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miR-22 protect PC12 from ischemia/reperfusion-induced injury by targeting p53
upregulated modulator of apoptosis (PUMA)
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ABSTRACT
MicroRNAs have been implicated as critical regulatory molecules in many cerebrovascular dis-
eases. Recent studies demonstrated miR-22 might provide a potential neuroprotective effect.
However, the neuroprotective effect of miR-22 in ischemia/reperfusion (I/R) injury has not been
thoroughly elucidated. In this study, the PC12 cells were subjected to 4 h oxygen and glucose
deprivation (I) and 24 h reoxygenation (R). The PC12 cells were pre-transfected with miR-22 or
anti-miR-22 or siRNA-mediated downregulation of p53-upregulated-modulator-of-apoptosis
(PUMA)(PUMA siRNA) or their controls at 24 h prior to exposure to I/R. Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and Western blot were employed to analyze
mRNA and protein expression. PI and Annexin V assays and terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay were used to quantify the rate of apopto-
sis. We found that miR-22 expression was significantly downregulated in the PC12 cells subjected
to I/R. Loss of function of miR-22 increased PC12 apoptosis after I/R, and overexpression of miR-22
decreases PC12 apoptosis after I/R. PUMA protein was upregulated in the I/R group as compared
with the sham group. The increased PUMA protein expression and apoptosis induced by I/R was
reversed by transfection with PUMA siRNA. We concluded that I/R enhanced apoptosis and PUMA
expression in PC12 cells via downregulation of miR-22. Enhanced miR-22 expression reversed both
PUMA expression and apoptosis induced by I/R in PC12 cells. miR-22/PUMA axis has important
implications for their clinical applications.
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Introduction

Cerebral ischemia is a serious condition asso-
ciated with vascular disease, affecting patients
worldwide. Despite hundreds of promising pre-
clinical trials demonstrating efficacy of neuron-
targeted therapies in animal models of stroke, the
only clinical treatment remains early restoration
of blood flow with thrombolysis [1]. The failure
to translate neuron-targeted approaches to useful

clinical therapy suggests that alternative cellular
targets in the brain may more effectively coordi-
nate the complex intra- and intercellular signal-
ing cascades that contribute to neuronal injury.
Although the apoptosis is a prominent cellular
injury mechanism, understanding the mechan-
isms underlying cerebral neuron apoptosis is
still the key prerequisite for the treatment of
brain ischemia/reperfusion (I/R) injuries effec-
tively [2,3].
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MiRs are a class of small noncoding RNA mole-
cules (~22 nts) found in most eukaryotes, including
humans [4]. Its discovery has largely broadened our
understanding of the mechanisms that regulate gene
expression in various physiological and pathological
conditions. It is known that miRNAs can induce
translational silencing and repress target protein
production through binding to the 3′-UTR region
of the target mRNA [5]. The brain, of all other
mammalian organs, expresses the highest number
of microRNAs (miRs) [6] and therefore they have
been considered as essential modulators of many
brain functions in both physiological and pathologi-
cal conditions [7–10]. In glia, miRs have been shown
to play an important role in the cellular response to
ischemic injury. In particular, miRs can alter the
expression of proteins that both directly and indir-
ectly modulate glial mitochondrial function [9,10].
miR-22-5p (miR-22) belongs to a small non-coding
RNA family and functions in the gene silencing and
post-transcriptional regulation of mRNA. Growing
evidence supports that miR-22 is involved in multi-
ple cellular biological processes, such as organ or cell
ischemia/reperfusion injury. Yang et al. reported
that adenovirus-mediated miR-22 overexpression
markedly reduced the release of creatine kinase and
lactate dehydrogenase, infarct size and cardiomyo-
cytes apoptosis [11]. However, in H9c2 cardiomyo-
cyte, it was found that miR-22 overexpression
aggravated, whilst miR-22 inhibitor significantly
attenuated H/R-induced mitochondrial damage
[12]. Li et al. reported that compared with the
sham group, miR-22 was upregulated in a model of
spinal cord ischemia in Sprague Dawley rats but
downregulated during reperfusion [13]. However,
wang et al. reported that miR-22 mRNA level in
the brain tissue of cerebral ischemia–vreperfusion
rats was significantly decreased, and enforced miR-
22 expression exerted the neuroprotective effect via
the PI3K/Akt signaling pathway [14]. Yu et al.
reported that miR-22 overexpression resulted in
decreased cerebral I/R injury followed by reduced
inflammatory cytokines and cortical neurons apop-
tosis [15]. The data indicated that miR-22 exerts
different functions and mechanisms in I/R-induced
injury in different organs and cells.

PUMA (p53 upregulated modulator of apoptosis)
is a pro-apoptotic member of the BH3-only subgroup

of the Bcl-2 family. PUMA inhibits all the five anti-
apoptotic proteins (Mcl-1, Bcl-2, Bcl-XL, Bcl-W and
A1) and directly triggers apoptosis mediated by pro-
apoptotic proteins Bax/Bak [16]. Recently it has found
that targeting lncRNA myocardial infarction-
associated transcript (MIAT) protects against H9c2
cardiomyoblasts H/R injury or myocardial I/R injury
via inhibition of cell apoptosis, mediated by NF-κB
and PUMA signal pathway [17]. PUMA is an essential
mediator of cardiomyocyte death upon I/R injury and
offers therapeutic target to limit cell loss in ischemic
heart disease via inhibiting cell apoptosis [18]. Wu
et al. reported that PUMA is activated by oxidative
stress in response to I/R to promote p53 independent
apoptosis in the small intestine through the mito-
chondrial pathway, and Inhibition of PUMA pro-
tected against I/R-induced intestinal injury and
apoptosis [19]. Wang et al. reported that suppressing
p53/Puma-mediated mitochondrial caspase-9/3
apoptosis pathway protected OGD/R or I/R-induced
injury in PC12 cells and cerebral ischemia [20].
Therefore, regulating the levels and function of
PUMA is expected to become a new therapeutic target
against I/R.

Recent studies have shown that few miRNAs
can regulate PUMA activity directly or indirectly.
For example, miR-29a mimic protects and miR-
29a inhibitor aggravates cell injury and mitochon-
drial function after ischemia-like stresses in vitro
via regulating PUMA expression [21]. In renal cell
carcinoma, enforced overexpression of miR-22 in
renal cancer cells inhibited proliferation and
induced cell apoptosis via activating p53 and its
downstream target p21 and PUMA, and the apop-
tosis markers cleaved CASP3 and PARP [22].
miR-22 was downregulated and PUMA was upre-
gulated in cerebral I/R injury [15,20]. In the pre-
sent study, we investigated the role and
mechanisms of miR-22 in PC12 cells subjected to
I/R. We found that miR-22 was downregulated in
PC12 cells subjected to I/R. Enforced miR-22 was
able to repress pro-apoptotic target PUMA and
attenuate cell apoptosis, respectively, thus contri-
buting to PC12 cell protection induced by I/R
injury. Therefore, miR-22/PUMA signals may pro-
vide a new insight to develop an effective pharma-
cological or genetic agent aimed at the molecular
target.
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Materials and methods

Cell culture
Rat pheochromocytoma-derived cell line (PC12)
was obtained from American Type Culture
Collection (ATCC, Shanghai, China) and main-
tained at 37°C in a humidified atmosphere (90%)
containing 5% CO2. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
with 10% (v/v) heat-inactivated FBS, 100 Uml−1
penicillin, and 100 mg/ml−1 streptomycin.

miR-22 mimics and inhibitors transfection
To inhibit the expression of miR-22 in PC12, we
transfected mirVanna miRNA inhibitors (Life
Technologies) specific to miR-22 (anti- miR-22) or
a miR inhibitor negative control (anti-miR-NC)
using Lipofectamine 2000 reagent (Invitrogen) as
the manufacture’s instruction. For gain-of-function
studies, we transfected the cells with a miR mimic
negative control (miR-NC), miR-22 mirVanna
mimics (miR-22) (Life Technologies). Transfected
cells were incubated overnight in serum-free med-
ium supplemented with 0.1% BSA, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 7.4), and 1% penicillin. To block the
PUMA expression, the PUMA siRNA or control
siRNA (Sigma-Aldrich) was transfected with PC12
cells for 8 h before I/R.

The miR-22 mimics, inhibitor, NC were designed
and subsequently synthesized by Life Technologies.
The hsa-miR-22-3p mimic sequences (named miR-
22 mimic): sense: 5′-AAGCUGCCAGUUGAAGA
ACUGU-3′, and the negative control duplex (miR-
NC): sense: 5′-ACUACUGAGUGACAGUAGA-3′.
miR-22 inhibitor (anti-miR-22): 5′-ACAGUUCUU
CAACUGGCAGCUU-3′; anti-miR- NC: 5′-CAGU
ACUUUUGUGUAGUACAA-3′. The siRNA
sequences (sense strands) against PUMA: 5′-GAG
CGGCGGAGACAAGAAGA GUU-3′; and control
sense, 5′-ACUUAACCGGCAUACCGGC-3′, were
purchased from Thermo Fisher Scientific. All
in vitro assays were determined 0–48 h after trans-
fection when maximum knockdown efficiency was
reached.

Luciferase reporter assay
Wild-type (wt) ormutant (mut) of 3ʹ-UTR of PUMA
were inserted into pGL3-Basic vector (Promega,

Madison, Wisconsin) and named as wt-PUMA or
mut-PUMA. After 24 h of incubation, the cells were
co-transfected with wt-PUMA or mut-PUMA (500
ng) and miR-22 mimic or miR-NC (50 nM) using
Lipofectamine 2000. Twenty-four hours after trans-
fection, luciferase activity was measured using dual-
luciferase reporter assay (Promega) with Renilla luci-
ferase as internal control.

In vitro simulated I/R
PC12 plated on coverslips or six-well plates were
transfected with miR inhibitors or miR mimics,
washed with 1 × PBS, and placed in an ischemia
buffer that contained (in mM) 118.0 NaCl, 24.0
NaH2CO3, 1.0 NaHPO4, 2.5 CaCl2, 1.2 MgCl2,
20.0 sodium lactate, 16.0 KCl, and 10.0 2-deoxy-
glucose (pH 6.2). PC12 cells were then incubated
in an anoxic chamber (5% CO2-0% O2) for 1 h
followed by replacement of the ischemic buffer
with normal cell medium and were incubated
under normoxic conditions for 4 h to complete
the IR (I/R) protocol as described [23]. Coverslips
or plates were processed for qRT-PCR, Western
blot and apoptosis assay.

RNA isolation and quantitative real-time RT-PCR
TaqMan MicroRNA Assays (Applied Biosystems,
South San Francisco, CA, USA) were used to quan-
tify the levels of mature miRNAs, following the
manufacturer’s instructions. The miRNAs were iso-
lated from cells using the mirVana miRNA isolation
kit (Applied Biosystems), and the specific primers
for detecting miR-22 were purchased from Applied
Biosystems. Reverse transcription was determined
using the TaqMan microRNA reverse transcription
kit (Applied Biosystems) according to the manufac-
turer’s instructions. U6 snRNA (U6) was as an endo-
genous control. The following reaction components
were used for the probe: 1.33 μl cDNA, 10.00 μl
2 × TaqMan Universal PCR Master Mix (Life
Technologies), 1.00 μl probe, and 7.67 μl water in
a 20.00-μl total volume. Each TaqMan Assay was
conducted in triplicate.

Western blot assay
Thecellswere lysed inRIPAbuffer (Sigma).Theproteins
were separated using SDS-polyacrylamide gel electro-
phoresis and were transferred to nitrocellulose
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membranes. The membranes were blocked using 5%
skim milk in Tris-buffered saline containing Tween
and incubated with primary antibodies directed against
PUMA, cleaved-caspase-3 (anti-rabbit polyclonal anti-
body, Cell Signaling Technology) or β-actin (anti-mouse
polyclonal antibody, Sigma) overnight at 4°C. Themem-
branes were then incubated with horseradish peroxi-
dase-conjugated secondary antibodies (Santa Cruz
Biotechnology). The blottedmembranes were visualized
using enhanced chemiluminescence reagents (GE
Healthcare). Wes
tern blot quantification was determined using ImageJ
software.

PI and Annexin V assays for apoptosis detection
After in vitro I/R treatment, PC12 cells were col-
lected in 48-h reperfusion time points and then
washed with PBS twice. Following centrifugation,
the PBS was discarded and the cells were stained
with Annexin V-FITC and PI staining kit (BD
Biosciences) for 15 min at room temperature in the
dark. Flow cytometric analysis was determined using
the Becton Dickinson FACSCalibur cytometer. Both
early (Annexin V-positive, PI-negative) apoptotic
cells and late (Annexin V-positive and PI-positive)
apoptotic cells were analyzed. Totally, 10,000 cells
were analyzed per sample.

Cell apoptosis by TUNEL staining
DNA fragmentation was detected in situ using term-
inal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay as the
previous report [24]. In brief, PC12 cells were incu-
bated with proteinase K, and DNA fragments were
labeled with fluorescein-conjugated dUTP using
terminal deoxynucleotidyl transferase (Roche
Diagnostics). The total number of nuclei was deter-
mined by manual counting of 4ʹ, 6-diamidino-
2-phenylindole (DAPI)-stained nuclei in six random
fields per coverslip (original magnification, ×200).
All TUNEL-positive nuclei were counted in each
coverslip. Digital photographs of fluorescence were
acquired with a Zeiss microscope (ApoTome.2; Carl
Zeiss) and processed with Adobe Photoshop.

Statistical analysis

Statistical analysis was conducted using SPSS22.0
software. The difference between groups was

analyzed using unpaired or paired Student’s t-test
when there were only two groups or assessed by
one-way ANOVA followed by the Tukey’s multi-
ple comparison tests when there were more than
two groups. All tests carried out were two-tailed.
Differences were considered as significant when
p < 0.05.

Results

miR-22 was downregulated in PC12 subjected to I/R

To investigate the potential role of miR-22 involved
in I/R injury, quantitative real-time PCR was used
to detect the expression levels of miR-22 in PC12
cells subjected to I/R. As shown in Figure 1(a), the
miR-22 expression was significantly downregulated
in PC12 cells subjected to I/R at 12 h, and reached
the lowest level at 48 h. There was a sixfold decrease
compared to the normal condition groups at 48 h
(control) (P < 0.01). No significant change of miR-
22 expression was observed in the normal condition
groups (Figure 1(a)).

PUMA was upregulated in PC12 cells subjected to I/R
As shown in Figure 1(b,c), under normal condition,
no significant change of PUMA expression was
found in the PC12 cells during 0, 12, 24 and 48 h.
However, a significant increase in PUMA protein
expression was observed at the I/R-12 h compared
to the normal condition group. The expression of
PUMA further increased and reached a peak at 24 h
(p < 0.01). But PUMA expression was significantly
decreased at the I/R- 48 h. No significant change of
miR-22 expression was observed in the normal
condition groups (Figure 1(b,c)).

miR-22 directly regulates proapoptotic PUMA
We determined a bioinformatics search (TargetScan,
Pictar, RNhybrid) for putative mRNA targets of miR-
22. Among the candidate targets, we selected 3′ UTR
of human PUMA, which contained a region that
matched the seed sequences of miR-22 (Figure 2(a)).
Luciferase activity reporter assay revealed that miR-22
mimic transfection significantly reduced luciferase
activity of PC12cell lines transfected with wt-PUMA
but not mut-PUMA (Figure 2(b)).

To determine if miR-22 could affect PUMA
expression in cell lines, we downregulated miR-22
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Figure 1. Expression of miR-22 and PUMA in PC12 cells subjected to I/R. (a) miR-22 was detected by qRT-PCR in PC12 cells subjected
to I/R for 0–48 h. (b) Representative Western blot of PUMA in control and I/R groups. (c) The semiquantitative analysis of PUMA
protein in PC12 cells at reperfusion 48 h after ischemia period. Data are presented as ±SD. *p < 0.05,**p < 0.01.

Figure 2. PUMA is target of miR-22. (a) PUMA 3′ UTR contains one predicted miR-22 binding site. The alignment of the seed regions
of miR-22 with PUMA 3′ UTR is shown (b) miR-145 mimic transfection inhibits the luciferase activity of PC12 cells transfected with
wt-PUMA but not mut-PUMA. (c) anti-miR-22 transfection inhibited miR-22 expression in PC12 cells by qRT-PCR (d) miR-22
downregulation increased endogenous levels of PUMA protein in PC12 cells (e) miR-22 transfection increased miR-22 expression
in PC12 cells by qRT-PCR (f) miR-22 upregulation decreases endogenous levels of PUMA protein in PC12 cells. Data are presented as
±SD. **p < 0.01; *p < 0.05.
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in PC12 cells by anti-miR-22 transfection. Decreased
expression of this miRNA on transfection was con-
firmed by qRT-PCR (Figure 2(c)). miR-22 down-
regulation significantly increased the endogenous
levels of PUMA at protein levels compared with
PC12 cells transfected with the anti-miR (Figure 2
(d)). We also found that miR-22 upregulation
(Figure 2(e)) significantly decreased the endogenous
levels of PUMA at protein levels compared with
PC12 cells transfected with the miR-NC (Figure 2
(f)). Taken together, these results indicate that
PUMA is a direct target of miR-22.

Apoptosis was induced in PC12 subjected to I/R
As shown in Figure 3(a), the sub-G1 PC12 cell
percentages at reperfusion 48 h after ischemia
period were obviously higher than the controls.
Furthermore, the annexin V/PI staining showed
that the apoptotic cells are markedly increased
during I/R (Figure 3(b)). TUNEL staining of
PC12 cell in vitro in conjunction with I/R
showed similar results as annexin V/PI staining
(Figure 3(c)). The increase of caspase-3 cleavage
was also shown in PC12 cells during I/R
(Figure 3(d)).

miR-22 protects PC12 against apoptosis
To determine the importance of miR-22 for PC12
survival, we determined TUNEL staining of PC12
in vitro in conjunction with I/R. Loss of function
of miR-22 in PC cells increased PC12 cell apop-
tosis under both basal conditions compared to
the anti-miR-NC groups (P < 0.05, Figure 4(a))
and following I/R (P < 0.05, Figure 4(b)).
However, enforced miR-22 expression decreased
PC12 cell apoptosis under the conditions follow-
ing I/R compared to the miR-NC groups
(P < 0.05, Figure 4(c)).

miR-22 protects PC12 against apoptosis via
targeting PUMA
To further analyze the contribution of miR-22 target-
ing PUMA to the biological function of miR-22 in
PC12 subjected to I/R, we determined siRNA-
mediated inhibition of PUMA protein expression.
Western blot assay showed PUMA expression was
blocked in PUMA siRNA transfected PC12 cells
(Figure 5(a)). Cleaved-caspase-3 was also blocked in
PUMA siRNA transfected PC12 cells (Figure 5(a)). As
shown in Figure 5(b–d), following I/R or/and anti-
miR-22 treatment, targeting PUMA significantly

Figure 3. Cell apoptosis in PC12 cells during in vitro I/R. (a) Percentages of cells with the hypodiploid DNA content (sub-G1 cells)
were determined by flow cytometry. (b) Cell apoptosis was determined by Annexin V and PI dual staining and determined by flow
cytometry. (c) Cell apoptosis was determined by TUNEL staining. (d). The protein expression of cleaved-caspase-3 form was
determined by Western blotting. The ratio of densitometry units of cleaved caspase-3/β-actin was represented in I/R and control
groups. Data are presented as the mean ± SD in three independent experiments. **P < 0.05 as compared with the vehicle control
group.
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block anti-miR-22 or I/R-induced cell apoptosis com-
pared to the control siRNA groups by TUNEL
staining.

Discussion

In this study, we report a role for miR-22 in
mediating PUMA pro-apoptotic signaling in
PC12 cells following I/R injury. We also demon-
strate that the miR-22 is ischemic stress-responsive
protectors against PC12 apoptosis. PC12 lacking
miR-22 has an increased sensitivity to I/R-induced
apoptosis, whereas PC12 overexpressing miR-22
has decreased sensitivity to I/R-induced apoptosis.
Moreover, we identify that a molecular mechanism
of PC12 protection by miR-22 is the inhibition of
pro-apoptotic PUMA, which is target genes sup-
ported by our experimental evidences. Our find-
ings suggest that the identified miR-22/PUMA
may be involved in I/R-mediated neuroprotective
signaling.

It was previously known that I/R injury down-
regulated miR-22 and overexpression of miR-22
protected cells from apoptosis upon brain [14], car-
diac [11] and spinal cord ischemia [13], including

ischemia/reperfusion-induced cerebral injury [15].
The cellular mechanism of such protection was
investigated in rat and cell models. miR-22 was
shown to modulate several inflammation-related
genes (decreasing the activities of TNF-a, IL-6,
COX-2, iNOS, Caspase-3, NCOA1 and NF-kB,
while boosting IL-10 level) [11]. Previous publica-
tions have also shown that PUMA was upregulated
by I/R injury in mouse small intestine [19] and
cerebral astrocytes [20,21]. PUMA signaling could
induce Caspase-3 cleavage and activation [19–21].
The information mentioned above was re-proven in
our study (Figures 1, 3, 4 and 5(a))

It has previously shown that myocardial ischemia/
reperfusion (MI/R) downregulated miR-22 expres-
sion. And enforced expression of miR-22 attenuated
cardiomyocyte apoptosis and miR-22 target gene
CREB [11]. However, Du et al. reported miR-22
level was significantly increased in rat hearts sub-
jected to I/R injury [12]. H9c2 cardiomyocytes
exposed to I/R also exhibited an increase of miR-22
expression. In addition, miR-22 inhibitor attenuated,
whereas miR-22 mimic aggravated hypoxia/reoxy-
genation (H/R)-induced injury in H9c2 cardiomyo-
cytes [12].

Figure 4. Cell apoptosis in PC12 cells transfected with anti-miR-22 or miR-22 during in vitro I/R. PC12 was transfected with anti-miR-
NC or anti-miR-22 for 48 h. Cell apoptosis was determined by TUNEL staining. (b) PC12 was transfected with anti-miR-NC or anti-miR
-22 followed by in vitro I/R 24 h. Cell apoptosis was determined by TUNEL staining. (c) PC12 was transfected with miR-NC or miR-22
followed by in vitro I/R 24 h. Cell apoptosis was determined by TUNEL staining. **P < 0.05 as compared with the vehicle control
group.
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The clonal line PC12 originally derived from
a solid rat adrenal medulla tumor has been widely
characterized by the molecular, cellular, functional
and stress studies to the point of being used to test
validation of many compounds used in clinical
therapy [25,26]. The ischemic-PC12 neuronal
model [24,27] mimics in part stroke pathology
since it is composed of a two-phase strategy; an
OGD insult and a reperfusion (R) period which
restored oxygen to the insulted tissue. Chen et al.
reported that lncRNA ROR can promote the cere-
bral hypoxia/reoxygenation (H/R) injury in PC12
cells in vitro, a cellular model of cerebral ischemia/
reperfusion injury, through inhibiting the expres-
sion of miR-135a-5p or upregulating the expres-
sion of ROCK1 and ROCK2 [28]. Zheng et al.

reported that miR-130a expression was lower in
PC12 cells after OGDR and in rats after MCAO.
Moreover, ectopic-expression of miR-130a can sig-
nificantly improve cell survival rate and reduce cell
apoptosis and ROS production in PC12 cells after
OGDR [29]. Liang et al. reported that OGD/R (I/
R) treatment increased PC-12 cells’ injuries by
miR-125b upregulation, and inhibition of miR-
125b protects the PC-12 cells from OGD/
R-induced injury by regulating the CK2α/
NADPH oxidative signaling pathway [30].
Bioinformatics analysis confirmed miR-22 was
continuously upregulated in a model of spinal
cord following ischemia/reperfusion injury, but
the role and the mechanism of miR-22 in spinal
cord injury was unclear [13].

Figure 5. miR-22 inhibits cell apoptosis via targeting PUMA. PC12 cells were transfected with PUMA siRNA or/and anti-miR-22 or its
controls then subjected to I/R as the methods in the ‘Materials and methods’ section. (a) PUMA and cleaved-caspase-3 protein
expression was detected by Western blot assay; (b, c) Representative TUNEL staining in control and I/R groups; (d) The quantitative
analysis of cell apoptosis in control and I/R groups, *p < 0.05; **p < 0.01.
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In the present study, we used PC12 as the I/R
model in vitro. We demonstrated that the expres-
sion of miR-22 was much higher in the untreated
PC12 cells. After I/R, the expression of miR-22 was
significantly decreased in the PC12 cells, followed
by increased cell apoptosis. Gain-of-function and
loss-of-function approaches were used to investi-
gate the therapeutic potential of miR-22 in PC12
subjected to I/R. The overexpression of miR-22
decreased

I/R-induced cell apoptosis in PC12 cells, and
targeting miR-22 increased I/R-induced cell
apoptosis in PC12 cells, suggesting that miR-22
may be a potential therapeutic approach against
apoptosis for the clinical treatment of cerebral
I/R.

Previous studies have reported that under
‘ischemic’ conditions, the stressed PC12 cells exhibit
signs of apoptotic cell death as emphasized by a
decrease of the Bax protein in the cytosol, release of
cytochrome C from the mitochondria, activation of
caspase-3, reduction of cyclin D1 and an increased
DNA fragmentation [31–33]. It has recently found
that PUMA is activated by oxidative stress in response
to I/R to promote p53 independent apoptosis in the
small intestine through the mitochondrial pathway.
Inhibition of PUMA is potentially useful for protect-
ing against I/R-induced intestinal injury and apopto-
sis [19]. Li et al. reported that inhibition of aberrant
p53-PUMA feedback loop activation by intrathecal
treatment with si-PUMA and PFT-α prevented IR-
induced neuroapoptosis, inflammatory responses and
BSCB breakdown by inactivating caspase 3-mediated
apoptosis and NF-κB-mediated cytokine release [34].
Chen et al. reported that knockdown of PUMA led to
the depressed expression of Bax, cleaved caspase-9
and caspase-3 during OSGD/R, indicating that
PUMA is involved in the apoptosis of cerebral astro-
cytes upon I/R injury [35]. Our present study shows
a novel finding that PUMA is regulated by miR-22 in
PC12 cells. Moreover, we report for the first time that
PUMA is a target of miR-22. Our findings suggest
that inhibition of PUMA could be therapeutically
beneficial for cerebral disease. Given that the PUMA
apoptotic gene is target ofmiR-22 and are upregulated
in ischemic conditions, patients with cerebral decrease
with reduced levels of circulating miR-22 could be
particularly suitable for future targeted treatments
based on PUMA.

Conclusion

In conclusion, miR-22 was downregulated and PUMA
was upregulated in PC12 cells subject to I/R injury.
Enforced miR-22 overexpression reduced the apopto-
tic rate of PC12 cells via inhibiting PUMA expression.
Therefore, the miR-22/PUMA signals may provide
a new insight to develop an effective pharmacological
or genetic agent aimed at the molecular target.

Highlights

(1) miR-22 was downregulated in PC12 cells
subject to I/R

(2) PUMA was upregulated in PC12 cells sub-
ject to I/R

(3) Enforced miR-22 overexpression reduced
the apoptotic rate of PC12 cells

(4) miR-22 overexpression reduced cell apopto-
sis in PC12 cells via downregulation PUMA
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