protein levels increased upon H,O, treatment. miR-210 overexpression decreased the expression of CASP8AP2 in both H,O,-
treated and untreated cells. (b) A Western blot showing that the cleaved caspase-8/caspase-8 ratio increased upon H,0O, treatment. miR-
210 overexpression decreased the cleaved caspase-8/caspase-8 ratio upon H,O, treatment. (c¢) A Western blot showing that the cleaved
caspase-3/caspase-3 ratio increased upon H,O, treatment. miR-210 overexpression decreased the cleaved caspase-3/caspase-3 ratio upon
H,O, treatment. (d) A Western blot showing that miR-210 inhibition increased CASP8AP2 protein levels in both the treated and untreated
groups. (e) A Western blot showing that miR-210 inhibition increased the cleaved caspase-8/caspase-8 ratio upon H,O, treatment. (f) A
Western blot showing that miR-210 inhibition increased the cleaved caspase-3/caspase-3 ratio upon H,O, treatment. Alln = 3, *p < 0.05.

However, other studies showed that miR-210 had a proapop-
totic effect in pulmonary artery epithelial cells [12], human
lung cancer cell line [13], and esophageal cancer cell line
[22]. Of interest, previous study demonstrated that miR-210
played different roles in HCT116 and MCF?7 cells at different
conditions [23]. In particular, miR-210 played a proapoptotic
role at normal oxygen levels and an antiapoptotic role
under hypoxia [23]. Our study found that miR-210 protected
HUVECs against H,0,-induced apoptosis. In line with our
results, Fasanaro et al. reported that miR-210 also had a
prosurvival effect on HUVECs under hypoxia [6].

Furthermore, we found a negative correlation between
miR-210 level and ROS generation upon H,O, treatment.
Increased ROS production is known to accelerate cell impair-
ment. Our results indicated that miR-210 protected cells
against apoptosis, which could be attributed to reduced ROS
production under oxidative stress. Similar results were found
in cardiomyocytes [4], mesenchymal stem cells [11], and
ischemic hindlimbs [21]. However, contrasting results were
obtained in colorectal cancer cells [24] and adipose-derived
stem cells [25]. These differences could be due to the different
cellular contexts. The underlying molecular mechanism of
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the reduced ROS generation could be related to the regulation
of the c-Met pathway [11] and the expression of iron-sulfur
cluster scaffold homolog [23].

We found that the antiapoptotic effect of miR-210 was also
associated with the CASP8AP2 pathway. Overexpression of
miR-210 inhibited the protein expression level of CASPSAP2
and thus decreased the cleaved caspase-8/caspase-8 ratio
during H,O, treatment, while miR-210 inhibition led to the
opposite effect. These results suggested that miR-210 down-
regulated the CASP8AP2 pathway under oxidative stress.

Although CASP8AP2 was identified as a target of miR-
210 in bone marrow-derived mesenchymal stem cells under
anoxia [5], Barile et al. found no association between miR-210
and CASP8AP2 in HL-1 cells [26], which indicates that the
target genes of miR-210 may vary with different cell types and
conditions. Moreover, numerous studies identified several
other target genes of miR-210, including Efna3 [27], neuronal
pentraxin 1 [28], E2f3 [29], PTPN2 [30], and ptpIb [10],
suggesting that miR-210 has diverse roles in angiogenesis,
DNA repair, cell cycle, migration, and apoptosis. Further
studies on the association between miR-210 and other poten-
tial target genes in HUVECs under oxidative stress need to be
conducted.

Of note, we found no differences in mRNA expression of
CASP8AP2, caspase-8, and caspase-3 during H, O, treatment
versus control cells. It is possible that alterations in mRNA
expression occurred prior to the changes in protein levels.
Our results indicate that miR-210 protects HUVECs against
oxidative stress in in vitro models. However, further research
is needed to investigate the role of miR-210 in in vivo models
and determine the underlying mechanisms.

5. Conclusions

We observed that miR-210 expression increased in HUVECs
treated with H,O,. Moreover, miR-210 played a prosur-
vival and antiapoptotic role in HUVECs under oxidative
stress by reducing ROS generation and downregulating the
CASP8AP2 pathway. However, apoptosis-related pathways
other than the CASP8AP2 pathway are known to exist.
Further research on the relationship between miR-210 and
these pathways is warranted. Our result may potentially lead
to a new strategy for protecting against endothelial injury in
atherosclerosis.
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