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Abstract
Hypoxia inducible factor-1α facilitates cellular adaptation to hypoxic conditions. Hence its

tight regulation is crucial in hypoxia related diseases such as cerebral ischemia. Changes in

hypoxia inducible factor-1α expression upon cerebral ischemia influence the expression of

its downstream genes which eventually determines the extent of cellular damage. Micro-

RNAs are endogenous regulators of gene expression that have rapidly emerged as promis-

ing therapeutic targets in several diseases. In this study, we have identified miR-335 as a

direct regulator of hypoxia inducible factor-1α and as a potential therapeutic target in cere-

bral ischemia. MiR-335 and hypoxia inducible factor-1αmRNA showed an inverse expres-

sion profile, both in vivo and in vitro ischemic conditions. Given the biphasic nature of

hypoxia inducible factor-1α expression during cerebral ischemia, miR-335 mimic was found

to reduce infarct volume in the early time (immediately after middle cerebral artery occlu-

sion) of embolic stroke animal models while the miR-335 inhibitor appears to be beneficial

at the late time of stroke (24 hrs after middle cerebral artery occlusion). Modulation of hypox-

ia inducible factor-1α expression by miR-335 also influenced the expression of crucial

genes implicated in neurovascular permeability, cell death and maintenance of the blood

brain barrier. These concerted effects, resulting in a reduction in infarct volume bring about

a beneficial outcome in ischemic stroke.

Introduction
Stroke is one of the leading causes of death and adult disability worldwide. microRNAs (miR-
NAs) have been found to be involved in stroke pathogenesis [1] and to date, numerous miR-
NAs have been identified to participate in the molecular processes involved in the ischemic
cascade [2]. However, the interaction of these miRNAs and their specific target mRNAs during
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cerebral ischemia is poorly understood. So far rt-PA (recombinant tissue plasminogen activa-
tor) is the only FDA approved drug used to treat ischemic stroke. Its narrow therapeutic win-
dow of 4.5 hrs and associated risks such as hemorrhagic transformation have limited its
therapeutic potential to only 8% of the ischemic stroke population [3]. Hence, there is a press-
ing need to search for an alternative therapy for ischemic stroke.

Hypoxia occurs immediately upon cerebrovascular occlusion and contributes to the pro-
gression of ischemic cascade. Hence, hypoxia inducible factor-1α (HIF-1α), an essential regula-
tor of hypoxic events could be a useful target for the treatment of ischemic stroke.HIF-1α
mediates important endogenous adaptive mechanisms in order to maintain oxygen homeosta-
sis and also facilitates cellular adaptation to low oxygen conditions by regulating more than
80 downstream genes [4–6]. These genes code for molecules participating in angiogenesis,
erythropoiesis, energy metabolism, apoptosis and neuronal stem/progenitor cells (NSPC) pro-
liferation [7–9]. HIF-1α was found to be an important player in cerebral ischemia [10–13]. It
displayed biphasic expression and regulate some of its downstream genes [14,15] upon ische-
mic stroke. Inhibition ofHif-1α in the early phase of ischemic stroke by using siRNAs has been
found to bring about reduction of infarct damage [14].

Taguchi et al [16] first reported that miR-17-92 cluster directly targets HIF-1α in lung can-
cer cells. Subsequently, several other miRNAs including miR-20b, -22, -138, -155, -199a-5p
-429 and -519c were also shown to regulate HIF-1a in cancer or hypoxic conditions [17–23].
Interestingly, among these miRNAs, miR-155 [19] and miR-429 [23] were shown to directly
targetHIF-1αmRNA 3’UTR, and found to be involved inHIF-1α negative-feedback loop.
However, the implication of modulating the expression ofHIF-1α using miRNAs in cerebral is-
chemia remains unexplored. In this study, we aim to identify the miRNAs that could directly
regulate Hif-1a expression and bring about a favorable outcome through the reduction of in-
farct size in cerebral ischemia.

Materials and Methods

Rat model of middle cerebral artery occlusion using an embolus
(eMCAo) and quantitation of infarct volume
Male Wistar rats (280g - 320g) were obtained from the Laboratory Animal Centre (National
University of Singapore, Singapore) and maintained on an adlibitum intake of standard labora-
tory chow and drinking water under controlled temperature and 12 hrs light/dark cycles. All
animals used in this study were handled strictly in accordance to the recommendation of the
Council for International Organisation of Medical Sciences on Animal Experimentation
(World Health Organisation, Geneva, Switzerland) and the Institutional Animal Care and Use
Committee’s (National University of Singapore) guidelines. The animal protocol/procedure
was approved by the National University of Singapore’s Institutional Animal Care and Use
Committee (IACUC Protocol Number: 081/09). All surgeries were performed under intraperi-
toneally administered ketamine/xylazine (7.5mg/1mg per 100g) anaesthesia. Analgesic (bupre-
norphine 0.02mg/kg) and antibiotic (Baytril 6mg/kg) were injected subcutaneously after
surgery for three days (once per day) to minimize animal distress/suffering. Animals were ran-
domly grouped into control and eMCAo. Middle cerebral artery occlusion (MCAo) was in-
duced by injecting an embolus into the middle cerebral artery as described by Zhang et al [24].
Rats in the eMCAo group were euthanized at time points, 0, 3, 6, 12, 24, 48, 72, 120 and
168 hrs. A minimum number of six animals (n = 6) were used for each group. Animals were
sacrificed by euthanasia in a carbon dioxide chamber. Without pre-charging the chamber, the
rodents (one at a time) were placed in a transparent chamber and 100% CO2 was introduced
slowly for about 7mins. The rodents were verified for death by checking for absence of
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heartbeat, absence of breathing, presence of paleness of mucosal tissues and absence of reflex
reaction upon toe pinching. We observe the rats for few more minutes before and the brains
were then removed and used for subsequent experiments or stored at -80°C.

The detailed procedure and quantitation of the neurological deficiency were performed as
described previously [25].

Extraction of total RNA
Total RNA (+ miRNA) was extracted from brain tissues by a single-step method using Trizol
reagent according to manufacturers’ protocol (Invitrogen, Life Technologies, USA). The con-
centration and integrity of RNA were determined using Nanodrop ND-1000 spectrophotome-
try (Nanodrop Tech, Rockland, Del) and denaturing gel electrophoresis.

MiRNA profiling
miRNA array was performed as described previously [25]. Total RNA (500 ng) was 30-end-la-
belled with Hy3 dye using the miRCURY LNA Power Labeling Kit (Exiqon, Denmark). The
labelled miRNAs were hybridized for 16–18 hrs, on miRCURY LNA Arrays, using MAUI hy-
bridization system according to manufacturer’s protocol (Exiqon, Denmark). The microarray
chips were then washed and scanned using InnoScan700, microarray scanner and analysed
using the Mapix Ver4.5 software (Innopsys, Carbonne, France).

Cloning of Hif-1α 3'UTR and dual luciferase reporter assay
The 3'UTR of Hif-1α (Rattus norvegicus hypoxia inducible factor-1αNM_024359.1) was am-
plified by PCR using gene specific primers. The PCR products were cloned into Firefly-luc-ex-
pressing vector pMIR-REPORT (Ambion, Austin, TX). Plasmid transfection procedure was
adapted from Sepramaniam et al [26]. HeLa cells were selected for the study as they show rela-
tively high transfection efficiency (>80%) when compared to post-mitotic neurons (30%) [27].
Furthermore, Bruning et al [19] have also used the same cell line for a luciferase reporter assay
involving miR-155 and HIF-1α. In brief, HeLa cells cultured in 24-well plates were transfected
with 30 nM anti or mimic microRNA for 3 hrs followed by 200 ng/well pMIR-REPORT con-
structs for 3 hrs [26]. The cells were left to recover in a CO2 incubator for 48 hrs before being
lysed for measurement of luciferase activity. Dual luciferase assay (Promega, USA) was used to
quantitate the effects of miRNA interaction with the 3' UTR of Hif-1α. The assay was per-
formed according to manufacturer’s protocol (Promega, USA). In all experiments, transfection
efficiencies were normalized to those of cells co-transfected with the Renilla-luc-expressing
vector pRL-CMV (Promega, USA) at 5 ng/well.

Primary cortical neuronal cultures
Primary cultures of cortical neurons were established from E15 Swiss albino mouse brains ac-
cording to Hirai et al [28] with slight modifications performed by Kaur et al [29]. The cortices
were dissected from E15 mouse embryos and washed with Hanks’ balanced salt solution
(HBSS; Gibco, Invitrogen, USA). The cortical slices were dissociated with 0.05% (w/v) trypsin
in HBSS without Ca2+/Mg2+ (Gibco, Invitrogen, USA) for 30 min at 37°C and neutralized with
1 mg/ml trypsin inhibitor (Sigma, USA). Single cells were obtained by gentle trituration in
Neurobasal medium (Gibco, Invitrogen, USA) supplemented with B27 (Invitrogen, USA), L-
glutamine and penicillin-streptomycin (Gibco, Invitrogen, USA). The cells were counted by
trypan blue exclusion assay and seeded on to poly-D-lysine coated 24 well plates at a density of

MiRNA-335 TargetsHif-1α

PLOSONE | DOI:10.1371/journal.pone.0128432 June 1, 2015 3 / 19



120,000 cells/cm2. Cultures were maintained at 37°C with 5% CO2 in a tissue culture
incubator.

Oxygen-glucose deprivation
Primary neuronal cultures from day 6 were subjected to oxygen-glucose deprivation (OGD) as
previously described [25]. Glucose-free Earle’s balanced salt solution (EBSS) was saturated
with a mixture gas of 5% CO2, 95% N2, with O2 maintained at 0.1%, in a ProOx in vitro cham-
ber (BioSpherix, USA) at 37°C overnight. Day 6 neuronal cultures were washed twice with the
same medium and incubated for 2, 4 and 6 hrs in the chamber. OGD was terminated by replac-
ing the glucose-free EBSS with reperfusion medium (Neurobasal medium with L-glutamine
and penicillin-streptomycin, without B27 supplement). Control cultures were treated identical-
ly, but without exposure to OGD conditions. During reperfusion, the cells were maintained in
a regular 5% CO2 incubator for 24 hrs. For anti miR-335 and miR-335 mimic treatment, 4 hrs
of OGD time point was selected (as described under results section). Neurons cultured in
24-well plates were subjected to 4 hrs OGD followed by transfection with 30 nM anti miR-335
and miR-335 mimic during the reperfusion period. miRNA mimic and anti miRNA negative
controls were used as vehicle controls (mirVana miRNAMimic Negative Control, 4464058
and mirVana miRNA Inhibitor Negative Control, 4464076; Ambion Inc, USA).

Morphologic assessment of apoptosis and cell viability using Hoechst/
Ethidium homodimer III nuclear staining and fluorescence microscopy
Cells subjected to OGD (and/or anti-miR-335/miR-335 mimic) were stained with Hoechst
33342 and Ethidium Homodimer III (EtHD) dye as described in the manufacturer’s protocol
(Biotium, USA.). Stained cells were visualized by fluorescence microscopy (DMIRB, Leica
Microsystems Inc, Deerfield, IL USA). Images were captured at 40x objectives and cell mor-
phology was determined as follows; (1) Viable cells had blue-stained normal, smooth nuclei;
(2) Apoptotic cells had blue-stained nuclei with fragmented/condensed chromatin. A mini-
mum of 3 fields of at least 100 cells per field were counted to determine the percentage of apo-
ptotic cells from the total number of cells. Experiments were performed in triplicates (n = 3)
and carried out at least twice.

Reverse transcription and real-time quantitative PCR
Reverse transcription followed by real-time quantitative PCR (qRT-PCR) were carried out
according to Jeyaseelan et al [1].Quantitation of Hif-1α, angiopoietin2 (Angpt2), BCL2/adeno-
virus E1B 19kDa interacting protein 3 (Bnip3), matrix metalloproteinase-9 (Mmp9), plasmino-
gen activator inhibitor 1 (Pai1) and vascular endothelial growth factor a (Vegfa) mRNAs was
performed using SYBR green assay. Specific primer sequences were generated using PrimerEx-
press Software (Applied Biosystems, USA). For miRNA detection, reverse transcription fol-
lowed by stem-loop qRT-PCR reactions were performed according to manufacturer’s
protocols using miRNA specific stem-loop primer probes (Ambion Inc, USA). Ribosomal
RNA (18S rRNA) was used as the endogenous control for the quantitative PCR (qPCR) assays
for both mRNAs and miRNAs as it is known to be stable in cerebral ischemic conditions
[1,26]. Moreover 18S rRNA has also been previously used as an endogenous control by Bru-
ning et al [19] in their study on miR-155 interaction withHif-1α.
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SDS-PAGE and western blot analysis
Forty (40) μg of total protein was resolved using 12% Tris-Tricine SDS-PAGE and Western
blot was carried out as described by Sepramaniam et al [26]. Membranes were probed with pri-
mary antibody (rabbit anti HIF-1α, Abcam, UK) at a concentration of 1: 5,000 in 0.5% blocking
solution. β-actin was used as a loading control [26,30].

Secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit, Bio-Rad Labora-
tories Inc, PA, USA) was used at a dilution of 1:10,000 in 0.5% blocking solution. The mem-
branes were washed and visualized using the enhanced chemiluminescence reagents
(SuperSignal West; Thermo Scientific, USA) with variable exposures on Kodak-MS film. Films
of Western blots were scanned (Acer SWZ3300U) and intensities of the corresponding bands
were quantitated using Image J software (National Institutes of Health, USA).

In vivo injection
In vivo administration of miRNAs was done as described previously by Sepramaniam et al
[26]. Rats were anesthetized and placed in a stereotaxic apparatus (David Kopf Instrument,
Tujunga, USA or TSE, Bad Homburg, Germany) with the coordinates of 0.8 mm posterior to
the bregma, 1.5 mm lateral to the midline, and 4.5 mm ventral to the surface of the skull for
intracerebroventricular (ICV) injection into the left lateral ventricle. Five (5) μl miRNA mimic
or anti miRNA (Ambion Inc, USA) were diluted with the equal volume of transfection reagent
siPORT NeoFX (Ambion Inc, USA) and the mixture was then incubated 15 min at room tem-
perature (25°C). The RNA/transfection reagent complex was then administered via ICV injec-
tion using a Hamilton microsyringe into the rat brain. miRNA mimic and anti miRNA (as for
OGD studies) were used as vehicle controls.

Statistical and bioinformatics analyses
Microarray analyses involved multiple sample analysis including background subtraction, t-
Test/One-way ANOVA analysis and hierarchical clustering [25]. Normalization was per-
formed using the endogenous control, 5S rRNA. Statistical evaluations were performed a)
using two-tailed t-tests whenever only two sets of data were compared and b) by One-way
ANOVA with significance level p value< 0.05 when multiple comparisons were involved. The
clustering using hierarchical method was performed with average linkage and Euclidean dis-
tance metric. The clustering was generated using TIGRMeV (Multiple Experimental Viewer)
software and statistical analysis was performed using Partek Genomics Suite 6.6 (Partek Inc,
USA).

To determine the miRNAs that could targetHif-1a, a bioinformatics analysis was performed
using the online databases such as TargetScan (www.targetscan.org, Release 5.2, June 2011),
MiRanda (www.microRNA.org, August 2010 release), Pictar (pictar.mdc-berlin.de/, March
2007 release), Diana microT (diana.cslab.ece.ntua.gr/microT/, 2011 release), miRGen (www.
diana.pcbi.upenn.edu/miRGen.html, January 1, 2007(v3) release) and RegRNA (regrna.mbc.
nctu.edu.tw/html/prediction.html,Release 1.0) databases [31–34]. miRNAs that were con-
served in both rodents and human and predicted by at least two databases were selected for
further analyses.

Results

HIF-1α expression in the eMCAo model
Rats subjected to eMCAo (n = 6) were sacrificed randomly at the end of 0, 3, 6, 12, 24, 48, 72,
120 and 168 hrs. Brain slices of these animals were stained with TTC and the infarct volumes
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on the ipsilateral region were measured. The infarct volume showed a similar pattern as we had
reported previously [25], where it peaked at 24 hrs and then declined progressively from 48 hrs
until 168 hrs post-occlusion (Fig 1A). In order to observe the expression patterns of Hif-1α
mRNA and its corresponding protein throughout these time points, the mRNA and protein
levels in the ischemic brain tissues were measured. Both mRNA and protein demonstrated a bi-
phasic expression pattern. The Hif-1α gene expression increased from the onset of ischemic
stroke and peaked at 6 hrs post occlusion and progressively decreased until 24 hrs (Fig 1B). A
second peak was observed at 72 hrs followed by a decrease thereafter towards 168 hrs. Similar
observations were also noticeable in the protein expression, suggesting a biphasic trend in its
expression pattern upon cerebral ischemia (Fig 1C).

Fig 1. Infarct volume and the expression of HIF-1αmRNA, protein andmiRNAs predicted to target Hif-1α at 0, 3, 6, 12, 24, 48, 72, 120 and 168 hrs
after eMCAo. (A) Box plot on percentage of infarct volume at each time point after eMCAo. Brain slices were stained with TTC prior to the measurement of
the infarct size. Infarct volume at 24 hrs post occlusion reached the maximum (350 ± 30mm3) than that of other time points (p value < 0.05), thus the infarct
volume at 24 hrs was set as 100%. (B) Hif-1αmRNA expression at each time point upon cerebral ischemia.Hif-1αmRNA was measured by quantitative
RT-PCR and presented as relative expression (mean ± SD with n = 3). (C) HIF-1α protein expression at each time point upon cerebral ischemia. Expression
was measured byWestern blot and the intensities of the bands were quantified using Image J software and presented as percentage of control (%). (D) Heat
map of predicted miRNAs andHif-1α expression in eMCAomodel. miRNA presented as relative expression of miRNAs from the array data. The differentially
expressed miRNAs that were statistically significant (one-way ANOVA p value < 0.05) are included.Hif-1αmRNA expression presented as relative
expression measured by realtime PCR (mean ± SD with n = 3).

doi:10.1371/journal.pone.0128432.g001
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Identification of miRNAs binding to Hif-1amRNA
Bioinformatics search was performed to identify the miRNAs that could targetHif-1a. A total
of 67 miRNAs was predicted to targetHif-1a in rat. Among them, miRNAs that were con-
served in both rodents and human and predicted by at least two databases were shortlisted for
further studies. The search yielded 12 miRNAs (miR-17, -18a, -20a, 20b-5p, -93, -135a/b, -138,
-199a-5p, -203, -335, -338-3p) as potential regulators (Table 1). Ten of them, miR-17, -18a,
-20a, -20b-5p, -135a/b, -203, -335, -338-3p and -93 were found to be differentially and signifi-
cantly (p<0.05) expressed in our miRNA profiling analysis of eMCAo rat brain samples (Fig
1D).

Among the 10 miRNAs, interaction of miR-17, -18a, -20a and -20b-5p with HIF-1a had
been reported previously in cancer pathogenesis [16,22] whereas the remaining six miRNAs,
miR-135a/b, -203, -335, -338-3p and -93 had not been validated in any disease condition.

MiR-335 and miR-93 directly target Hif-1α
In order to establish the direct interaction of the six miRNAs, a luciferase reporter assay was
performed. As miR-135a and miR-135b only differs by one nucleotide in a non-seed region,
miR-135a was selected for validation studies. miR-17 and -20a were also included in the valida-
tion study as positive controls for they were previously reported to be the strongest regulators
ofHIF-1α in cancer pathogenesis [16]. The predicted binding sites of the selected miRNAs are
shown in Fig 2A. miR-93 was observed to share the same binding site as miR-17 and miR-20a
while miR-335 had two binding sites.

TheHif-1α 3’UTR containing the binding sites for these miRNAs were cloned into firefly lu-
ciferase reporter plasmids, pMIR-REPORT. These constructs were co-transfected indepen-
dently with the respective anti and mimic miRNAs into HeLa cells. miR-17 and miR-20a
inhibitors and mimics were used as positive controls, since these two miRNAs were previously
shown to targetHIF-1α. Independent transfection of HeLa cells with anti miR-17/-20a/-335/-
93 exhibited an increase in the relative luciferase activity, whereas introduction of miR-17/-
20a/-335/-93 mimics resulted in a reduction in luciferase activity suggesting that, apart from
miR-17 and miR-20a, miR-335 and miR-93 are also direct regulators ofHif-1α (Fig 2B). Never-
theless, miR-335 exhibited a stronger interaction when compared to miR-17, miR-93 and miR-
20a. Furthermore, interaction between miR-20a andHif-1α was not found to be significant in
our study. miR-135a, -203 and -338-3p did not show direct interaction withHif-1α (Fig 2B).

Site-directed mutagenesis was performed to further validate the interaction of the newly es-
tablished regulators, miR-335 and miR-93 with Hif-1α 3’UTR. Loss of the miR-335 and miR-
93 recognition sites on the 3’UTR abolished the interactions between the miRNAs and their

Table 1. miRNAs predicted to target 3'UTR of Hif-1α.

In silico prediction of miRNA: Hif-1α
interaction

miRNAs

miRNAs conserved in rodent and human
(predicted by at least 2 databases)

miR-17[16], -18a[16], -20a[16], -20b-5p[22], -135a, -135b,
-138, -199a-5p, -203, -335, -338-3p, -93

MiRNA:Hif-1α target prediction was performed and 12 miRNAs, commonly predicted in at least 2 out of the

6 databases used, were selected. Among these, 10 miRNAs which were observed to be significantly

expressed in brain samples of rats subjected to eMCAo (p value< 0.05) are shown in bold whereas

previously validated miRNAs are underlined.

doi:10.1371/journal.pone.0128432.t001
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Fig 2. 3'UTR sequence of the HIF-1α gene for both rat and human and Dual Luciferase assay for selectedmiRNAs predicted targetingHif-1α. (A)
The sequences were retrieved from NCBI GenBank Database (hsa NM_001530.3 and rno NM_024359.1). The predicted binding site(s) of selected miRNAs
(miRNA-17, -20a, -135a, -203, -335, -338-3p and -93) to the 3'UTR ofHif-1α is mapped in this figure. The miRNA seed regions are marked in bold and
underlined. Nucleotides which were altered for mutational studies are marked in yellow colour. (B) Quantitation of the effects of anti miRNAs and miRNA
mimics (including miR-17, -20a, -135a, -203, -335, -338-3p and -93) interaction with the 3' UTR of Hif-1α. (C) Quantitation of the effects of anti miR-335 and
miR-335 mimic interactions with the normal binding sites and mutated binding sites in 3' UTR of Hif-1α. S1 and S2 denoted site 1 and 2 respectively. (D)
Quantitation of the effects of anti miR-93 and miR-93 mimic interactions with the normal binding sites and mutated binding sites in 3' UTR of Hif-1α. The
plasmid constructs together with anti miRNAs and miRNAmimics were co-transfected into HeLa cells. Luminescence for luciferase gene activity in treated
samples (anti miRNAs and miRNAmimics) was obtained 48 hrs post-transfection. Relative luminescence was obtained by normalizing the values against
control plasmids, pMIR-REPORT without any 3'UTR insert. Data presented as mean ± SDwith n = 3. Statistically significant differences are tested at
p value < 0.05 significance. *p value < 0.05.

doi:10.1371/journal.pone.0128432.g002
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target (Fig 2C and 2D). These results further confirmed miR-335 and miR-93 as direct regula-
tors of Hif-1α and also suggested miR-335 as a stronger modulator than miR-93.

MiR-335 regulates Hif-1α in primary neurons
Having seen that miR-335 as a stronger regulator of Hif-1α, we went on to assess its effective-
ness in an in vitro setting. Primary neuronal cells were subjected to OGD and the changes in
Hif-1α and miR-335 expression were observed. We found that Hif-1α was significantly upregu-
lated upon OGD while miR-335 demonstrated significant downregulation. Maximum changes
in expression were noticed at 4 hrs OGD (Fig 3A). Hence, 4 hrs OGD was selected for further
studies. During reperfusion following OGD, anti miR-335 and miR-335 mimic were trans-
fected to primary neurons independently and changes in miRNA and Hif-1α expression were
observed after 24 hrs reperfusion. In primary neurons subjected to OGD, the introduction of

Fig 3. Cell viability andHif-1α expression in primary neuronal culture transfected with anti miR-335 or miR-335mimic during reperfusion following
OGD. (A) Hif-1α was significantly upregulated upon OGD while miR-335 on the other hand demonstrated a significant downregulation in which both showed
maximum changes at 4 hrs OGD. The primary y-axis denotes cell viability whereas the secondary y-axis indicates relative expression of Hif-1α and miR-335;
(B)miR-335 expression significantly increased in the presence of miR-335 mimic (p < 0.01) and significantly decreased when cells were transfected with anti
miR-335 (p < 0.01) during reperfusion. Cells transfected with miR-335 mimic during reperfusion after OGD showed significantly decreased Hif-1α expression
compared to cells subjected to OGD and transfected with vehicle; (C) Neurons subjected to OGD displayed increased apoptosis and degenerated neuritis.
Cells transfected with miR-335 mimic after OGD showed increased cell survival and maintenance of neurites as compared to cells subjected to OGD. (D)
Cells transfected with miR-335 mimic demonstrated significantly reduced cell death compared to cells subjected to OGD and transfected with vehicle
(p < 0.05). Relative expression (2-ΔΔCt) was calculated based on vehicle transfected controls as calibrator and 18S as endogenous control. * p value < 0.05;
** p value < 0.01.

doi:10.1371/journal.pone.0128432.g003
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anti miR-335 decreased miR-335 level by about 98% (0.02 ± 0.03; Fig 3B) and resulted in an el-
evation inHif-1amRNA (Fig 3B). Cell viability and imaging analysis showed that anti miR-
335 transfected neurons did not exhibit significant cell death when compared to OGD controls
(Fig 3C and 3D). On the other hand, transfection of miR-335 mimic caused a 133.73 fold in-
crease in miR-335 expression (Fig 3B) with a corresponding decrease in theHif-1amRNA ex-
pression (Fig 3B). In addition, a significant reduction in neuronal cell death was noticeable (Fig
3C and 3D).

MiR-335 mimic reduces infarct volume in acute ischemia
As miR-335 modulation could directly regulate Hif-1a and improve cell viability during OGD
(in vitro), the next attempt was to investigate whether such regulation was reflected in an in
vivo setting. miR-335 was differentially expressed upon cerebral ischemia in our eMCAo
model and it peaked at 24 hrs which corresponded to the maximum infarct volume (Fi 4A).
We administered anti miR-335 and miR-335 mimic in vivo via ICV injection to ischemic rats
immediately following eMCAo.

Brain samples were harvested at 24 hrs post-occlusion. The mean infarct volumes were mea-
sured for each experimental category (Fig 4B). Administration of miR-335 mimic immediately
after occlusion reduced the infarct volume by 60%, while administration of anti miR-335 did
not result in any significant changes in infarct volume (Fig 4B). The expression level of miR-
335 and their target, Hif-1α, in the eMCAo rat brain samples were quantitated using real time
PCR. Introduction of miR-335 mimics significantly increased their corresponding mature
miRNA levels with a reduction inHif-1αmRNA expression (Fig 4C). Nonetheless, the expres-
sion of miR-335 reduced when introduction of anti miR-335 in the rat brain samples with a
corresponding increase inHif-1αmRNA (Fig 4C).

Anti-miR-335 reduces infarct volume in the late time of cerebral ischemia
Since we had observed that administration of miR-335 mimic immediately after eMCAo signif-
icantly improved infarct volume, we next attempted to determine miR-335’s effect on the late
time of cerebral ischemia. To assess this, anti miR-335 and miR-335 mimic were administrated
independently via ICV injection in eMCAo animals at 24 hrs post-occlusion and brain samples
were harvested at 48 hrs (post-occlusion). It was observed that infarct volume was reduced by
40% upon administration of anti miR-335 at 24 hrs post-occlusion (Fig 4D).

Indirect targets of miR-335 via Hif-1α
Having known thatHif-1α is a master transcription factor in hypoxic condition, we were then
interested in studying the effects on modulating miR-335 expression on the downstream genes
in this eMCAo model. We verified the expression of Angpt2, Bnip3,Mmp9, Pai1 and Vegfa
genes since they were reported to be regulated by HIF-1α during cerebral ischemia [15,35,36].
It is noteworthy that none of these genes has a binding site for miR-335 at their respective
3'UTRs, yet they are known to be regulated by HIF-1α.

During the early time of ischemia when administration of miR-335 mimic was found to be
beneficial, HIF-1α protein levels were found to be low. This resulted in a reduction of the ex-
pression of Angpt2, Bnip3,Mmp9, Pai1 and Vegfa genes (Fig 5A). On the contrary, during the
late time of ischemia where administration of anti miR-335 was found to be beneficial, upregu-
lation of HIF-1α protein was seen and it subsequently increased the expression level of its
downstream genes (Fig 5B). Since Angpt2, Bnip3,Mmp9, Pai1 and Vegfa genes are also impor-
tant key players in cerebral ischemia, it is possible that the overall changes in their expression
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synergistically contribute in bringing about the beneficial effect of miR-335 in reducing the
infarct volume.

Discussion

MiR-335 directly targets Hif-1α
As the master transcription factor of hypoxia, HIF-1α has been widely studied in different dis-
eases and regarded as one of the major candidate for gene therapy in conditions involving hyp-
oxia related pathology. Although several miRNAs have been reported to target HIF-1α [16–
23], these were mostly done in cancer cells and hence the interaction of miRNAs and Hif-1α in
cerebral ischemia is still poorly understood. In this study, we aimed to elucidate the interaction
between miRNA andHif-1α in cerebral ischemia. A group of miRNAs that are predicted to tar-
getHif-1a were shortlisted from bioinformatics databases. Based on the in silico prediction, we
identified miR-17, -20a, -135a, -203, -335, -338-3p and -93 to be predicted by at least two

Fig 4. Effects of modulation of expression of miR-335 andHif-1αmRNA in cerebral ischemia. (A)miR-335 expression upon cerebral ischemia was
measured at 0, 3, 6, 12, 24, 48, 72, 120 and 168 hrs by realtime PCR and relative expression is presented in the graph as a histogram (mean ± SDwith n = 3).
Infarct volume was plotted as the percentage of infarct volume at 24 hrs (maximum infarct volume) at each time point after eMCAo (—). The primary y-axis
denotes relative expression of miR-335 whereas the secondary y-axis signifies the infarct volume; (B) TTC was used to stain coronal brain sections (2 mm
thick) of rats injected with 50 pmoles of anti miR-335 or miR-335 mimic after eMCAo. Intracerebroventricular (ICV) injections were administered immediately
following embolus introduction. Surviving cells were stained in pink while dead cells remained white. Infarct volume of treated rats were expressed as a
percentage of the vehicle ± SEM, n = 4. (C) Hif-1αmRNA expression significantly decreased in miR-335 mimic injection samples (p value < 0.01) whereas
significantly increased when administration of anti miR-335. (D) ICV injections were administered at 24 hrs following embolus introduction. Infarct volume of
rats treated with eMCAo + anti miR-335 or miR-335 mimic was expressed as a percentage of the vehicle ± SEM.

doi:10.1371/journal.pone.0128432.g004
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databases and to be conserved in both rodents and human. These miRNAs were also highly ex-
pressed in rat brain and significantly (p<0.05) dysregulated upon cerebral ischemia. Among
these miRNAs, miR-17 and miR-20a have been reported to directly regulate HIF-1α in lung
cancer cells [16]. Among the other novel predictions, (miR-135a, -203, -335, -338-3p and -93),
miR-335 that has two binding sites on the 3'UTR of Hif-1a was found to be the most promising
regulator ofHif-1a expression (Fig 2). Furthermore, Pulkkinen et al [37] also observed that
miR-335 expression reduced when hypoxic condition was mediated by lack of O2 in HUVEC
cell line. This suggested that miR-335 is a hypoxia-regulated miRNA. To understand the inter-
action of miR-335 and Hif-1α in in vitro ischemic model, we have demonstrated that modula-
tion of miR-335 expression could affect cell viability in an in vitro ischemic condition and this
occurs via regulation of Hif-1a (Fig 3). Overexpression of miR-335 in primary neuronal cells
subjected to OGD significantly reduced Hif-1a expression and subsequently improved cell via-
bility (Fig 3B–3D). Our findings are in agreement with a previous report which demonstrated

Fig 5. Analyses of Hif-1α and its downstream genes expression in eMCAo rats injected with anti miR-335 andmiR-335mimic in the early and late
time of cerebral ischemia. (A) Hif-1αmRNA expression significantly decreased in miR-335 mimic injection samples (p value < 0.01) in early time of cerebral
ischemia whereas it significantly increased upon administration of anti miR-335. HIF-1α protein was measured byWestern blot and showed a similar
expression pattern as Hif-1αmRNA. Angpt2, Bnip3,Mmp9, Pai1 and VegfamRNA expressions were significantly downregulated in the miR-335 mimic
injection samples whereas displayed opposite expression pattern in anti miR-335 injection samples. (B) In the late time of cerebral ischemia (24 hrs after
eMCAo), the expression ofHif-1α and its downstream genes significantly decreased in miR-335 mimic injection samples (p value < 0.01) whereas
administration of anti miR-335 significantly increased the Hif-1α, Angpt2,Mmp9, Pai1 and Vegfa expression. HIF-1α protein expression was measured by
Western blot and displayed the similar expression pattern as Hif-1αmRNA. Relative expression (2-ΔΔCt) was calculated based on vehicle controls as
calibrator and 18S as endogenous control. *p value < 0.05; **p value < 0.01. Each gene was measured 2 times by realtime PCR in triplicates.

doi:10.1371/journal.pone.0128432.g005
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that administration ofHif-1a siRNA could increase neuronal cells viability during OGD [14].
Conversely, Vangeison et al [38] has reported that selective loss of HIF-1α function in neurons
could increase neuronal susceptibility to hypoxia-induced death which suggested the neuro-
protective effect of HIF-1α in neuronal cells. Increasing its intricacy as the essential regulator
of hypoxia, HIF-1α was reported to have dual functions in cell death and survival depending
on the affected cells types and the type of injury [39,40].

MiR-335 regulates Hif-1α in cerebral ischemia in a biphasic manner
Although Hif-1α has been implicated as an important player in cerebral ischemia [14], its func-
tion in cerebral ischemic condition is still unclear. miRNAs as gene regulators have demon-
strated crucial roles in ischemic stroke pathogenesis [1,25]. Nonetheless, how miRNAs regulate
Hif-1α upon the onset of the ischemic cascade is still elusive. In our study, we found that HIF-
1a expression increased from ischemic stroke onset and demonstrated a biphasic expression
pattern as reported by Yeh et al [14] and Baranova et al [15]. Subsequently, we found that ad-
ministration of miR-335 mimic immediately after eMCAo inhibited Hif-1α expression and
consequently reduced the infarct volume by 60% in ischemic stroke models (Fig 4B). Further-
more, it was also found that administration of anti miR-335 at 24 hrs post-occlusion could re-
duce the infarct volume by 40% (Fig 4D). This result is in concordance with our observation
on the biphasic regulation of Hif-1α in cerebral ischemia from 0 to 168 hrs. While the decrease
inHif-1α expression level is favored for the reduction in infarct volume in the early time of ce-
rebral ischemia (< 24 hrs), an increased expression of Hif-1α proved to be beneficial in the late
time (> 24 hrs) of permanent middle cerebral artery occlusion model.

MiR-335 regulates Hif-1α downstream gene expression indirectly
Benita et al [6] has reported that 81 genes have the potential of being regulated by HIF-1α
upon hypoxia in multiple cell types (S1 Table). Based on current literature search, we have
added 15 more genes known to be targeted by HIF-1α to the list (S1 Table). Furthermore, to
identify the genes that are controlled by HIF-1α in a cerebral ischemic condition, we have per-
formed a DNAmicroarray experiment on the mRNAs extracted from brain samples of rats
subjected to eMCAo. We noticed 56 genes (out of the total 96 listed genes), to be responding to
cerebral ischemia with reasonable certainty (S1 and S2 Tables). Nine among these 56 genes
have already been documented to be regulated by HIF-1α in cerebral ischemic conditions
[14,15,35]. Of these 9 genes, we selected 5 (VEGFA, ANGPT2, PAI-1, BNIP3,MMP9), as they
are known to be involved in crucial pathological processes of cerebral ischemia, such as brain
edema, cerebral vascular permeability (VEGFA, ANGPT2, PAI-1), apoptosis (BNIP3) as well as
blood brain barrier disruption (MMP9) [15,35,36]. Changes inHif-1a expression by the ad-
ministration of either anti miR-335 or miR-335 mimic in cerebral ischemia were accompanied
with the corresponding alteration of the downstream genes Angpt2, Bnip3,Mmp9, Pai1 and
Vegfa (Fig 5A and 5B). Since none of the genes has a binding site for miR-335 at their respec-
tive 3'UTRs, the changes in expression of these genes are most likely an indirect effect attribut-
ed by the regulation ofHif-1a viamiR-335. Being a transcription factor, HIF-1α could regulate
these genes by binding to their promoters to increase transcription [41–45]. The changes in ex-
pression of these genes could contribute to the reduction in infarct volume (Fig 6) in ischemic
stroke. Angpt2 and Vegfa were found to increase cerebrovascular permeability in the early
phase of ischemic stroke [46], which is one of the most important factors for the development
of brain edema [47] and finally brings about cell death. Bnip3 is a well-known proapoptotic
gene which contributes to apoptosis [15] upon cerebral ischemia.Mmp9 has been reported to
be detrimental in acute stroke by aggravating blood brain barrier (BBB) disruption [48,49],
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which could lead to intracranial hemorrhage of ischemic stroke. Pai1 as a plasminogen activa-
tor inhibitor was found to deteriorate brain injury by targeting t-PA to delay reperfusion [50]
and it was also found to increase neurovascular permeability [51].

HIF-lα and cerebral ischemia
Several studies have reported that inhibition of Hif-1α in acute phase could bring about benefi-
cial effect during cerebral ischemia. For instance, using the neuron-specific Hif-1a knock-out
mice, Helton et al [52] found thatHif-1a deficient mice demonstrated reduced infarct volume
that is followed by concurrent reduction in the expression of pro-apoptotic genes in 75 min
bilateral common carotid artery occlusion. Similarly, Chen et al [53] showed that Hif-1α
specific siRNA inhibited Hif-1α and subsequently its downstream apoptosis pathway, to bring
about the reduction of infarct volume in acute phase of transient cerebral ischemia. Both,

Fig 6. Mechanism of the reduction of infarct volume bymiR-335mimic in the early time and by anti miR-335 in the late time of cerebral ischemia.
miR-335 mimic and anti miR-335 could regulate downstream genes ofHif-1α, such as Angpt2, Bnip3,Mmp9, Pai1 and Vegfa by modulatingHif-1α to result
in beneficial outcome in the early (0 hrs) and late time point (24 hrs) of cerebral ischemia respectively. The middle panel of the figure presents that cerebral
ischemia activatedHif-1α and influenced its downstream genes which brought about a large infarct with severe brain edema. The left panel demonstrates
that miR-335 mimic inhibitedHif-1αmRNA expression and hence reversedHif-1α downstream genes which resulted in reduced infarct size and edema in
the early time of ischemic stroke. The right panel shows that anti miR-335 inhibits miR-335 and therefore releases the respective inhibition onHif-1α, which
then activate its downstream protective genes in the late time of cerebral ischemia and subsequently leading to reduced infarct injury and infarct volume.

doi:10.1371/journal.pone.0128432.g006
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2-methoxyestradiol (2-ME), a HIF-1α protein inhibitor [54] and hyperbaric oxygen [55] treat-
ment could also inhibit HIF-1α in the acute phase of ischemic stroke to bring about the benefi-
cial effects via inhibition of apoptotic genes. Thus, downregulating Hif-1α expression through
miR-335 mimics, in the early time of cerebral ischemia could prove to be useful in reducing in-
farct volume of the eMCAo model.

However, although inhibition of Hif-1α in the late time (12 hrs post-occlusion) did not
show beneficial effect in cerebral ischemia [14], there is no report on the effect of activation of
Hif-1α in the late time of cerebral ischemia. In this study, we first reported upregulation of Hif-
1α by administration of anti miR-335 in the late time of cerebral ischemia and displayed that
induction of anti miR-335 at 24 hrs post-occlusion could upregulate Hif-1α expression and
bring about reduction of infarct volume (Fig 4D). The upregulation ofHif-1α was accompanied
with the changes of its downstream genes (Fig 5B). Some of the downstream genes have been
reported to be protective in recovery phase (late phase) of cerebral ischemia and hence maybe
involved in the infarct reduction. Angpt2 and Vegfa played an important role in improving an-
giogenesis and neurogenesis which was favorable for ischemic stroke recovery [56].MMP9 as a
matrix metalloproteinase could be involved in neuroblast cells migration and hence helped
neurogenesis in stroke recovery [57,58]. PAI1 was found to be anti-apoptotic in the late time of
brain injury [59].

Isoforms of HIF-α
Hypoxia-inducible transcription factors (HIFs), are heterodimeric proteins that are composed
of an α and a β subunit. In normoxic conditions, the α subunit is hydroxylated and subsequent-
ly undergoes proteasomal degradation via the prolyl-4-hydroxylase domain (PHD) proteins.
However, under hypoxic–ischemic conditions, where the oxygen is limited and the PHDs be-
come less active, resulting in the hypohydroxylated HIF-α to be stabilized and induce the tran-
scription of HIF target genes [60].

Three isoforms of HIF-α are known to date; HIF-1α, HIF-2α and HIF-3α. Both the HIF-1α
and HIF-2α isoforms have similar domain structures, contains 2 oxygen-dependent degrada-
tion domain and are closely related, and both activate HRE-dependent gene transcription [61].
HIF-3α is unique among the HIF-α isoforms, contains only 1 oxygen-dependent degradation
domain and its gene is subject to extensive alternative splicing [62].

To date, HIF-1α is the most studied isoform of HIF-α in terms of function and the expres-
sion pattern in tissues. However, currently, interest on the functional roles played by HIF-2α
and HIF-3α during hypoxia has become evident. Notably, the expression of both HIF-1α and
HIF-2α was upregulated under normoxic condition in the forebrain of the homozygous neu-
ron-restricted Phd2 knockout mice (nPhd2Δ/Δ). However, under hypoxic conditions, the ex-
pression of the HIF-1α was found to be highly expressed compared to HIF-2α in this knockout
mouse [63]. Subsequent increase in the mRNA involved in the glycolytic pathway, as well as
Vegf was noted. The reduction in both the infarct volume and the neuronal cell death/apoptosis
was also documented in the acute phase of stroke for this knockout mouse model. Interestingly,
the HIF-1α protein in both the wildtype and the Phd2 knockout mouse brain was similar
24 hrs after ischemia. Using the HIF-1α deficient cell line, 786-O, Hu et al [64] demonstrated
that HIF-1α distinctly regulates the expression of mRNA encoding enzymes in the glycolytic
pathway while HIF-2α promotes tumour growth/progression, a distinctly different function.
Pasenan et al [65] showed that human HIF-3α variants are induced by hypoxia and also regu-
lated by the changes in the levels of HIF-1α and not by HIF-2α.

Though the co-ordinated regulation of all the 3 isoforms of HIF-αmaybe contributing to
the physiological changes during hypoxia, it appears that it is the activity of HIF-1α isoform
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possibly conferring neuroprotection or beneficial effects (to the cells) during cerebral ischemia.
The HIF-1αmaybe executing its effect via the glycolytic and cell survival pathways. Therefore,
regulating the expression of HIF-1α by using its endogenous regulator, miR-335 could prove
beneficial in stroke outcome.

Conclusions
In this study, we have established that miR-335 can directly modulateHif-1α gene expression
in both in vitro and in vivo cerebral ischemic conditions. In in vivo study, we have also observed
that administration of miR-335 mimic could bring about a decrease in expression of Hif-1α
and consequently a reduction in infarct volume in the early time of cerebral ischemia whereas
administration of anti miR-335 could reduce infarct volume in the late time of cerebral ische-
mia. By regulating Hif-1α expression, miR-335 also indirectly affects the expression of the
downstream genes, which are crucial in the maintenance of cell viability and blood brain
barrier integrity.

Supporting Information
S1 Table. List of 96 genes regulated by HIF-1α. Eighty one genes that were predicted to be
regulated by HIF-1α by Benita et al [6] and fifteen more genes (shown in bold), reported by
several other workers (see manuscript for corresponding references) as HIF-1α downstream
genes involved in cerebral ischemia are listed. 56 of these genes (indicated with ticks) have
been found to be differentially expressed in our DNAmicroarray experimental data (GEO No:
GSE46267) from eMCAo models.
(XLS)

S2 Table. List of 56 genes identified to be regulated by HIF-1α under cerebral ischemic con-
dition (DNA array data; GSE46267). The expression of these 56 genes is presented as
fold change.
(XLS)

Author Contributions
Conceived and designed the experiments: KJ AA FJL. Performed the experiments: AA FJL PK
DSK SS. Analyzed the data: FJL AA DSK PK. Contributed reagents/materials/analysis tools: KJ
PTHW. Wrote the paper: KJ FJL AA.

References
1. Jeyaseelan K, Lim KY, Armugam A. MicroRNA expression in the blood and brain of rats subjected to

transient focal ischemia by middle cerebral artery occlusion. Stroke. 2008; 39: 959–966. doi: 10.1161/
STROKEAHA.107.500736 PMID: 18258830

2. Wang Y, Wang Y, Yang GY. MicroRNAs in Cerebral Ischemia. Stroke Res Treat. 2013; 2013:276540.
doi: 10.1155/2013/276540 PMID: 23533957

3. Wardlaw JM, Warlow CP, Counsell C. Systematic review of evidence on thrombolytic therapy for acute
ischaemic stroke. Lancet. 1997; 350: 607–14. PMID: 9288042

4. Semenza GL. HIF-1: mediator of physiological and pathophysiological responses to hypoxia. J Appl
Physiol. 2000; 88:1474–1480. PMID: 10749844

5. Semenza GL. Surviving ischemia: adaptive responses mediated by hypoxia-inducible factor 1. J Clin
Invest. 2000; 106: 809–812. PMID: 11018065

6. Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC, Xavier RJ. An integrative genomics approach
identifies Hypoxia Inducible Factor-1 (HIF-1)-target genes that form the core response to hypoxia. Nu-
cleic Acids Res. 2009; 37(14):4587–602. doi: 10.1093/nar/gkp425 PMID: 19491311

MiRNA-335 TargetsHif-1α

PLOSONE | DOI:10.1371/journal.pone.0128432 June 1, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128432.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128432.s002
http://dx.doi.org/10.1161/STROKEAHA.107.500736
http://dx.doi.org/10.1161/STROKEAHA.107.500736
http://www.ncbi.nlm.nih.gov/pubmed/18258830
http://dx.doi.org/10.1155/2013/276540
http://www.ncbi.nlm.nih.gov/pubmed/23533957
http://www.ncbi.nlm.nih.gov/pubmed/9288042
http://www.ncbi.nlm.nih.gov/pubmed/10749844
http://www.ncbi.nlm.nih.gov/pubmed/11018065
http://dx.doi.org/10.1093/nar/gkp425
http://www.ncbi.nlm.nih.gov/pubmed/19491311


7. Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF system. Nat Med. 2003;
9: 677–84. PMID: 12778166

8. Bunn HF, Gu J, Huang LE, Park JW, Zhu H. Erythropoietin: a model system for studying oxygen-depen-
dent gene regulation. J Exp Biol. 1998; 201: 1197–201. PMID: 9510530

9. Cunningham LA, Candelario K, Li L. Roles for HIF-1α in neural stem cell function and the regenerative
response to stroke. Behav Brain Res. 2012; 227: 410–7. doi: 10.1016/j.bbr.2011.08.002 PMID:
21871501

10. Bergeron M, Yu AY, Solway KE, Semenza GL, Sharp FR. Induction of hypoxia-inducible factor-1 (HIF-
1) and its target genes following focal ischaemia in rat brain. Eur J Neurosci. 1999; 11:4159–4170.
PMID: 10594641

11. Chavez JC, LaManna JC. Activation of hypoxia-inducible factor-1 inthe rat cerebral cortex after tran-
sient global ischemia: potential role of insulin-like growth factor-1. J Neurosci.2002; 22: 8922–8931.
PMID: 12388599

12. Sharp FR, Bergeron M, Bernaudin M. Hypoxia-inducible factor in brain. Adv Exp Med Biol. 2001; 502:
273–291. PMID: 11950144

13. Sharp FR, Ran R, Lu A, Tang Y, Strauss KI, Glass T, et al. Hypoxic preconditioning protects against is-
chemic brain injury. NeuroRx. 2004; 1: 26–35. PMID: 15717005

14. Yeh SH, Ou LC, Gean PW, Hung JJ, ChangWC. Selective inhibition of early—but not late—expressed
HIF-1α is neuroprotective in rats after focal ischemic brain damage. Brain Pathol. 2011; 21: 249–62.
doi: 10.1111/j.1750-3639.2010.00443.x PMID: 21029239

15. Baranova O, Miranda LF, Pichiule P, Dragatsis I, Johnson RS, Chavez JC. Neuron-specific inactivation
of the hypoxia inducible factor 1α increases brain injury in a mouse model of transient focal cerebral is-
chemia. J Neurosci. 2007; 23: 6320–6332. PMID: 17554006

16. Taguchi A, Yanagisawa K, Tanaka M, Cao K, Matsuyama Y, Goto H, et al. Identification of hypoxia-in-
ducible factor-1 alpha as a novel target for miR-17-92 microRNA cluster. Cancer Res. 2008; 68: 5540–
5. doi: 10.1158/0008-5472.CAN-07-6460 PMID: 18632605

17. Yamakuchi M, Yagi S, Ito T, Lowenstein CJ. MicroRNA-22 regulates hypoxia signaling in colon cancer
cells. PLoS One.2011; 6: e20291. doi: 10.1371/journal.pone.0020291 PMID: 21629773

18. Song T, Zhang X, Wang C, Wu Y, Cai W, Gao J, et al. MiR-138 suppresses expression of hypoxia-in-
ducible factor 1α (HIF-1α) in clear cell renal cell carcinoma 786-O cells. Asian Pac J Cancer Prev.
2011; 12: 1307–11. PMID: 21875287

19. Bruning U, Cerone L, Neufeld Z, Fitzpatrick SF, Cheong A, Scholz CC, et al. MicroRNA-155 promotes
resolution of hypoxia-inducible factor 1alpha activity during prolonged hypoxia. Mol Cell Biol. 2011; 31:
4087–96. doi: 10.1128/MCB.01276-10 PMID: 21807897

20. Rane S, He M, Sayed D, Vashistha H, Malhotra A, Sadoshima J, et al. Downregulation of miR-199a de-
represses hypoxia-inducible factor-1alpha and Sirtuin 1 and recapitulates hypoxia preconditioning in
cardiac myocytes. Circ Res. 2009; 104: 879–86. doi: 10.1161/CIRCRESAHA.108.193102 PMID:
19265035

21. Cha ST, Chen PS, Johansson G, Chu CY, Wang MY, Jeng YM, et al. MicroRNA-519c suppresses hyp-
oxia-inducible factor-1alpha expression and tumor angiogenesis. Cancer Res.2010; 70, 2675–85. doi:
10.1158/0008-5472.CAN-09-2448 PMID: 20233879

22. Cascio S, D'Andrea A, Ferla R, Surmacz E, Gulotta E, Amodeo V, et al. miR-20b modulates VEGF ex-
pression by targeting HIF-1 alpha and STAT3 in MCF-7 breast cancer cells. J Cell Physiol. 2010; 224:
242–9. doi: 10.1002/jcp.22126 PMID: 20232316

23. Bartoszewska S, Kochan K, Piotrowski A, KamyszW, Ochocka RJ, Collawn JF, et al. The hypoxia-in-
ducible miR-429 regulates hypoxia-inducible factor-1α expression in human endothelial cells through a
negative feedback loop. FASEB J. 2014.pii: fj: 14–267054.

24. Zhang RL, Chopp M, Zhang ZG, Jiang Q, Ewing JR. A rat model of focal embolic cerebral ischemia.
Brain Res. 1997; 766: 83–92. PMID: 9359590

25. Liu FJ, Lim KY, Kaur P, Sepramaniam S, Armugam A, Wong PT, et al. microRNAs Involved in Regulat-
ing Spontaneous Recovery in Embolic Stroke Model. PLoS One. 2013; 8: e66393. PMID: 23823624

26. Sepramaniam S, Armugam A, Lim KY, Karolina DS, Swaminathan P, Tan JR, et al. MicroRNA 320a
functions as a novel endogenous modulator of aquaporins 1 and 4 as well as a potential therapeutic tar-
get in cerebral ischemia. J Biol Chem. 2010; 285: 29223–30. doi: 10.1074/jbc.M110.144576 PMID:
20628061

27. Karra D, Dahm R. Transfection Techniques for Neuronal Cells. J Neurosci. 2010, 30(18): 6171–6177.
doi: 10.1523/JNEUROSCI.0183-10.2010 PMID: 20445041

MiRNA-335 TargetsHif-1α

PLOSONE | DOI:10.1371/journal.pone.0128432 June 1, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/12778166
http://www.ncbi.nlm.nih.gov/pubmed/9510530
http://dx.doi.org/10.1016/j.bbr.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21871501
http://www.ncbi.nlm.nih.gov/pubmed/10594641
http://www.ncbi.nlm.nih.gov/pubmed/12388599
http://www.ncbi.nlm.nih.gov/pubmed/11950144
http://www.ncbi.nlm.nih.gov/pubmed/15717005
http://dx.doi.org/10.1111/j.1750-3639.2010.00443.x
http://www.ncbi.nlm.nih.gov/pubmed/21029239
http://www.ncbi.nlm.nih.gov/pubmed/17554006
http://dx.doi.org/10.1158/0008-5472.CAN-07-6460
http://www.ncbi.nlm.nih.gov/pubmed/18632605
http://dx.doi.org/10.1371/journal.pone.0020291
http://www.ncbi.nlm.nih.gov/pubmed/21629773
http://www.ncbi.nlm.nih.gov/pubmed/21875287
http://dx.doi.org/10.1128/MCB.01276-10
http://www.ncbi.nlm.nih.gov/pubmed/21807897
http://dx.doi.org/10.1161/CIRCRESAHA.108.193102
http://www.ncbi.nlm.nih.gov/pubmed/19265035
http://dx.doi.org/10.1158/0008-5472.CAN-09-2448
http://www.ncbi.nlm.nih.gov/pubmed/20233879
http://dx.doi.org/10.1002/jcp.22126
http://www.ncbi.nlm.nih.gov/pubmed/20232316
http://www.ncbi.nlm.nih.gov/pubmed/9359590
http://www.ncbi.nlm.nih.gov/pubmed/23823624
http://dx.doi.org/10.1074/jbc.M110.144576
http://www.ncbi.nlm.nih.gov/pubmed/20628061
http://dx.doi.org/10.1523/JNEUROSCI.0183-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20445041


28. Hirai S, Banba Y, Satake T, Ohno S. Axon formation in neocortical neurons depends on stage-specific
regulation of microtubule stability by the dual leucine zipper kinase-c-Jun N-terminal kinase pathway. J
Neurosci. 2011; 31: 6468–6480. doi: 10.1523/JNEUROSCI.5038-10.2011 PMID: 21525288

29. Kaur P, Karolina DS, Sepramaniam S, Armugam A, Jeyaseelan K. Expression Profiling of RNA Tran-
scripts during Neuronal Maturation and Ischemic Injury. PLoS One. 2014; 9: e103525. doi: 10.1371/
journal.pone.0103525 PMID: 25061880

30. Sepramaniam S, Ying LK, Armugam A, Wintour EM, Jeyaseelan K. MicroRNA-130a represses tran-
scriptional activity of aquaporin 4 M1 promoter. J Biol Chem. 2012; 287(15): 12006–15. doi: 10.1074/
jbc.M111.280701 PMID: 22334710

31. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell. 2005; 120: 15–20. PMID: 15652477

32. Betel D, Wilson M, Gabow A, Marks DS, Sander C. The microRNA.org resource: targets and expres-
sion. Nucleic Acids Res. 2008; 36: D149–53. PMID: 18158296

33. Megraw M, Sethupathy P, Corda B, Hatzigeorgiou AG. miRGen: a database for the study of animal
microRNA genomic organization and function. Nucleic Acids Res. 2007; 35: D149–55. PMID:
17108354

34. Krek A, Grün D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, et al. Combinatorial microRNA target pre-
dictions. Nat Genet. 2005; 37: 495–500. PMID: 15806104

35. Chen C, Ostrowski RP, Zhou C, Tang J, Zhang JH. Suppression of hypoxia-inducible factor-1alpha and
its downstream genes reduces acute hyperglycemia-enhanced hemorrhagic transformation in a rat
model of cerebral ischemia. J Neurosci Res. 2010; 88: 2046–55. doi: 10.1002/jnr.22361 PMID:
20155812

36. Higashida T, Kreipke CW, Rafols JA, Peng C, Schafer S, Schafer P, et al. The role of hypoxia-inducible
factor-1α, aquaporin-4, and matrix metalloproteinase-9 in blood–brain barrier disruption and brain
edema after traumatic brain injury. J Neurosurg. 2011; 114: 92–101. doi: 10.3171/2010.6.JNS10207
PMID: 20617879

37. Pulkkinen K, Malm T, Turunen M, Koistinaho J, Ylä-Herttuala S. Hypoxia induces microRNAmiR-210
in vitro and in vivo ephrin-A3 and neuronal pentraxin 1 are potentially regulated by miR-210. FEBS Lett.
2008; 582(16): 2397–401. doi: 10.1016/j.febslet.2008.05.048 PMID: 18539147

38. Vangeison G, Carr D, Federoff HJ, Rempe DA. The good, the bad, and the cell type-specific roles of
hypoxia inducible factor-1 alpha in neurons and astrocytes. J Neurosci. 2008; 28: 1988–93. doi: 10.
1523/JNEUROSCI.5323-07.2008 PMID: 18287515

39. Aminova LR, Chavez JC, Lee J, Ryu H, Kung A, Lamanna JC, Ratan RR. Prosurvival and prodeath ef-
fects of hypoxia-inducible factor-1alpha stabilization in a murine hippocampal cell line. J Biol Chem.
2005; 280: 3996–4003. PMID: 15557337

40. Shi H. Hypoxia inducible factor 1 as a therapeutic target in ischemic stroke. Curr Med Chem. 2009; 16:
4593–600. PMID: 19903149

41. Guo K, Searfoss G, Krolikowski D, Pagnoni M, Franks C, Clark K, et al. Hypoxia induces the expression
of the pro-apoptotic gene BNIP3. Cell Death Differ.2001; 8: 367–76. PMID: 11550088

42. Choi JY, Jang YS, Min SY, Song JY. Overexpression of MMP-9 and HIF-1α in Breast Cancer Cells
under Hypoxic Conditions. J Breast Cancer. 2011; 14: 88–95. doi: 10.4048/jbc.2011.14.2.88 PMID:
21847402

43. Semenza GL. Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Curr Opin Genet Dev.
1998; 8: 588–94. PMID: 9794818

44. Simon MP, Tournaire R, Pouyssegur J. The angiopoietin-2 gene of endothelial cells is up-regulated in
hypoxia by a HIF binding site located in its first intron and by the central factors GATA-2 and Ets-1. J
Cell Physiol. 2008; 217: 809–18. doi: 10.1002/jcp.21558 PMID: 18720385

45. Ahn YT, Chua MS, Whitlock JP Jr, Shin YC, SongWH, Kim Y, et al. Rodent-specific hypoxia response
elements enhance PAI-1 expression through HIF-1 or HIF-2 in mouse hepatoma cells. Int J Oncol.
2010; 37: 1627–38. PMID: 21042733

46. Zhang ZG, Zhang L, TsangW, Soltanian-Zadeh H, Morris D, Zhang R, et al. Correlation of VEGF and
angiopoietin expression with disruption of blood-brain barrier and angiogenesis after focal cerebral is-
chemia. J Cereb Blood FlowMetab. 2002; 22: 379–92. PMID: 11919509

47. van Bruggen N, Thibodeaux H, Palmer JT, LeeWP, Fu L, Cairns B, et al. VEGF antagonism reduces
edema formation and tissue damage after ischemia/reperfusion injury in the mouse brain. J Clin Invest.
1999; 104:1613–20. PMID: 10587525

48. Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz MA, et al. Effects of matrix metalloproteinase-9
gene knock-out on the proteolysis of blood-brain barrier and white matter components after cerebral is-
chemia. J Neurosci. 2001; 21: 7724–32. PMID: 11567062

MiRNA-335 TargetsHif-1α

PLOSONE | DOI:10.1371/journal.pone.0128432 June 1, 2015 18 / 19

http://dx.doi.org/10.1523/JNEUROSCI.5038-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525288
http://dx.doi.org/10.1371/journal.pone.0103525
http://dx.doi.org/10.1371/journal.pone.0103525
http://www.ncbi.nlm.nih.gov/pubmed/25061880
http://dx.doi.org/10.1074/jbc.M111.280701
http://dx.doi.org/10.1074/jbc.M111.280701
http://www.ncbi.nlm.nih.gov/pubmed/22334710
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://www.ncbi.nlm.nih.gov/pubmed/18158296
http://www.ncbi.nlm.nih.gov/pubmed/17108354
http://www.ncbi.nlm.nih.gov/pubmed/15806104
http://dx.doi.org/10.1002/jnr.22361
http://www.ncbi.nlm.nih.gov/pubmed/20155812
http://dx.doi.org/10.3171/2010.6.JNS10207
http://www.ncbi.nlm.nih.gov/pubmed/20617879
http://dx.doi.org/10.1016/j.febslet.2008.05.048
http://www.ncbi.nlm.nih.gov/pubmed/18539147
http://dx.doi.org/10.1523/JNEUROSCI.5323-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.5323-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18287515
http://www.ncbi.nlm.nih.gov/pubmed/15557337
http://www.ncbi.nlm.nih.gov/pubmed/19903149
http://www.ncbi.nlm.nih.gov/pubmed/11550088
http://dx.doi.org/10.4048/jbc.2011.14.2.88
http://www.ncbi.nlm.nih.gov/pubmed/21847402
http://www.ncbi.nlm.nih.gov/pubmed/9794818
http://dx.doi.org/10.1002/jcp.21558
http://www.ncbi.nlm.nih.gov/pubmed/18720385
http://www.ncbi.nlm.nih.gov/pubmed/21042733
http://www.ncbi.nlm.nih.gov/pubmed/11919509
http://www.ncbi.nlm.nih.gov/pubmed/10587525
http://www.ncbi.nlm.nih.gov/pubmed/11567062


49. Doeppner TR, Mlynarczuk-Bialy I, Kuckelkorn U, Kaltwasser B, Herz J, Hasan MR, et al. The novel pro-
teasome inhibitor BSc2118 protects against cerebral ischaemia through HIF1A accumulation and en-
hanced angioneurogenesis. Brain. 2012; 135(Pt 11): 3282–97. doi: 10.1093/brain/aws269

50. Nagai N, Suzuki Y, Van Hoef B, Lijnen HR, Collen D. Effects of plasminogen activator inhibitor-1 on is-
chemic brain injury in permanent and thrombotic middle cerebral artery occlusion models in mice. J
Thromb Haemost. 2005; 3: 1379–84. PMID: 15978095

51. Sashindranath M, Sales E, Daglas M, Freeman R, Samson AL, Cops EJ, et al. The tissue-type plasmin-
ogen activator-plasminogen activator inhibitor 1 complex promotes neurovascular injury in brain trau-
ma: evidence frommice and humans. Brain. 2012; 135: 3251–64. doi: 10.1093/brain/aws178 PMID:
22822039

52. Helton R, Cui J, Scheel JR, Ellison JA, Ames C, Gibson C, et al. Brain-specific knock-out of hypoxia-in-
ducible factor-1alpha reduces rather than increases hypoxic–ischemic damage. J Neurosci. 2005; 25:
4099–4107. PMID: 15843612

53. Chen C, Hu Q, Yan J, Yang X, Shi X, Lei J, et al. Early inhibition of HIF-1alpha with small interfering
RNA reduces ischemic-reperfused brain injury in rats. Neurobiol Dis. 2009; 33: 509–17. doi: 10.1016/j.
nbd.2008.12.010 PMID: 19166937

54. Chen C, Hu Q, Yan J, Lei J, Qin L, Shi X, et al. Multiple effects of 2ME2 and D609 on the cortical expres-
sion of HIF-1alpha and apoptotic genes in a middle cerebral artery occlusion-induced focal ischemia rat
model. J Neurochem. 2007; 102: 1831–41. PMID: 17532791

55. Li Y, Zhou C, Calvert JW, Colohan AR, Zhang JH. Multiple effects of hyperbaric oxygen on the expres-
sion of HIF-1 alpha and apoptotic genes in a global ischemia–hypotension rat model. Exp Neurol.
2005; 191: 198–210. PMID: 15589527

56. Liu XS, Chopp M, Zhang RL, Hozeska-Solgot A, Gregg SC, Buller B, et al. Angiopoietin 2 mediates the
differentiation and migration of neural progenitor cells in the subventricular zone after stroke. J Biol
Chem. 2009; 284: 22680–9. doi: 10.1074/jbc.M109.006551 PMID: 19553662

57. Lee SR, Kim HY, Rogowska J, Zhao BQ, Bhide P, Parent JM, et al. Involvement of matrix metalloprotei-
nase in neuroblast cell migration from the subventricular zone after stroke. J Neurosci. 2006; 26: 3491–
3495. PMID: 16571756

58. Rosell A, Lo EH. Multiphasic roles for matrix metalloproteinases after stroke. Curr Opin Pharmacol.
2008; 8: 82–9. doi: 10.1016/j.coph.2007.12.001 PMID: 18226583

59. Soeda S, Koyanagi S, Kuramoto Y, Kimura M, Oda M, Kozako T, et al. Anti-apoptotic roles of plasmino-
gen activator inhibitor-1 as a neurotrophic factor in the central nervous system. Thromb Haemost.
2008; 100: 1014–20. PMID: 19132224

60. Kaelin WG Jr, Ratcliffe PJ. Oxygen sensing by metazoans: the central role of the HIF hydroxylase path-
way. Mol Cell. 2008; 30:393–402. doi: 10.1016/j.molcel.2008.04.009 PMID: 18498744

61. Wenger RH. Cellular adaptation to hypoxia: O2-sensing protein hydroxylases, hypoxia-inducible tran-
scription factors, and O 2-regulated gene expression. FASEB J. 2002; 16: 1151–1162. PMID:
12153983

62. Makino Y, Kanopka A, WilsonWJ, Tanaka H, Poellinger L. Inhibitory PAS domain protein (IPAS) is a
hypoxia-inducible splicing variant of the hypoxia-inducible factor-3alpha locus. J Biol Chem. 2002; 277:
32405–8. PMID: 12119283

63. Kunze R1, ZhouW, Veltkamp R, Wielockx B, Breier G, Marti HH. Neuron-specific prolyl-4-hydroxylase
domain 2 knockout reduces brain injury after transient cerebral ischemia. Stroke. 2012; 43(10): 2748–
56. PMID: 22933585

64. Hu CJ, Wang LY, Chodosh LA, Keith B, Simon MC. Differential roles of hypoxia inducible factor 1a
(HIF-1a) and HIF-2a in hypoxic gene regulation. Mol Cell Biol 2003; 23: 9361–9374. PMID: 14645546

65. Pasanen A, Heikkilä M, Rautavuoma K, Hirsilä M, Kivirikko KI, Myllyharju J. Hypoxia-inducible factor
(HIF)-3alpha is subject to extensive alternative splicing in human tissues and cancer cells and is regu-
lated by HIF-1 but not HIF-2. Int J Biochem Cell Biol. 2010; 42(7): 1189–200. doi: 10.1016/j.biocel.
2010.04.008 PMID: 20416395

MiRNA-335 TargetsHif-1α

PLOSONE | DOI:10.1371/journal.pone.0128432 June 1, 2015 19 / 19

http://dx.doi.org/10.1093/brain/aws269
http://www.ncbi.nlm.nih.gov/pubmed/15978095
http://dx.doi.org/10.1093/brain/aws178
http://www.ncbi.nlm.nih.gov/pubmed/22822039
http://www.ncbi.nlm.nih.gov/pubmed/15843612
http://dx.doi.org/10.1016/j.nbd.2008.12.010
http://dx.doi.org/10.1016/j.nbd.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/19166937
http://www.ncbi.nlm.nih.gov/pubmed/17532791
http://www.ncbi.nlm.nih.gov/pubmed/15589527
http://dx.doi.org/10.1074/jbc.M109.006551
http://www.ncbi.nlm.nih.gov/pubmed/19553662
http://www.ncbi.nlm.nih.gov/pubmed/16571756
http://dx.doi.org/10.1016/j.coph.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18226583
http://www.ncbi.nlm.nih.gov/pubmed/19132224
http://dx.doi.org/10.1016/j.molcel.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18498744
http://www.ncbi.nlm.nih.gov/pubmed/12153983
http://www.ncbi.nlm.nih.gov/pubmed/12119283
http://www.ncbi.nlm.nih.gov/pubmed/22933585
http://www.ncbi.nlm.nih.gov/pubmed/14645546
http://dx.doi.org/10.1016/j.biocel.2010.04.008
http://dx.doi.org/10.1016/j.biocel.2010.04.008
http://www.ncbi.nlm.nih.gov/pubmed/20416395

