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Abstract
MicroRNAs (miRNA) are small RNAs that attenuate protein expression by complementary
binding to the 3′UTR of a target mRNA. Currently, very little is known about miRNA after
cerebral ischemia. In particular, miR-21 is a strong antiapoptotic factor in some biological
systems. We investigated the role of miR-21 after stroke in rat. We employed in situ hybridization
(ISH) and laser capture microdissection (LCM) in combination with real-time RT-PCR to
investigate the expression of miR-21 after stroke. ISH revealed that miR-21 expression was
upregulated in neurons of the ischemic boundary zone (IBZ), and quantitative real-time RT-PCR
analysis revealed that stroke increased mature miR-21 levels by ~3 fold in neurons isolated from
the IBZ by LCM compared to homologous contralateral neurons 2 (n=4; P<0.05) and 7(n=3;
P<0.05) days after stroke. In vitro, overexpression of miR-21 in cultured cortical neurons
substantially suppressed oxygen and glucose deprivation (OGD)-induced apoptotic cell death,
whereas attenuation of endogenous miR-21 by antisense inhibition exacerbated cell death after
OGD. Moreover, overexpression of miR-21 in neurons significantly reduced Faslg protein levels
and introduction of a miR-21 mimic into 293-HEK cells substantially reduced luciferase activity
in a reporter system containing the 3′ untranslated region of Faslg. Our data indicate that
overexpression of miR-21 protects against ischemic neuronal death and that downregulation of
Faslg, a TNFα family member and an important cell death inducing ligand, targeted by miR-21
likely mediates the neuroprotective effect. These novel findings suggest that miR-21 may be an
attractive therapeutic molecule for treament of stroke.

Introduction
Focal cerebral ischemia by middle cerebral artery occlusion (MCAo) induces apoptotic
neural cell death that is primarily localized to the area immediately adjacent to the infarcted
tissue, known as the ischemic boundary zone (IBZ) [1]. Up to 95% of apoptotic cells are
neurons [2]. Neurons in the IBZ may be salvageable, and the viability of these cells has been
correlated to positive functional outcomes [3]. Currently, the underlying molecular
mechanisms that determine which neurons live or die are not entirely understood.

MicroRNAs (miRNAs) are integral to many biological processes. miRNAs inhibit
translation of mRNAs by guiding an inhibitory protein complex, the RNA induced silencing
complex (RISC) to the mRNA via complementarity to its 3′ untranslated region (3′UTR),
thereby limiting a gene’s functionality, even though transcription of the gene may not be
stopped [4]. Apoptosis is an important, highly regulated process, in which induction of
miRNAs has been implicated [5–8]. In particular, miRNA-21 (miR-21) has been shown to
be a strong antiapoptotic factor [5,9–11]. It is upregulated in most solid tumors, including
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breast, colo-rectal and glioma [5,10,12]. miR-21 functions–at least in part–by targeting a
host of pro-apoptotic genes [13,14]. Its targets, however, do not all operate in the same
direct pathway. Thus, at least in cancer, the antiapoptotic efficacy of miR-21 is increased by
inhibiting expression of several genes that all render a common effect.

Despite its relevance in brain tumor, the role of miR-21 in other neurologic diseases has not
been investigated. Specifically, its role in stroke has not been reported. In the present study,
we measured miR-21 expression in the ischemic brain. Mechanistically, we examined an as
yet undescribed miR-21 target, the tumor necrosis factor-α (TNF-α) family member, Fas
ligand (Faslg), a transcript predicted to be a miR-21 target by TargetScan, that is involved in
ischemia induced apoptosis [15]. FASLG induces cell death by binding to its receptor, FAS,
leading to caspase-dependant apoptosis [16,17]. Our results show that miR-21 is upregulated
in neurons of the IBZ, and that when overexpressed in vitro, miR-21 reduces neurons’
sensitivity to apoptosis by targeting Faslg.

Results
miR-21 is expressed in neurons in the IBZ

To examine whether stroke affects miR-21 expression, we performed in situ hybridization
(ISH) on brain coronal sections. miR-21 was observed in non-ischemic cells with neuronal
morphology, but stronger miR-21 signals were detected in the IBZ of the cortex 2 and 7
days after stroke (Fig. 1A–F). Adjacent sections were also stained for TUNEL, and revealed
that areas of high TUNEL reactivity were localized to areas with little miR-21 signal (Fig.
1G, H). Immunostaining revealed that many cells with positive miR-21 signal were also
MAP2 positive, a marker of neurons (Fig. 1J), but none was positive for GFAP, a marker of
astrocytes, or O4, a marker of oligodendrocyte progenitor cells (data not shown). These data
suggest that miR-21 is selectively upregulated in neurons localized to the IBZ.

ISH is not ideal for absolute quantification of gene expression. Therefore, to quantify
dynamic changes in miR-21 in response to stroke, we used laser capture microdissection
(LCM) to isolate neurons from the IBZ of the cortex. At 2 days post-MCAo, we found that
there is a notable upregulation of miR-21 in ipsilateral neurons compared to those in the
homologous region of the contralateral hemisphere, with an average induction of 3.5 ± 1.8
fold (n=4; P<0.05), when normalized to U6 snRNA. At 7d after stroke miR-21 expression
remained robust, with an average induction of 3.2 ± 0.5 times contralateral expression (n=3;
P<0.05; Fig. 1I). To determine if miR-21 was specifically upregulated, we also quantified
two other miRNAs, miR-9 and miR-335. Both have had specific roles described in brain
physiology [18,19]. Neither miR-9 nor miR-335 showed significant changes at either
timepoint, and neither were consistently up or downregulated after MCAo at either
timepoint (n=3; P>0.2 for all genes/timepoints). Therefore, these data show that stroke
specifically induces upregulation of miR-21 in neurons.

miR-21 protects cultured cortical neurons in vitro
To investigate the dynamics of miR-21 in vitro, we employed a model of ischemia in which
primary cortical neurons from rat embryos were subjected to oxygen and glucose
deprivation (OGD). Surprisingly, we did not observe a significant change in miR-21
expression at either 2 d (0.63 ± 0.24 compared to naïve neurons; n=3; P>0.1), or 7 d (0.78 ±
0.47; n=3; P>0.5; data not shown) after OGD. miR-21 was easily detectable in all samples,
suggesting that it is highly expressed in embryonic neurons, but it is unaltered by OGD. This
may be due to the fact that the neurons which we employ are immature, and miR-21 is
expressed in developing brain tissue [18], or possibly that other factors that do not exist in
our in vitro system, such as those secreted by glia, are required for miR-21 induction.
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Therefore, to test the biologic function of miR-21 in ischemic neurons, we artificially
overexpressed miR-21 via a mimic, and knocked it down by antisense inhibition, a common
strategy for investigating miRNA function in cell lines as well as primary cultures (e.g.
[20,21]). We then used a live/dead cell assay to determine the proportion of cells that were
killed by OGD (Fig. 2A, C). 24h after OGD, cells transfected with miR-67, an inert, C.
elegans-derived miRNA not expressed in mammal, were 31.7 ± 4.9% (average ± SD; n=5)
dead. In contrast, antisense inhibition of endogenous miR-21 had a significantly higher
average proportion of dead cells, 42.2 ± 6.8% (n=5), while fewer cells died upon
overexpression of miR-21 (24.6 ± 4.7%; n=5; P<0.05, ANOVA).

Because of the alternate mechanisms of programmed cell death after OGD, namely, necrosis
and apoptosis, we further investigated the specific way miR-21 modulates neuronal death.
We used the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
to measure the proportion of cells undergoing apoptosis. Inhibition of miR-21 in neurons
significantly increased TUNEL positive cells after OGD compared to control cells (37.8 ±
15.8%; n=10), whereas overexpression of miR-21 in neurons suppressed OGD induced
TUNEL reactivity (9.9 ± 7.7%; n=10; Fig. 2B, D; P<0.05, ANOVA). Moreover, after
overexpression of miR-21 the TUNEL reactivity was not statistically different from naïve
neurons that were mock transfected, but had not been subjected to OGD (P>0.4; data not
shown). Together, these data demonstrate that miR-21 plays an appreciable role in neuronal
death after OGD. Specifically, it modulates apoptotic activity. The statistically insignificant
data we gathered from our live/dead assay is likely due to a background level of necrosis,
since our TUNEL data all have a nominally lower proportion of reactive cells. When we
control for this background, the effect of miR-21 is quite strong.

miR-21 attenuates expression of FASLG protein by binding to Faslg transcript
TargetScan 5.1 and PicTar each predict binding sites for miR-21 on several proapoptotic
genes. Among them is Faslg. We focused on this gene because it, and its receptor Fas, are
known to induce cell death after stroke [22]. To confirm that FASLG protein is upregulated
in cultured cortical neurons after OGD, and can thus contribute to apoptotic death, we
performed western blot analysis. Indeed, after OGD, FASLG was induced by 1.37 ± 0.23
fold compared to naïve neurons (n=3, P<0.05; Fig. 3A). Next, we investigated via Western
blot analysis whether FASLG protein could be modulated in response to overexpression of
miR-21 after OGD. Compared with the control, overexpression of miR-21 knocked down
FASLG protein by 32 ± 11% (n=4; P<0.05; Fig. 3B), which completely recoved it to levels
we observed in naïve neurons. Furthermore, to determine if overexpression of miR-21 had
any impact on Faslg gene expression, we measured the Faslg mRNA level by real-time RT-
PCR under the same conditions. Overexpression of miR-21 had no significant effect on
Faslg mRNA after OGD compared to miR-67 negative control (1.17 ± 0.34; n=3; P>0.4;
Fig. 3B). These data suggest that FASLG expression is modulated post-transcriptionally.

Active binding of miR-21 to Faslg has not been shown. To determine if miR-21 actively
binds to Faslg, we used a luciferase reporter assay containing a 60bp segment of the Faslg
3′UTR encompassing the putative miR-21 binding site (Faslg-luc; position 418–426 of
3′UTR; see methods for sequence). When Faslg-luc was cotransfected with miR-21 mimic
into 293T-HEK cells, the luciferase activity was attenuated by 43 ± 13% compared to cells
cotransfected with miR-67 mimic (n=4; P<0.02; Fig. 3C). However, when miR-21 and a
miR-21 antisense inhibitor were simultaneously cotransfected with Faslg-luc plasmid, the
attenuation completely recovered, showing only a 2 ± 4% difference from the control (n=4;
P<0.8; Fig. 3C). To confirm the putative miR-21 binding site, we repeated the above
experiment with a mutated Faslg 3′UTR. The sequence differed from the Faslg-luc in that
the 9-mer putative binding site was scrambled (Mut-luc; see methods for sequence). After
transfection with Mut-luc, there was no statistically significant difference in any
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experimental group (Fig. 3C), indicating that the 9-mer portion of Faslg that is
complementary to miR-21 is necessary for translational inhibition. These data therefore
indicate that miR-21 binds to the Faslg transcript via complementarity to its seed sequence.

Discussion
We have found, for the first time, that stroke induces upregulation of miR-21 in IBZ neurons
in vivo. Furthermore, overexpression of miR-21 in cultured embryonic neurons abolished
OGD-induced apoptotic cell death, which was concurrent with downregulation of protein
expression of the predicted miR-21 target, Faslg. Moreover, we demonstrate that miR-21
targeted the Faslg 3′UTR. Thus, the present study indicates that miR-21 plays a critical role
in reduction of ischemic cell death by targeting an important cell death inducing ligand.
Faslg is a member of the TNFα family of ligands. TNFα signaling is well known to
contribute to ischemic injury of neurons [23]. Cultured neurons derived from mice with
mutant FASLG that cannot interact with FAS, have been shown to be more resistant to cell
death from OGD [24]. Moreover, ischemia induced enhancement of FASLG expression
recruits imflammatory cells to the infarcted area [22]. FASLG has therefore been proposed
as a therapeutic target for acute treatment of stroke [25].

Our data raise the interesting prospect of using miR-21 for RNAi based stroke therapy.
RNAi has been employed preclinically and clinically in treatment of several types of disease
including viruses and cancer [26,27], but has not been employed in stroke therapy.
Specifically, Hamar et al. targeted Faslg by synthetic siRNA in ischemic kidney and showed
that knockdown of Faslg protects renal cells from apoptosis, and, in fact, whole animals
from death [28]. We speculate that overexpression of miR-21 may represent a way to use an
endogenous gene to replicate these results in the ischemic brain.

There is strong evidence that miR-21 is protective in other organs and with different types of
injury. Cheng et al. have shown that miR-21 is upregulated in response to H2O2 injury in
cardiac myocytes, and that it functions to attenuate apoptosis in that cell population [29].
Additionally, cardiac fibroblasts have been shown to increase miR-21 expression
specifically in the injured region after myocardial infarction, and that this increase serves a
protective role [30]. Moreover, although they did not investigate the function of miR-21, Lei
et al. have shown that miR-21 is globally upregulated in response to traumatic brain injury
(TBI) [31].

Attenuation of apoptosis in ischemic brain injury is critically important. Currently, only one
drug, tissue plasminogen activator (tPA) is available to stroke victims, and it has a limited
window of about 4.5 hours from the onset of symptoms in which it can be used for
treatment. Furthermore, it is not safe for all patients, leading to only about 5% of stroke
sufferers actually receiving tPA therapy [32]. For these reasons, new drugs for the treatment
of stroke would be very valuable to those affected. Although preliminary in nature, our data
add to the growing evidence that protection of cells after injury via miR-21 induced
disruption of apoptosis might be a general phenomenon. Apoptosis reaches its peak level 1
to 2 days after stroke [2]. Therefore, the therapeutic window of compounds that specifically
protect against apoptosis may be longer that what is currently available. Further
investigation of the effects of miR-21 modulation on neuronal cell death in vivo is
warranted.
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Materials and Methods
Ethics Statement

The use and care of animals employed in our stroke model, as well as our neuronal culture
system, were approved by the Henry Ford Health System Institutional Animal Care and Use
Committee, in accordance with all relevant laws of the United States.

Animal model
Male Wistar rats weighing 350 to 450 g were subjected to embolic MCAo, as previously
described [33]. Briefly, the animals were anesthetized with 4% isoflurane during induction
and thenmaintained with 2% isoflurane in a mixture of 30% O2 and 70% N2O. Body
temperature was monitored and maintained at 37°C using a feedback-regulated water
heating system. Under the operating microscope (Carl Zeiss, Oberkochen, Germany), the
right common carotid artery (CCA), the right external carotid artery (ECA), and the internal
carotid artery (ICA) were isolated via a midline incision. A modified PE-50 catheter with a
0.3 mm outer diameter was gently advanced from the ECA into the lumen of the ICA until
the tip of thecatheter reached the origin of the MCA (~15 to 16 mm). A single clot (~0.8 μL)
along with 2 to 3 μL of 0.9% saline was then gently injected. The catheter was withdrawn
immediately after injection, and the right ECAwas ligated.

Tissue processing, ISH and immunofluorescence staining
Using 30% LNA-70% DNA 3′-DIG-labeled miRCURY probes (Exiqon, Vedbaek,
Denmark), hybridization was performed according to a published protocol [34]. In brief, rats
were perfused with PBS followed by 4% paraformaldehyde. Brains were removed and
incubated for 24h in 4% paraformaldehyde, after which they were incubated in 0.5 M
sucrose for 24h, then frozen on dry ice. Coronal sections were mounted on charged slides for
ISH analysis. Sections were air dried for 1h, then digested in proteinase K (20 μg/ml) for
20min, rinsed in TBS, then fixed in 4% PFA for 10min. Sections were then washed in 0.2%
glycine, rinsed and incubated for 30 min in acetylation solution (0.5% acetic anhydride and
0.1M triethanolamine in DEPC-H2O) to inactivate enzymes, then rinsed again. Tissue was
blocked at room temperature for 2h in hybridization buffer (50% formamide, 25% 5× SSC,
10% 5× Denhardt’s and 15% DEPC-H2O containing 200 μg/ml yeast RNA, 500 μg/ml
salmon sperm DNA and 20 mg/ml Roche blocking reagent), then hybridized overnight at
52°C with LNA probe diluted 1:600 in hybridization buffer. Hybridized miRNAs were
visualized with AP. For immunostaining of ISH tissue, coronal sections were blocked in
PBS containing 0.5% BSA and 0.05% Tween 20. Incubation in 1° antibody was followed by
incubation in a fluorescent 2° antibody. Finally, cells were stained with DAPI diluted 1:7500
in PBS for 10 min to visualize nuclei.

LCM
Brain coronal cryosections (10μm) obtained from rat subjected to 2, 7 and 14 days of MCAo
were mounted on LCM membrane slides (Leica Microsystems, Wetzlar, Germany). To
identify neurons, coronal sections were immunostained with an antibody against NeuN
(1:250; Chemicon, Billerica, MA) using a fast staining protocol [35]. Approximately 2,000
NeuN positive cells in the IBZ were collected by an LMD 6000 system (Leica
Microsystems). The IBZ was identified by proximity to ischemic core. The same number of
NeuN positive cells collected from the homologous tissue in the contralateral hemisphere
was used as control. Cells were lysed in Qiazol reagent (Qiagen, Valencia, CA); total RNA
was isolated immediately after cells were collected.
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Isolation of total RNA and real-time RT-PCR
For miRNA analysis, cells were lysed in Qiazol reagent and total RNA was isolated using
the miRNeasy Mini kit (Qiagen). miRNA was reverse transcribed with the miRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) and amplified with TaqMan
miRNA assay (Applied Biosystems), which is specific for mature miRNA sequences. For
analysis of mRNA, RNA was reverse transcribed with M-MLV reverse transcriptase
(Invitrogen), and amplified by SYBR Green reporter (Applied Biosystems) using custom
primers (Invitrogen). Analysis of gene expression was carried out by the 2−ΔΔCt method
[36].

Primary cortical neuron culture
Pregnant Wistar rats purchased from Charles River were sacrificed at embryonic day 17
(E17) under deep pentobarbital anesthesia. Embryos were removed and the cerebral cortex
was dissected out, washed in Hank’s balanced salt solution (HBSS; Gibco, Grand Island,
NY), dissociated in 0.125% trypsin, washed again, then plated onto poly-D-lysine coated
culture dishes at a density of 105 cells/cm2 in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco) containing 5% fetal bovine serum (FBS) and antibiotics overnight. After
24h, cells were transferred to serum-free Neurobasal medium (Gibco) supplemented with
2% B-27 (Gibco), 500 μM L-glutamine and antibiotics. After 3d, media were changed and
further supplemented with 10 nM uridine and 10 nM 5-fluoro-deoxyuridine to kill
astrocytes. Cells were incubated for an additional 48h, after which they were subjected to
oxygen and glucose deprivation (OGD). To induce OGD, culture medium was replaced with
HBSS and cells were placed in an anaerobic chamber continuously perfused with 85%/5%/
10% NO2/CO2/H2 for 3h. Cells were then returned to normal culture conditions for 24h
prior to analysis.

Primary cortical neuron transfection
Prior to plating, approximately 10x106 neurons were transfected with 50pmol of a
miRIDIAN miR-21 mimic, miR-21 inhibitor, or a negative control miRNA mimic (based on
cel-miR-67 sequence, which lacks homology in mammal; Dharmacon, Lafayette, CO) via
electroporation using the Rat Neuron Nucleofector kit (Lonza, Basel, Switzerland)
according to the manufacturer’s protocol.

Western blotting
Cells were lysed in RIPA buffer containing protease inhibitors, and lysate was sonicated
then centrifuged for 10 min at >2 × 104g to remove cell debris. Protein concentrations were
determined via BCA assay (Thermo Scientific, Waltham, MA). Equal amounts of protein
were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes
were probed with 1° antibodies against Faslg (1:500; Abcam, Cambridge, MA), and β-Actin
(1:10000 Abcam) as a control, followed by 2° antibodies conjugated to horseradish
peroxidase. Proteins were visualized by enhanced chemiluminescence. Relative intensities
were determined by use of Photoshop 6.0 software (Adobe, San Jose, CA).

Live/dead assay and TUNEL staining
Live/dead assay (Invitrogen) was performed on neurons grown on 3.5 cm culture dishes
according to manufacturer’s protocol. TUNEL staining was performed on cultured cortical
neurons grown on 3.5 cm culture dishes using fluorescein conjugated ApopTag kit
(Chemicon) according to the manufacturer’s instructions. 4 experimental groups were used
for analysis. Naïve neurons were used to determine baseline TUNEL reactivity. The
remaining groups were cells transfected with miRIDIAN miR-21 mimic or a miR-21
inhibitor; neurons transfected with miR-67 were used as control.
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Target prediction
Several freewares available on the internet are commonly used to search for potential
miRNA-mRNA binding. We searched three such softwares, PicTar (pictar.mdc-berlin.de),
TargetScan 5.1 (www.targetscan.org), and miRanda (www.microrna.org). Two, TargetScan
and PicTar identified Faslg as having a relatively likely putative binding site for miR-21.

Luciferase activity assay
A pMiR luciferase reporter assay with Faslg 3′UTR (position 392-451; sequence [putative
binding site underlined]:
GGUGAGAAAGGAUGCUAGGUUUCAUGGAUAAGCUAGAGACUGAAAAAAGCC
AGUGUCCCA; mutant sequence:
GGUGAGAAAGGAUGCUAGGUUUCAUGUAGAGAUACGAGACUGAAAAAAGC
CAGUGUCCCA) was used for analysis (Signosis, Sunnyvale, CA). 293-HEK cells were
transfected via electroporation with luciferase reporter and β-galactosidase control vector.
HEK cells were cotransfected with miR-67 negative control miRNA, miR-21 mimic, or both
the miR-21 mimic and inhibitor. 3 × 104 cells were plated per well on a 96 well plate for
24h, and then analyzed on a Fusion plate reader (PerkinElmer, Weltham, MA) with
Luciferase Reporter Assay (Promega, Madison, WI) according to the manufacturer’s
protocol.

Statistics
The data are presented as mean ± s.d. One way ANOVA was used for multiple group
experiments. Ad hoc two sample t-test was used for two-group comparisons. A value of
P<0.05 was taken as significant.
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Fig. 1.
ISH images show abundance of miR-21 in specific areas of cortex. (A) A representative
coronal brain section showing distribution of miR-21 in the non-ischemic cortex. (B), (C)
Cells in the ipsilateral cortex show a strong miR-21 signal adjacent to the ischemic lesion at
2 and 7 days after stroke. White dashed lines indicate the demarcation between the ischemic
core (IC) and the ischemic boundary zone (IBZ), the region directly adjacent to the lesion.
(D), (E) and (F) are details marked by the boxes in (A), (B) and (C), respectively. (G), (H)
An adjacent section of (C) shows TUNEL reactive cells at low and high magnification,
respectively, in the IBZ. The white box in (G) indicates the detail shown in (H). (I)
Quantitative comparison of miR-21, -9 and -335 levels at 2d and 7d after stroke in neurons
from the ischemic boundary collected by LCM (asterisk indicates P<0.05). (J) miR-21
colocalizes with MAP2 in cortex, confirming that it is expressed in neurons.
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Fig. 2.
Cultured neurons that were either overexpressed with miR-21, or had endogenous miR-21
knocked down by antisense inhibition were subjected to OGD. Cel-miR-67 was used a
negative control miRNA. (A) Green and red color show live and dead neurons, respectively.
(B) Green color shows TUNEL reactive neurons; blue is DAPI. (C), (D) Quantitative
comparison of the proportion of dead cells and TUNEL reactive cells, respectively, after
overexpression and knockdown of miR-21. Asterisks indicate P<0.05 for ad hoc two group
comparison t-tests.
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Fig. 3.
(A) Western blot analysis of FASLG protein in cultured cortical neurons before and after
OGD. (B) Western blot analysis of FASLG protein expression in cultured cortical neurons
overexpressed with miR-21 or miR-67 (negative control) after OGD. (C) Activity of a
luciferase plasmid that contains the Faslg miR-21 putative binding site after transfection
with miR-67, -21 or -21 and anti-miR-21. Asterisks indicate P<0.05 for post-hoc two tailed
t-tests.
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