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(Background: The dopaminergic neurotoxin, 1-methyl-4-phenylpyridinium (MPP "), kills cells by inhibiting mitochondrial
Results: MicroRNA-7-mediated repression of RelA expression and subsequent increase in glucose transporter Glut3 level

Conclusion: MicroRNA-7 protects cells against MPP*-induced cytotoxicity by enhancing glycolysis.
Significance: MicroRNA-7 could potentially mitigate the effects of mitochondrial oxidative phosphorylation defects in Parkinson

J

Parkinson disease is associated with decreased activity of
the mitochondrial electron transport chain. This defect can
be recapitulated in vitro by challenging dopaminergic cells
with 1-methyl-4-phenylpyridinium (MPP*), a neurotoxin
that inhibits complex I of electron transport chain. Conse-
quently, oxidative phosphorylation is blocked, and cells
become dependent on glycolysis for ATP production. There-
fore, increasing the rate of glycolysis might help cells to pro-
duce more ATP to meet their energy demands. In the present
study, we show that microRNA-7, a non-coding RNA that
protects dopaminergic neuronal cells against MPP " -induced
cell death, promotes glycolysis in dopaminergic SH-SY5Y and
differentiated human neural progenitor ReNcell VM cells, as
evidenced by increased ATP production, glucose consump-
tion, and lactic acid production. Through a series of experi-
ments, we demonstrate that targeted repression of RelA by
microRNA-7, as well as subsequent increase in the neuronal
glucose transporter 3 (Glut3), underlies this glycolysis-pro-
moting effect. Consistently, silencing Glut3 expression
diminishes the protective effect of microRNA-7 against
MPP™. Further, microRNA-7 fails to prevent MPP*-induced
cell death when SH-SY5Y cells are cultured in a low glucose
medium, as well as when differentiated ReNcell VM cells or
primary mouse neurons are treated with the hexokinase
inhibitor, 2-deoxy-p-glucose, indicating that a functional gly-
colytic pathway is required for this protective effect. In con-
clusion, microRNA-7, by down-regulating RelA, augments
Glut3 expression, promotes glycolysis, and subsequently pre-
vents MPP*-induced cell death. This protective effect of
microRNA-7 could be exploited to correct the defects in oxi-
dative phosphorylation in Parkinson disease.
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Parkinson disease (PD)? is a chronic, progressive neurodegen-
erative disorder characterized by accumulation of misfolded pro-
tein aggregates containing a-synuclein and loss of dopaminergic
neurons in the substantia nigra pars compacta. It manifests clini-
cally as tremor, rigidity, bradykinesia, and shuffling gait. Multiple
mechanisms have been suggested to contribute to the degenera-
tion of dopaminergic neurons in PD. Among them, several lines of
evidence indicate dysfunctional mitochondria to be an important
contributing factor at the sub-cellular level (1-3). NADH-ubiqui-
none reductase (complex I of mitochondrial electron transport
chain) activity has been found to be significantly reduced in the
substantia nigra of PD patients (4). This likely results from oxida-
tive damage and misassembly of the catalytic subunits of complex
I (5). In addition, the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) inhibits complex I of the electron trans-
port chain after being converted into its active metabolite 1-meth-
yl-4-phenylpyridinium (MPP™) and results in a Parkinsonian
phenotype in humans, non-human primates, and mice (6). As
MPP*-induced mitochondrial dysfunction leads to decreased
production of ATP (7), cells attempt to meet their energy demand
by enhancing the rate of glycolysis (8). Therefore, strategies to fur-
ther increase the glycolytic rate could be exploited to sustain ATP
production and slow the progression of neuronal degeneration in
PD.

MicroRNAs are small, non-coding RNAs that regulate sev-
eral cellular pathways by altering the expression of their target
genes. Dysregulation of microRNA expression and/or function
has been associated with neurodegenerative disorders includ-
ing PD (9-11). MicroRNA-7 (miR-7) was first identified to play
a protective role in cellular models of PD by directly targeting

2The abbreviations used are: PD, Parkinson disease; 2-DG, 2-deoxy-D-glu-
cose; Eno1, enolase1; miR-7, microRNA-7; miR-SC, scrambled microRNA
control; MPP*, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; MTS, 3-(4,5-dimethylazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoleum; NF-«B, nuclear factor
kB; PDK4, pyruvate dehydrogenase kinase 4; P-enolpyruvate, phosphoe-
nolpyruvate; PGK1, phosphoglycerate kinase 1; gPCR, quantitative real-
time PCR; SCO2, regulator of oxidative phosphorylation cytochrome c oxi-
dase assembly protein; tRFP, turbo red fluorescent protein; siRNA-NT, non-
targeting siRNA; lenti, lentiviral.
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and down-regulating a-synuclein expression (12, 13). miR-7
also protects against MPP " -induced neurotoxicity (14, 15). In
the latter model, the cytoprotective role of miR-7 is mediated
through down-regulation of its target RelA, a member of the
nuclear factor kB (NF-kB) family of transcription factors.

In the present study, we show that miR-7 promotes glycolysis
as measured by increases in intracellular ATP/ADP ratio, glu-
cose consumption, and lactic acid production. This effect of
miR-7 is mediated through down-regulating the expression of
its target gene, RelA. In addition, the glycolysis-promoting
effect of miR-7 is mediated by increased expression of the cell
surface glucose transporter, Glut3, whose expression is regu-
lated by RelA. Decreasing cellular glucose uptake by silencing
the Glut3 expression or inhibiting hexokinase, which is the
enzyme that catalyzes the first step in glycolysis, diminished the
cytoprotective effect of miR-7. These results suggest that miR-7
could help improve cellular bioenergetics and promote survival
of dopaminergic neurons in PD.

EXPERIMENTAL PROCEDURES

Materials—MPP™ and 2-deoxy-p-glucose (2-DG), were pur-
chased from Sigma. Non-targeting siRNA (siRNA-NT),
siRNA-RelA, and siRNA-Glut3 were purchased from Thermo
Scientific. Scrambled microRNA control (miR-SC), miR-7,
anti-miR negative control, and anti-miR-7 were purchased
from Ambion. Lentiviral vector pLemiR-pri-miR-7-2 (lenti-
miR-7) and miR-SC (lenti-miR-SC) containing turboRFP
reporter, as well as pGIPz-shRNA-RelA (lenti-shRNA-RelA)
and control shRNA (lenti-shRNA-NT) constructs, were pur-
chased from Open Biosystems.

Animals—All animals were housed and handled in accord-
ance with the Institutional Animal Care guidelines of Rutgers
Robert Wood Johnson Medical School. C57BL/6] mice pur-
chased from The Jackson Laboratory were used in this study.

Cell Culture—SH-SY5Y cells and HEK293T cells were cul-
tured in DMEM (Life Technologies) containing 25 mM glucose
supplemented with 10% FBS (Life Technologies). For experi-
ments in low glucose medium, SH-SY5Y cells were maintained
in DMEM containing 5 mm glucose.

The human neural progenitor cell line, ReNcell VM cell line,
was purchased from Millipore. To maintain their proliferating
state, these cells were grown in DMEM/F12 (1:1) (Thermo Sci-
entific) supplemented with B-27 supplement (Life Technolo-
gies), GlutaMAX (Life Technologies), 10 units/ml heparin
(Sigma), 50 ug/ml gentamicin (Life Technologies), 20 ng/ml
basic FGF (PeproTech), and 20 ng/ml EGF (PeproTech). These
cells were differentiated into dopaminergic neurons by the pre-
aggregation differentiation protocol (16). In brief, cells were
cultured in non-coated flasks for 7 days to allow for the forma-
tion of neurospheres. Aggregates were then collected and dis-
sociated by trituration and seeded on laminin-coated plates
with medium without basic FGF and EGF, supplemented with 1
mM dibutyryl-cAMP (Santa Cruz Biotechnologies) and 2 ng/ml
glial cell-derived neurotropic factor (GDNF) (PeproTech).
Experiments were conducted after 2 weeks of differentiation.
Primary mouse cortical neurons were isolated and cultured as
described previously (12). Experiments were performed after
10 days of differentiation.
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Transfections—Pre-miR, anti-miR and siRNA transfections
were performed using Lipofectamine RNAIMAX (Life Tech-
nologies) according to the manufacturer’s protocol. Lipo-
fectamine 2000 (Life Technologies) was used for plasmid trans-
fections according to the manufacturer’s instructions.

Lentivirus Production and Transduction—HEK293T cells
were used for production of lentivirus as described previ-
ously (15). Lentiviral vector pLemiR encodes human pri-
miR-7-2 and Turbo Red fluorescent protein (tRFP) within a
bicistronic transcript, which allows easy tracking of miR-
expressing cells. Concentrated virus (1 X 10” transduction
units/ml) was used to infect ReNcell VM cells at a multiplic-
ity of infection of 10.

ATP/ADP Ratio Assay—Ratio of intracellular ATP to ADP
was quantified using the ApoSENSOR ADP/ATP biolumi-
nescent assay kit (BioVision) according to the manufactu-
rer’s protocol. In brief, background luminescence of each
sample was measured using a Wallac Victor2 1420 multilabel
counter. The total intracellular ATP was quantified by the
addition of the reaction mixture, which contains the enzyme
luciferase and its substrate, luciferin. ATP present in the
samples is utilized for the luciferase-catalyzed conversion of
luciferin to oxyluciferin with production of light, which was
quantified by measuring the luminescence (value A). This
was immediately followed by the addition of an ADP-con-
verting enzyme that converts intracellular ADP to ATP and
measurement of luminescence (value B). The second lumi-
nescence value (value B) represents light generated by total
ADP and ATP present in the reaction mixture. After correct-
ing for background luminescence, value A was subtracted
from value B to calculate light generated by ADP alone, and
ATP/ADP ratio was calculated.

Glucose and Lactic Acid Assays—Glucose remaining in the
medium was quantified using glucose oxidase-peroxidase
(Sigma) reaction coupled to oxidation of Amplex Red reagent
(Life Technologies). Glucose present in the medium was con-
verted to D-gluconic acid and H,O, by glucose oxidase. The
H,O, produced in this reaction was then utilized in the conver-
sion of Amplex Red to resorufin by peroxidase. Resorufin is a
colored product whose absorbance, measured at 560 nm, is
proportional to the amount of glucose present in the medium.
Glucose consumption by cells was calculated by subtracting the
amount of glucose present in cell culture medium from that
present in the medium without any cells. Lactic acid produced
in the medium was quantified using a lactic acid assay kit
(Sigma) according to the manufacturer’s protocol.

Pyruvate Kinase Activity Assay—Pyruvate kinase activity was
measured using a pyruvate kinase activity assay kit (Sigma)
according to the manufacturer’s protocol. Enzyme activity was
normalized to total protein content in each sample.

Cell Viability Assay—Cell viability was measured using Cell-
Titer 96 aqueous 3-(4,5-dimethylazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) re-
agent (Promega) according to the manufacturer’s instructions.

RNA Extraction and Quantitative Real-time PCR (qPCR)—
RNA was extracted using the miRNeasy mini kit (Qiagen) fol-
lowed by reverse transcription to synthesize ¢cDNA using
SuperScript III (Life Technologies) according to the manufa-
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cturer’s protocol. The SYBR® select master mix (Life Technol-
ogies) was used for qPCR performed in an Applied Biosystems
7500 real-time PCR system. 18S rRNA was used as an internal
control. The following primers were used: Glutl-forward, 5'-
CCGGGGTCCTATAAACGCTAC-3’, Glutl-reverse, 5'-
CGTCGTTTGGTCTCCTGCTC-3'; Glut3-forward, 5'-TGC-
CTTTGGCACTCTCAACCAG-3', Glut3-reverse, 5'-GCC-
ATAGCTCTTCAGACCCAAG-3'; Glut4-forward, 5'-TAGG-
CTCCGAAGATGGGGAA-3', Glut4-reverse, 5-CAC-
CTTCTGAGGGGCATTGA-3'; regulator of oxidative
phosphorylation cytochrome ¢ oxidase assembly protein
(SCO2)-forward, 5'-CTTCACTCACTGCCCTGACA-3';
SCO2-reverse, 5'-CGGTCAGACCCAACAGTCTT-3’; enolase
1 (Enol)-forward, 5'-CTGTATCGCCACATTGCTCAGC-3/,
Enol-reverse, 5 -AGCTTGTTGCCAGCATGAGAGC-3';
pyruvate dehydrogenase kinase 4 (PDK4)-forward, 5'-AAGT-
GGCCATGTGAAGAGGG-3', PDK4-reverse, 5'-GGAGTTT-
TCGTTGCTGTCGT-3’; and phosphoglycerate kinase 1
(PGK1)-forward, 5'-CCGCTTTCATGTGGAGGAAGAAG-
3’, PGK1-reverse, 5'-CTCTGTGAGCAGTGCCAAAAGC-3'.

Western Blot Analysis—W estern blot analysis was performed
as described previously (15). Briefly, cells were lysed in PBS
buffer containing 1% sodium dodecyl sulfate with protease and
phosphatase inhibitors and sonicated for 10 s. Protein concen-
tration was determined using the BCA protein assay reagent
(Thermo Scientific). Proteins were resolved on a 4-20% SDS-
PAGE gel and transferred onto PVDF membrane. The follow-
ing primary antibodies were used: anti-RelA (Santa Cruz Bio-
technology, catalog number sc-372) and anti- actin (Sigma-
Aldrich, catalog number A5316). The following secondary
antibodies were used: horseradish peroxidase-conjugated anti-
rabbit (R&D Systems, catalog number HAF008) or anti-mouse
antibody (R&D Systems, catalog number HAF007). Western
blots were quantified by densitometry using Image] (National
Institutes of Health). Band intensity of RelA was measured
using Image] and normalized to 3-actin.

Measurement of Neurite Length—Mouse primary neurons
transduced with lenti-miR-SC or lenti-miR-7 were imaged
using a Zeiss Axiovert 2000 fluorescent microscope. Images
were converted to 8-bit grayscale using the National Institutes
of Health Image] software. Length of neurite from the perime-
ter of the cell body to the tip was measured using the Neuron]
plugin (17). Twenty neurons were measured for each sample,
yielding an average of 45 neurites per sample.

TUNEL Assay—TUNEL assay was performed using the In
Situ cell death detection kit, fluorescein (Roche Applied Sci-
ence) according to the manufacturer’s protocol. In brief, after
fixation and permeabilization, cells were incubated with
TUNEL reaction mixture at 37 °C for 1 h in a humidified cham-
ber. Coverslips were then washed in PBS, stained with DAPI,
and mounted. Coverslips were imaged using a Zeiss Axiovert
2000 fluorescent microscope. The number of cells that were
both TUNEL-positive (green) and tRFP-positive (representing
successful transduction of lenti-miR-SC or lenti-miR-7) were
counted in four different microscopic fields including 10-20
infected neurons for each sample.

Statistical Analysis—Data were representative of three sets of
independent experiments performed in triplicates for each

SASBMB

MAY 8,2015+VOLUME 290-NUMBER 19

MicroRNA-7 Increases Glycolysis by Targeting RelA

B
O miR-SC 0.6 [0 siRNA-NT
O o g
‘<_B' A miR-7 R il [ siRNA-RelA
3o & 04
g o
< < ™
@02 T 02 r r
= =
“, ﬂ . [T
0.0
mM) MPP+ 0 05 1(mM)
c D
o3 ™ Olent-miR-SC 3 [ lenti-shRNA-NT
s r‘ H lenti-miR-7 b [l lenti-shRNA-RelA
x, g ,
o 2 o
o o)
g <
3 ﬂ I [ 3 I I
- = BT 1
o ﬂ ! , ul
MPP+ 0 1(mM)  MPP+ 1 (mM)

FIGURE 1. Overexpression of miR-7 or knockdown of RelA increases ratio
of intracellular ATP/ADP. A and B, effect of miR-7 or siRNA-RelA on intracel-
lular ATP/ADP ratio in SH-SY5Y cells. SH-SY5Y cells were transfected with
miR-SC or miR-7 (A) and siRNA-NT or siRNA-RelA (B). Forty-eight hours after
transfection, cells were treated with the indicated concentrations of MPP ™ for
6 h, followed by an ATP/ADP ratio assay. C and D, effect of miR-7 or knock-
down of RelA expression on intracellular ATP/ADP ratio in ReNcell VM cells.
Differentiated ReNcell VM cells were transduced with lenti-miR-SC or lenti-
miR-7 (C) and lenti-shRNA-NT or lenti-shRNA-RelA (D). Three days after trans-
duction, cells were treated with the indicated concentrations of MPP™* for 6 h,
followed by an ATP/ADP ratio assay. Data are presented as means = S.E.*, p <
0.05, **, p < 0.01, ***, p < 0.001. These results are representative of three
separate experiments.

group. Data are presented as means = S.E. and were analyzed by
two-way analysis of variance followed by Bonferroni’s post hoc
test unless otherwise stated. Level of significance was set at p <
0.05.

RESULTS

miR-7 Increases Intracellular ATP Production—In a recent
study, we demonstrated that miR-7 protects neuronal cells
against MPP " -induced cytotoxicity by targeting the 3'-UTR of
RelA mRNA and repressing its expression (15). MPP™ inhibits
complex I of the mitochondrial electron transport chain, lead-
ing to decreased ATP production. The inability to meet the
energy requirements of cellular processes ultimately results in
cell death. As overexpression of miR-7 is cytoprotective, we
investigated whether miR-7 overexpression can also increase
ATP production, thereby helping cells to satisfy their energy
demands and improve cell survival.

SH-SY5Y cells were transfected with miR-7 or miR-SC. For-
ty-eight hours after transfection, cells were treated with two
different concentrations of MPP™ for 6 h, and intracellular
ATP/ADP ratio was measured. As expected, MPP™ decreased
ATP/ADP ratio in a dose-dependent manner (Fig. 14). Inter-
estingly, overexpression of miR-7 in un-challenged SH-SY5Y
cells resulted in a striking increase of ATP/ADP ratio, indicat-
ing that miR-7 promotes ATP production, as compared with
cells transfected with miR-SC (Fig. 14). The increase in ATP/
ADP ratio in cells overexpressing miR-7 was maintained even
after MPP™ treatment. As miR-7 targets RelA expression (15),
we next investigated whether RelA knockdown also increases
ATP production. Indeed, transfection of siRNA targeting RelA
also resulted in a similar increase in ATP/ADP ratio that was
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FIGURE 2. Overexpression of miR-7 or knockdown of RelA increases glycolysis. A-D, effect of miR-7 or siRNA-RelA on glucose consumption and lactic acid
production in SH-SY5Y cells. Cells were transfected with miR-SC or miR-7 (A and C) and siRNA-NT or siRNA-RelA (B or D). Forty-eight hours after transfection, cells
were treated with the indicated concentrations of MPP ™ for 6 h followed by determination of glucose (A and B) and lactic acid (C and D) concentration in the
medium. E-H, effect of miR-7 or shRNA-RelA on glucose consumption and lactic acid production in ReNcell VM cells. Differentiated ReNcell VM cells were
transduced with lenti-miR-SC or lenti-miR-7 (E and G) and lenti-shRNA-NT or lenti-shRNA-RelA (F and H). Three days after transduction, cells were treated with
the indicated concentrations of MPP™ for 6 h followed by determination of glucose (€ and F) and lactic acid (G and H) concentration in the medium. Data are
presented as means * S.E. **, p < 0.01, ***, p < 0.001. These results are representative of three separate experiments.

also maintained after cells were exposed to MPP™ (Fig. 1B). To
confirm that miR-7 or knockdown of RelA expression can
increase ATP production in post-mitotic neuronal cells, differ-
entiated ReNcell VM cells were used. ReNcell VM cells are an
immortalized human ventral mesencephalic neural progenitor
cell line that can be differentiated into dopaminergic neurons
(16). Similar to SH-SY5Y cells, overexpression of miR-7 or
knockdown of RelA using lentiviral constructs in differenti-
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ated ReNcell VM cells led to an increase in ATP/ADP ratio
that was sustained even after MPP™" challenge (Fig. 1, C and
D). Further, the MTS assay showed that cell death during the
6-h MPP™ treatment was negligible (data not shown), ensur-
ing that quantification of ATP/ADP ratio was not con-
founded by differences in cell viability. These results suggest
that miR-7 increases ATP production, possibly by down-
regulating RelA expression.
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FIGURE 3. Overexpression of miR-7 or knockdown of RelA leads to modest
increase in pyruvate kinase activity. A and B, SH-SY5Y cells were transfected
with miR-SC or miR-7 (A) and siRNA-NT or siRNA-RelA (B). After 48 h, cells were
treated with the indicated concentrations of MPP* for 6 h, and pyruvate kinase
activity was measured. Data are presented as means = S.E. **, p < 0.01, ***, p <
0.001. These results are representative of three separate experiments.

miR-7 Promotes Glycolysis through Down-regulating RelA
Expression—As MPP™ blocks oxidative phosphorylation, miR-
7-induced increase in ATP production could result from
enhancing other metabolic pathways such as glycolysis. To
assess glycolysis, we measured glucose consumption and lactic
acid production in SH-SY5Y cells. Indeed, overexpression of
miR-7 significantly increased both glucose consumption and
lactic acid production (Fig. 2, A and C). Treatment with MPP™
also resulted in a concentration-dependent increase in glucose
consumption and lactic acid production, which is consistent
with previous studies (8), likely representing a defensive mech-
anism by cells in the face of inefficient mitochondrial ATP pro-
duction upon MPP™ challenge. Cells overexpressing miR-7,
however, further increased their glucose consumption and lac-
ticacid production even after MPP ™ treatment (Fig. 2, A and C).
Similarly, knockdown of RelA also increased glucose consump-
tion and lactic acid production, which were maintained after
MPP™ challenge as well (Fig. 2, B and D).

To confirm our findings in post-mitotic neuronal cell, ReN-
cell VM cells were transduced with lentivirus expressing miR-7
or a control lentivirus. Three days after transduction, cells were
treated with increasing concentrations of MPP™ for 6 h, fol-
lowed by measurements of glucose consumption and lactic acid
in the culture medium. As observed in SH-SY5Y cells, miR-7
overexpression increased glucose consumption and lactic acid
production (Fig. 2, E and G), suggesting that miR-7 promotes
glycolysis in differentiated neuronal cells as well. Knockdown of
RelA by infecting lentivirus expressing SARNA-RelA also pro-
moted glycolysis in ReNcell VM cells (Fig. 2, Fand H). Similar to
SH-SY5Y cells, miR-7- or shRNA-RelA-induced increase in
glucose consumption and lactic acid production was sustained
even after exposure of ReNcell VM cells to MPP™ (Fig. 2, E-H).

To determine whether miR-7-mediated increase in glycoly-
sis was a result of increase in glycolytic enzyme activity, we
measured the pyruvate kinase activity in SH-SY5Y cells. Pyru-
vate kinase catalyzes the final step of glycolysis and represents
an important control site. Pyruvate kinase catalyzes the irre-
versible conversion of phosphoenolpyruvate (P-enolpyruvate)
to pyruvate. Overexpression of miR-7 or knockdown of RelA
resulted in statistically significant increase in pyruvate kinase
activity (Fig. 3, A and B), although not as dramatic as in other
glycolytic parameters (ATP/ADP ratio, glucose consumption,
and lactic acid production) (Figs. 1 and 2). Pyruvate kinase
activity is allosterically regulated by fructose 1,6-bisphosphate,
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FIGURE 4. Inhibition of endogenous miR-7 results in suppression of gly-
colysis. SH-SY5Y cells were transfected with anti-miR-7 or anti-miR negative
control (Anti-Neg). After 48 h, cells were treated with the indicated concentra-
tions of MPP ™ for 6 h. A-C, intracellular ATP/ADP ratio (A), glucose consump-
tion (B), and lactic acid concentration (C) in the medium were determined.
Data are presented as means = S.E. *, p < 0.05, **, p < 0.01, *** p < 0.001.
These results are representative of three separate experiments.

P-enolpyruvate, and ATP (18, 19). Although fructose 1,6-bis-
phosphate and P-enolpyruvate increase pyruvate kinase activ-
ity (19, 20), high ATP level decreases it (19). The glycolysis-
promoting effect of miR-7 leads to increase in fructose
1,6-bisphosphate, P-enolpyruvate, and ATP inside the cell. As
these mediators have opposing effects on pyruvate kinase activ-
ity, the net result of the end-point assay may, therefore, reflect
only a modest change in enzyme activity.

To assess the role of endogenously expressed miR-7 in
enhancing glycolysis, anti-miR-7, a single-stranded oligonucle-
otide designed to specifically bind to and inhibit endogenous
miR-7, was used to determine ATP/ADP ratio, glucose con-
sumption, and lactic acid production. Cells transfected with
anti-miR-7 showed significantly greater reduction in ATP/
ADP ratio upon exposure to MPP™", as compared with cells
transfected with anti-scrambled control (Fig. 4A4). In addition,
glucose consumption and lactic acid production were signifi-
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cantly reduced in anti-miR-7 transfected cells after MPP™"
treatment (Fig. 4, B and C), suggesting that endogenously
expressed miR-7 promotes glycolysis under physiological con-
ditions. Further, it is worth noting that transfection of anti-
miR-7 did not block the dose-dependent increase in glucose
consumption and lactic acid production upon MPP™ treatment
(Fig. 4, B and C), suggesting that miR-7 and MPP" promote
glycolysis via distinct mechanisms.

To investigate whether miR-7-mediated down-regulation of
RelA underlies the glycolysis-promoting effect of miR-7, we
overexpressed a RelA construct lacking the 3'-UTR (and there-
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lysis-promoting activity of miR-7. SH-SY5Y cells were transfected with
miR-SC or miR-7 along with 2XFLAG-pCDNA3.1-RelA (RelA) or 2XFLAG-
pcDNA3.1 control vector (vector) as indicated. A and B, glucose consumption
(A) and lactic acid concentrations (B) in the medium were determined. Data
are presented as means = S.E. *** p < 0.001. These results are representative
of three separate experiments.
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fore unable to be down-regulated by miR-7) along with miR-7
or miR-SC. Transfection of miR-7 along with a control vector
resulted in increased glucose consumption (Fig. 54) and lactic
acid production (Fig. 5B), similar to that observed with miR-7
alone. Concomitant overexpression of RelA, however, abro-
gated the glycolysis-promoting activity of miR-7. These results
demonstrate that the glycolysis-promoting effect of miR-7
requires down-regulation of RelA.

miR-7 Increases Expression of the Glucose Transporter
Glut3—To elucidate the molecular mechanism by which miR-7
enhances glycolysis, we examined the expression levels of genes
that affect glycolytic rate. The following genes that regulate
glycolysis were selected for qPCR analysis based on previous
studies suggesting their regulation by RelA/NF-«B (21): the
glucose transporters Glutl, -3, -4, and -5; the glycolytic
enzymes Enol and PGK1; the glycolysis regulator PDK4; and
SCO2. Among the genes tested, expression of Glutl, Glut4,
Enol, PGK1, and SCO2 did not show any significant change
with miR-7 overexpression (Fig. 6A4) or RelA knockdown (Fig.
6B). Glut5 expression was negligible in SH-SY5Y cells and was,
therefore, not considered for further analysis. Only expression
of Glut3 was found to increase significantly following overex-
pression of miR-7 (Fig. 6A) or knockdown of RelA (Fig. 6B). In
addition, successful down-regulation of RelA after transfection
of miR-7 or siRNA-RelA was confirmed by qPCR (data not
shown). Elevation of Glut3 level might help the efficient uptake
of glucose from the medium and increases the rate of glycolysis.
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FIGURE 6. Overexpression of miR-7 or knockdown of RelA increases expression of the glucose transporter Glut3. Aand B, SH-SY5Y cells were transfected
with miR-SC or miR-7 (A) and siRNA-NT or siRNA-RelA (B). After 48 h, cells were harvested, followed by RNA extraction and qPCR to quantify expression of
glycolytic genes Glut1, Glut3, Glut4, Eno1, PGK1, PDK4, and SCO2. C, SH-SY5Y cells were co-transfected as indicated. After 48 h, cells were treated with 2 mm
MPP ™ for 24 h. Cell viability was quantified using the MTS assay. D, qPCR data showing efficiency of Glut3 knockdown after transfection of siRNA-Glut3. For A,
B, and C, data were analyzed using two-way analysis of variance followed by Bonferroni’s post hoc test. For D, data were analyzed using Student’s t test. Data
are presented as means = S.E. *** p < 0.001. These results are representative of three separate experiments.
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Indeed, knocking down the expression of Glut3, in part, abro-
gated the cytoprotective effect of miR-7 (Fig. 6C), suggesting
that the protective effect of miR-7 exerts partly through up-reg-
ulation of Glut3 via repressing RelA expression. Knocking
down the expression of Glut3 by siRNA-Glut3 was confirmed
by qPCR (Fig. 6D).

Inhibition of Glycolysis Results in Loss of miR-7-mediated
Protection—Considering that miR-7 protects cells against
MPP™ through promoting glycolysis, we expect that lowering
glucose concentration in the medium will abolish the protective
effects of miR-7. To test this hypothesis, we cultured SH-SY5Y
cells in medium containing 5 mm glucose (low glucose
medium). Reducing glucose concentration alone for several
passages was not toxic to cells (data not shown). However, the
protective effect of miR-7 against MPP* was abrogated when
cells were cultured in low glucose medium (Fig. 7A). In addi-
tion, the cytoprotection against MPP" offered by silencing
RelA expression was also abrogated by culturing cells in low
glucose medium (Fig, 7B). Decreased RelA protein level after
transfection of miR-7 and siRNA-RelA in high glucose or low
glucose medium was confirmed by Western blot (Fig. 7, C-F).
To confirm this finding in post-mitotic neuronal cells, we
treated differentiated ReNcell VM cells with 2-DG, a glucose
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analog that inhibits hexokinase and blocks glycolysis. Consis-
tently, the cytoprotection against MPP™ seen with miR-7 over-
expression (Fig. 84) or RelA silencing (Fig. 8B) was lost when
cells were cultured with 2-DG. To confirm this effect of miR-7
in primary neurons, mouse primary cortical neurons were
transduced with lenti-miR-SC or lenti-miR-7, and then cells
were exposed to MPP™ in the absence or presence of 2-DG.
Neurotoxicity was assessed by measuring neurite length and
TUNEL assay. Indeed, miR-7-expressing neurons were pro-
tected from this neurotoxic effect of MPP™ as evidenced by
significantly longer neurites, as compared with miR-SC-ex-
pressing neurons (Fig. 8, C and D), which is consistent with our
previous study (15) as well as with the lower number of
TUNEL-positive cells (Fig. 8, E and F). However, when glycol-
ysis was inhibited by 2-DG, a significant decrease in neurite
length and a significant increase in the number of TUNEL-
positive cells were observed even in the miR-7-expressing neu-
rons (Fig. 8, C-F), indicating that a functional glycolysis path-
way is required for miR-7-induced neuroprotection. Exposure
to 2-D@G alone for 24 h did not alter neuron morphology, neu-
rite length, or cell viability. Taken together, these data indicate
that miR-7 promotes glycolysis by targeting RelA, and subse-
quently leads to protection against MPP ™.
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separate experiments.

DISCUSSION

In the present study, we have elucidated a novel neuropro-
tective mechanism of miR-7. We show that miR-7 enhances
glycolysis and enables neuronal cells to meet their energy
requirement when oxidative phosphorylation is inhibited by
MPP™. This increase in glycolysis is achieved by the activity of
miR-7 to repress RelA expression and subsequently increase in
Glut3 expression. Furthermore, we demonstrate that the avail-
ability of glucose as substrate and a functional glycolytic path-
way are both essential for the cytoprotective effect of miR-7.

miR-7 is highly expressed in the brain, including in tyrosine
hydroxylase-positive dopaminergic neurons in the substantia
nigra (15), and appears to regulate key neuronal functions such
as neuronal differentiation and neurite outgrowth (22). Silenc-

12432 JOURNAL OF BIOLOGICAL CHEMISTRY

ing of miR-7 function in the mouse embryonic cortex results in
impaired cortical development (23). Additionally, miR-7 has
been shown to protect neuronal cells in several models of PD.
The first identified neuroprotective mechanism of miR-7 was
through down-regulation of a-synuclein by targeting the
3'-UTR of its mRNA (12). Subsequently, miR-7 was found to
protect against MPP " -induced cell death by activating the
mammalian target of rapamycin (mTOR) pathway (14) and by
relieving MPP " -induced NF-kB suppression via down-regulat-
ing the NF-«B subunit, RelA (15).

The glycolysis-promoting activity of miR-7 appears to be
particularly important in the brain, where glucose is primarily
utilized for the generation of ATP as energy source (24, 25). In
healthy and resting neurons, the level of activity of glycolytic
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enzymes is maintained far below their maximum potential.
Hexokinase activity, for example, is kept at 97% inhibited state
(25). As a result, tricarboxylic acid (TCA) cycle and oxidative
phosphorylation can completely catabolize glucose to generate
ATP. However, the reported defects in mitochondrial oxidative
phosphorylation in PD (4, 5) could suggest that, in this patho-
logical condition, neurons become increasingly dependent on
glycolysis for ATP production. Consistently, neuronal cells try
to increase their ATP production by enhancing the rate of gly-
colysis as a self-protective response upon MPP™ exposure (8).
Further, MPTP administration to mice also increases glycolysis
as evidenced by elevated lactate levels in the striatum (26).
However, neuronal cells eventually die despite this self-protec-
tive response, possibly due to the limited supply of ATP from
inefficient glycolysis in the pathological condition. A larger and
more persistent increase in glycolysis would prolong cell sur-
vival and, thus, help halt or slow neuronal degeneration.
Enhancing glycolysis by miR-7 may, therefore, provide a new
therapeutic approach in PD. Our data demonstrate that miR-7
not only increases the basal rate of glycolysis but also maintains
this enhanced glycolytic rate and ATP production in neuronal
cells after treatment with MPP ™. Additionally, MPP*-induced
increase in glycolysis was still observed even after significant
increase of glycolytic rate by miR-7 overexpression, suggesting
that miR-7 and MPP* promote glycolysis via independent
mechanisms. Inhibition of endogenous miR-7 led to a decrease
in ATP production, glucose consumption, and lactic acid pro-
duction, indicating that endogenous miR-7 also promotes gly-
colysis. However, inhibition of miR-7 did not block MPP " -in-
duced increase in glycolysis, further supporting our inference
that miR-7 and MPP™" enhance glycolysis through separate
pathways.

miR-7 promotes glycolysis by repressing its target RelA. In
accordance with our findings, previous studies have demon-
strated that knockdown of RelA facilitates switchover from oxi-
dative phosphorylation to glycolysis (21). To elucidate the
mechanism by which miR-7 and/or down-regulation of RelA
increases glycolysis, we determined the level of several RelA-
regulated genes that may affect glycolysis. These include the
glycolysis regulator PDK4 (27) that phosphorylates and inacti-
vates pyruvate dehydrogenase and, therefore, reduces the rate
of glycolysis; the glycolytic enzymes PGK1 and Enol (28) that
catalyze the conversion of 1,3-diphosphoglycerate to 3-phos-
phoglycerate and of 2-phosphoglycerate to P-enolpyruvate,
respectively; the regulator of oxidative phosphorylation SCO2
that helps in the biogenesis and assembly of cytochrome ¢ oxi-
dase II; and the glucose transporters Glutl (29), Glut3 (21),
Glut4 (30), and Glut5 (31). Among these genes, only expression
of Glut3, the major neuronal cell surface glucose transporter
(32), was found to be increased following overexpression of
miR-7 or knockdown of RelA. Up-regulation of Glut3, there-
fore, helps to increase glucose uptake in neuronal cells, thus
providing more substrate to drive the glycolytic flux forward.

The molecular mechanism by which miR-7 increases Glut3
expression remains to be further elucidated. Previous studies
have demonstrated that RelA can directly bind to the Glut3
promoter (33) and repress Glut3 transcription in the presence
of p53 (34). As p53 is expressed in SH-SY5Y cells (35), RelA
SASBMB
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appears to act as a transcriptional repressor of Glut3 in these
cells. This transcriptional repression of Glut3 could be relieved
by miR-7 through down-regulation of RelA.

Finally, we show that when glucose availability is limited, or
when glycolysis is inhibited, miR-7 overexpression or RelA
knockdown is not able to protect cells from MPP " -induced cell
death. This demonstrates that glycolysis is central to the cyto-
protective effect of miR-7. Consistent with our findings, inhibi-
tion of glycolysis with administration of the hexokinase inhibi-
tor 2-DG to mice exacerbated MPTP-induced ATP depletion in
the striatum (36). Interestingly, glycolysis also plays a neuro-
protective role in a-synuclein-mediated toxicity. For example,
blocking glycolysis with 2-DG aggravated a-synuclein-induced
dopaminergic neuron loss in Caenorhabditis elegans (37), and
knocking down the glycolytic enzyme, glucose phosphate
isomerase (GPI), exacerbated a-synuclein neurotoxicity,
whereas overexpression of glucose phosphate isomerase res-
cued dopaminergic neurons in C. elegans, Drosophila, and mice
(37). These studies indicate that an intact glycolytic pathway is
necessary for neuronal survival and that a dysfunctional glyco-
lytic pathway may worsen the cellular bioenergetic deficit in
PD. Taken together, our studies suggest that the glycolysis-pro-
moting effect of miR-7 could be beneficial in PD.
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