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Alzheimer’s disease (AD) is a multifactorial and fatal neurodegenerative disorder for which the mechanisms

leading to profound neuronal loss are incompletely recognized. MicroRNAs (miRNAs) are recently discovered

small regulatoryRNAmolecules that repressgeneexpressionandare increasingly acknowledgedasprime reg-

ulators involved inhumanbrainpathologies.Herewe identifiedtwohomologousmiRNAs,miR-132andmiR-212,

downregulated in temporal cortical areas and CA1 hippocampal neurons of human AD brains. Sequence-

specific inhibition of miR-132 andmiR-212 induces apoptosis in cultured primary neurons, whereas their over-

expression is neuroprotective against oxidative stress. Using primary neurons andPC12 cells, we demonstrate

that miR-132/212 controls cell survival by direct regulation of PTEN, FOXO3a and P300, which are all key

elements of AKT signaling pathway. Silencing of these three target genes by RNAi abrogates apoptosis

caused by the miR-132/212 inhibition. We further demonstrate that mRNA and protein levels of PTEN,

FOXO3a, P300 andmost of the direct pro-apoptotic transcriptional targets of FOXO3a are significantly elevated

in human AD brains. These results indicate that the miR-132/miR-212/PTEN/FOXO3a signaling pathway contri-

butes to AD neurodegeneration.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and themost common formof age-associated dementia.
It represents the fourth cause of death in industrialized societies,
and by 2050, it is estimated that more than 100 million people
will suffer from AD (1). The significant synaptic and neuronal
loss in the basal forebrain, hippocampus and cortex of the
human brain in AD is believed to lead to manifestations of clin-
ical symptoms such as cognitive decline. However, owing to the
slowly progressing nature of neuronal loss in AD, the study of
neuronal death has been challenging and the cause and funda-
mental mechanisms of neuronal cytotoxicity remain highly

controversial (2). Delineating the mechanisms of neuronal
death, therefore, has been one of the main focuses in the AD
field with an aim to apply novel therapeutics at the earliest pos-
sible time window to prevent neuronal loss. However, no effect-
ive therapies haveyet been found toprevent neuronal loss and the
subsequent cognitive impairments.

The recently discovered microRNAs (miRNAs) may offer a
novel approach to reveal previously undescribed regulatory
mechanisms of cell death in AD. miRNAs are short non-
protein-coding RNA molecules that are abundantly expressed
in the brain (3–6). They function as negative regulators of
gene expression at the posttranscriptional level by repressing
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translation and/or promoting mRNA degradation (7,8). Indeed,
changes of miRNA expression have recently been shown to be
associatedwith anumberof central nervous systemdisorders, in-
cluding AD (9,10). miRNAs may target the key disease-
associated genes such as amyloid precursor protein (APP)
(11–18) or BACE1 (19–23) and thus potentially modulate the
levels of toxic Ab species and the subsequent neuronal death.
However, the data on miRNA(s) that directly regulate cell
death pathways in AD human neurons have only begun to
emerge (23,24).
To investigate the miRNA-mediated regulation in AD patho-

genesis and identify specific changes in the miRNA levels in the
neuronal populations that are most prone to AD, we profiled
miRNA expression in AD tissues and laser-captured hippocam-
pal neurons fromADandage-matched control brains.Compared
with the controls, the expression of two homolog miRNAs,
miR-132 andmiR-212, was markedly and significantly downre-
gulated in AD neurons. These activity-regulated miRNAs are
required for normal dendrite maturation in newborn neurons
(25) and affect dendritic morphology in mature neurons (26).
Here we report that miR-132/212 also controls survival of
neural cells by direct regulation of three proteins associated
with cell death: Phosphatase and Tensin Homolog (PTEN),
Forkhead Box O3a (FOXO3a), and E1A binding protein p300
(P300). Furthermore, expression levels of PTEN, FOXO3a,
P300, as well as most of the direct transcriptional targets of
FOXO3a, are elevated in AD brains. These results indicate
that miR-132/212 modulates neuronal survival and implicate
PTEN/AKT/FOXO3a-associated death-signaling axis in AD
neurodegeneration.

RESULTS

Downregulation of miR-132/212 in AD neurons

To identify miRNAs that are deregulated in the progression of
AD, we profiled 40 selected brain-enriched miRNAs from tem-
poral cortex specimens of patients with the Braak III (mild AD)
and Braak VI (severe AD) neuro-pathology and age-matched
controls (n ¼ 6 per group) by multiplex qRT–PCR assays. We
utilized formalin-fixed brain tissues from the Harvard Brain
TissueResource Center, and the presence ofAb andNFTs in ad-
jacent brain sections was confirmed by immunohistochemistry.
Among these miRNAs, we found that expression levels of two
brain-enrichedmiRNAs,miR-132 andmiR-212,weremarkedly
and significantly reduced in AD. These results were confirmed
by the miRNA-specific singleplex qRT–PCR analysis of
larger patient cohorts (n ¼ 14–16 per group) (Fig. 1A and B,
and case details in Supplementary Material, Table S1). There
was a 1.4 (∗P ¼ 0.041) and 3.8 (∗∗P , 0.0001)-fold decrease
in Braak III/IV and Braak VI stages for miR-132 expression
(Fig. 1B left), and a 1.5 (∗P ¼ 0.022) and 2.7 (∗∗P ,
0.0001)-fold decrease in Braak III/IV and Braak VI for that of
miR-212 (Fig. 1B right), compared with the age-matched con-
trols. To further investigate whether the reduction of miR-132
and miR-212 levels in AD brains was due specifically to their
downregulation in neurons (rather than a smaller proportion of
neurons in AD brains relative to normal specimens), we laser-
captured neuronal cell bodies from the hippocampal CA1
regions of Braak III and Braak VI brains (n ¼ 5 per group) and

analyzed the neuronal expression of miR-132 and miR-212
[see Fig. 1C and Supplementary Material, Fig. S1 for some
laser capture microdissection (LCM) details]. Consistent with
the changes that we observed in the temporal cortex, the expres-
sionofmiR-132 (Fig. 1C, left) andmiR-212 (right) also tended to
be decreased in hippocampal neurons obtained from the CA1
region of Braak VI brains, the most affected area with the great-
est extent of neuronal death in AD. Although statistically insig-
nificant due to a small number of laser-captured samples
analyzed, andpossibly also lackof neuronal processes in the ana-
lyzed material, the observed trend indicated that miR-132 and
miR-212 were downregulated in hippocampal neurons in AD.
To monitor the expression of miR-132 and miR-212 in a gen-

etically defined AD background, we employed APPswe,
PSEN1dE9 (APP PS1) mice. These double-transgenic mice
expressa chimericmouse/humanAPP/APP(Mo/HuAPP695swe)
and a mutant human presenilin/PSEN 1 (PS1-dE9) in CNS
neurons (27). In human, both mutations are associated with
early-onset Alzheimer’s disease. Analysis of expression of
miR-132 and miR-212 revealed a significant downregulation of
both miRNAs in the pathological areas (including hippocampus)
of 6-month-oldmice at the onset ofAb deposition and behavioral
defects (Fig. 1E). These data further support the notion that
miR-132 and miR-212 downregulation is an important element
of AD pathogenesis.

Loss of miR-132/212 causes neuronal apoptosis

miR-132 and miR-212 are functionally similar miRNAs
encoded in the same genomic locus in all vertebrates (human
chr.17p13.3). The levels of miR-132 and miR-212 correlate in
human temporal cortex specimens in normal and AD brains
(Fig. 1D), which suggests their co-expression and simultaneous
downregulation inAD.They share a seed, the 5′ region that is es-
pecially important for a target binding, and therefore likely regu-
late similar populations of mRNA targets. miR-132 is relatively
well-characterized asoneof thebrain-enrichedmiRNAs that pri-
marily modulates neuronal plasticity through CREB-dependent
signaling (28) both in vitro (29) and in vivo (30,31). It has been
shown that deletion of hippocampal miR-132/212 in vivo leads
to decreased dendritic length and arborization (25). As there is
a significant loss of neurons and reduction of miR-132/212
levels in the hippocampal neurons of CA1 region in AD
(Fig. 1C),wehypothesized that, in addition to its critical function
in regulating dendritic length and spine density, miR-132/212
may have a direct function in maintaining neuronal survival,
and its decreased levels may contribute to neuron death. To in-
vestigate their role in neuronal survival, we inhibited miR-132
and/or miR-212 in primary hippocampal and cortical neurons
with sequence-specific antisense oligonucleotide inhibitors.
We achieved transfection efficiency of ≏90–95% for both
young and mature neurons (Supplementary Material, Fig. S2).
Highly potent, stable and non-toxic 2′-O-methoxyethyl oligonu-
cleotides (2′-O-MOE) (32,33) enabled long-lasting inhibition
of miR-132 or miR-212 over at least 14 days (Supplementary
Material, Fig. S3). InhibitionofmiR-132ormiR-212 in both cor-
tical and hippocampal neurons increased apoptotic cell death
significantly, as reflected by terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL) assay (Fig. 2A–C). The
strongest 6–8-fold effect has been observed in mature
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Figure 1.Downregulation of miR-132 andmiR-212 expression in the AD brain. (A) The table summarizes the sample information used in this study. Please refer to
SupplementaryMaterial, Table S1 for more details. (B) Expression of miR-132 (left) andmiR-212 (right) in controls, Braak III/IV and Braak VI AD specimens ana-
lyzed by TaqMan quantitative RT–PCR and normalized to uniformly expressed miR-99a. ∗P , 0.05 and ∗∗P, 0.0001. n ¼ 16 for Braak VI and age-matched con-
trols and n ¼ 14 for Braak III/IV specimens. (C) Expression of miR-132 (left) and miR-212 (right) in pyramidal neurons laser-captured from CA1 regions of human
hippocampi in control andAD specimens. There are five cases in each group of Braak III andBraakVI and four cases in the age-matched controls. Datawere normal-
ized to uniformly expressedmiR-99a. (D) Correlation betweenmiR-132 andmiR-212 expression in human control, Braak III/IV andBraakVI specimens analyzed as
described for (B).CorrelationcoefficientR2

¼ 0.5076 indicates significant correlation.miR-132andmiR-212 levels declineproportionally inBraak III/IVand further
inBraakVI. (E)Expression ofmiR-132andmiR-212 inwhole-brain sagittal sections (includinghippocampus) of double-transgenicAPPPS1mice at 6monthsof age.
There were four mice per group (wild-type or transgenic) and qRT–PCR data were normalized to uniformly expressed miR-99a.
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hippocampal neurons: there was a 1.7+ 2.2% basal cell death
of neurons transfected with the control inhibitor, and inhibiting
miR-132 or miR-212 increased the apoptotic population up to
10.4+4.66 and 13.8+4.74%, respectively (Fig. 2C). Silencing
both miR-132 and miR-212 simultaneously did not enhance the
apoptotic effect further. At the molecular level, we detected
increased levels of cleaved caspase 3 upon miR-132/212 inhib-
ition (Fig. 2D), indicating that inhibition ofmiR-132/212 initiates
neuronal apoptosis through a caspase-dependent pathway.

PTEN and FOXO3a are direct targets of miR-132/212

Having found that miR-132/212 has a role in maintaining neur-
onal survival, we sought to investigate the mechanism under-
lying this effect. To identify direct targets that mediate
pro-survival function of miR-132/212, we utilized several
target-prediction algorithms. Remarkably, PTEN, P300 and
FOXO3a, three proteins with established functions in suppres-
sing/antagonizing cell-survival mechanisms, are highly ranked
predicted targets for miR-132/212. PTEN is a key negative

regulator of PI3K-AKT signaling cascade that is arguably the
most important pro-survival pathway in neurons (34).
FOXO3a is a pro-apoptotic transcription factor whose activity is
suppressed by the AKT signaling (35,36). AKT-phosphorylation
of FOXO3a prevents its nuclear translocation and thereby sup-
presses its activation of pro-apoptotic target genes. P300 acetyl-
transferase, on the other hand, promotes transcriptional activity of
FOXO3a(37).Therefore, itappears thatmiR-132/212mayregulate
several key players that function in the same signaling network by
counteracting AKT pro-survival pathway.
P300 protein has been recently validated as a direct target of

miR-132 (38). We, therefore, focused on validating two other
targets in our subsequent experiments. To show that PTEN and
FOXO3a are direct targets of miR-132/212, we employed a
dual luciferase reporter system (psiCHECK2). TargetScan
(39) and RNAhybrid algorithms (40) predicted three putative
binding sites for miR-132 and two sites for miR-212 in the 3′

untranslated region (UTR) of PTEN (site 1: nucleotides/nt
2257–2263; site 2: nt 2874–2881; and site 3: nt 2919–2925).
There is a single predicted binding site for miR-132/212 in

Figure 2. Inhibition ofmiR-132 andmiR-212 in neurons causes apoptosis. (A) Representative bright field (a and c) and TUNEL (b and d) images of primary cultured
neurons that were transfectedwith a control inhibitor (anti-scramble, 100 nM) or anti-miR-132/212 (50 nM each) for 7 days. Scale bar ¼ 50 mm. (B) Quantification of
TUNEL-positive neurons in young neurons transfected with the control inhibitor (anti-scramble) or anti-miR132/212. Young primary cortical neurons were trans-
fected with Lipofectamine 2000 at DIV 2 and collected at DIV 5 and DIV 9 post-transfection. At least 500 neurons were examined in each condition in three inde-
pendent experiments, ∗P , 0.05. N.S., not significant. (C) Quantification of TUNEL-positive neurons in mature neurons transfected with the control inhibitor
(anti-scramble) or anti-miR132/212. Mature primary hippocampal or cortical neurons were transfected with NeuroMag at DIV 14 and collected at DIV 28. At
least 400 neurons were examined in each condition in three independent experiments. (D) A representative western blot shows the expression of cleaved caspase
3 in primary neurons transfected with anti-scramble or anti-miR-132/212 for 2 weeks. Actin serves as a loading control.
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FOXO3a 3′ UTR (nt 163–170) (Fig. 3A). psiCHECK2 con-
structs expressing either 3′ UTR of PTEN or FOXO3a were
co-transfectedwithmiR-132 andmiR-212 precursors or a corre-
sponding control molecule into PC12 cells. Compared with the
controlmolecule, cotransfection ofmiR-132/212withwild-type
PTEN 3′ UTR dramatically reduced the reporter gene activity,
indicating that miR-132/212 downregulates expression of
PTEN (Fig. 3B left panel, PTEN wt ∗P , 0.0001). To identify
the binding site ofmiR-132/212 in PTEN3′ UTR,we performed
a similar luciferase activity assay with mutated reporter con-
structs. Mutation of site 1, but not 2 or 3, completely abrogated
the miR-132/212 regulation of the PTEN 3′ UTR (Fig. 3B left
panel, PTEN m1). These data clearly show that miR-132/212
directly binds to nucleotides 2257–2263 of PTEN 3′ UTR and
reduces PTEN expression. Similar results were obtained using
primary cortical neurons (Fig. 3B right panel, ∗P, 0.0001).
We next showed that miR-132/212 regulates the FOXO3a 3′

UTR, and amutation within the predicted binding site abolished
the binding and regulation [Fig. 3C, ∗P , 0.0001 and (41)].
Consistent with the results obtained with reporter constructs,
over-expression of miR-132/212 reduced the levels of PTEN
and FOXO3a proteins (Fig. 3D). We conclude that PTEN and
FOXO3a are novel, direct targets of miR-132/212 in the neuron-
al cells.

Activation of P300, PTEN and FOXO3a signaling
cascades upon miR-132/212 inhibition

Wenext investigated the effects ofmiR-132/212on the signaling
cascade associatedwith P300, PTEN and FOXO3a targeting. To
mimic the reduction of miR-132/212 in AD, we suppressed
miR-132/212 in PC12 cells with the specific inhibitors
(anti-miR-132 and anti-miR-212). As expected, 2 days after
transfection of the inhibitors, we observed a significant increase
in the levels of P300, PTEN and FOXO3a proteins (Fig. 4A,
∗P, 0.05). In agreement with the enhanced PTEN expression
and activity, we found that phosphorylation of AKT at serine
473 and FOXO3a at serine 253 was largely reduced. Conse-
quently, FOXO3a was more transcriptionally active, since
several of its direct downstream mRNA targets, such as BIM,
p27 and SOD2, were significantly upregulated upon miR-132/
212 inhibition (Fig. 4A). Therefore, in a well-established
neural PC12 system, decrease in miR-132/212 leads to the acti-
vation of the death-signaling axis, with transcription factor
FOXO3a serving as a converging point downstream of P300
and PTEN (Fig. 8).
To confirm these findings in neurons, we performed similar

experiments on cultures of primary neurons. We observed a sig-
nificant increase in P300, PTEN and FOXO3a proteins in young
primary neurons, similar to PC12 cells (Fig. 4B left, ∗P, 0.05).
Blocking miR-132 or miR-212 individually in mature hippo-
campal neurons also increased the levels of all three targets, in-
dicating that each miR-132 and miR-212 regulate them in
synaptically active neurons (Fig. 4B right). Furthermore, immu-
nostaining experiments revealed that inhibition of miR-132/212
led to nuclear translocation of FOXO3a. There was a 3–4-fold
increase of FOXO3a nuclear staining starting from 3 days and
lasting up to 2 weeks after a single transfection of anti-
miR-132/212 (Fig. 4C right, ∗P, 0.05), indicating a larger
population of transcriptionally active FOXO3a. Consistent

with this finding, one of the principal pro-apoptotic targets of
FOXO3a, BIM, was elevated more than 2-fold (Fig. 4B). Fur-
thermore, significantly increased levels of cleaved caspase 3
indicated that neurons indeed undergo caspase-dependent apop-
tosis (Fig. 4B). Treating neurons with 10 mM of hydrogen perox-
ide potentiated the activity of this death axis as we observed an
even more prominent increase in P300, PTEN and FOXO3a
levels when the apoptotic population was preserved with a pan-
caspase inhibitor boc-aspartyl-(Ome)-fluoromethyl-ketone
(BAF) (B, Fig. 4D). Therefore, blocking miR-132/212 in
neurons initiates a death- signaling cascade that involves P300,
PTEN, FOXO3a, BIM and caspase-3.

miR-132/212 loss causes neuronal apoptosis via
P300, PTEN and FOXO3a

To testwhether the de-repression ofP300,PTENandFOXO3a is
directly contributing to the neuronal apoptosis induced by the
miR-132/212 inhibitors, we performed a set of rescue experi-
ments. PC12 cells were co-transfected with the miR-132/212
inhibitors and specific small interference RNAs (siRNAs)
designed to knock-down either P300, PTEN or FOXO3a, and
the effects on cell viability were examined. Effective knock-
down on these proteins is shown in Supplementary Material,
Figure S4. To enhance the rate of apoptosis via the
P300-FOXO3a-BIM axis and mimic AD-related oxidative
stress, we treated PC12 cells with hydrogen peroxide (Fig. 4D
shows that hydrogen peroxide can effectively enhance this
death axis). Hydrogen peroxide treatment is an established ex-
perimental system for studying oxidative stress-induced neuro-
degenerative responses. As shown in Figure 5, miR-132/212
inhibition significantly reduced cell viability of hydrogen
peroxide-treated PC12 cells (13.62+ 3.15% cell death; Fig. 5,
black bars, #P , 0.01). Knock-down of PTEN, FOXO3a or
P300 by the individual cognate siRNAs significantly attenuated
anti-miR132/212-induced apoptosis (Fig. 5, light gray bars 3–5,
∗P , 0.05), whereas treatment with a control siRNA had no
effect (light gray bars 1–2). Simultaneous knock-down of
PTEN, FOXO3a and P300 rescued the anti-miR132/
212-induced cell death completely (Fig. 5, dark gray bars,
#P , 0.01). These data indicate that miR-132/212 normally
functions to maintain neuronal survival by keeping the levels
of PTEN, FOXO3a and P300 in check. Significant reduction of
miR-132/212 levels, as observed in AD neurons, causes eleva-
tion of FOXO3a, activates its pro-apoptotic target genes such
as BIM and sensitizes the cells to stress signals leading to the
neuronal apoptosis.

miR-132/212 protects neurons against hydrogen
peroxide-mediated cell death

To further test whether miR-132 and miR-212 protect neurons
against apoptotic stimuli, we increased the levels of miR-132
and miR-212 in primary hippocampal neurons by transfecting
neurons with miRNA precursor molecules and challenged the
cultures with hydrogen peroxide. Treatment of hippocampal
neurons with 100 mM hydrogen peroxide for 5 min caused a
40% reduction of cell viability (as observed in WST-1 assay)
in 24 h. However, neurons overexpressing miR-132 or miR-
212 (pre-miR-132 or -212) were more resistant to this apoptotic
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Figure 3. PTEN and FOXO3a are direct targets of miR-132/212. (A) Alignment of predicted miR-132/212 binding sites within the PTEN and FOXO3a 3′ UTRs is
shown for different species. (B) Relative activity of wild-type (wt) ormutant (m) psiCHECK-2-PTEN 3′ UTR constructs co-transfectedwith a precursor pre-miRNA
control (100 nM) or pre-miR-132/212 (50 nMeach) in culturedPC12cells (left) andprimaryneurons (right).Error bars representSEMfromthree independent transfec-
tions; ∗P , 0.0001 and n ¼ 3. N.S., not significant. (C) Relative activity of wild-type (wt) or mutant (mut) psiCHECK-2-FOXO3a 3′ UTR constructs co-transfected
with a pre-miRNA control or pre-miR-132/212 in PC12 cells. ∗P , 0.0001 and n ¼ 3. Relative activities (that reflect expression levels) in both (B) and (C) are pre-
sented as renilla/firefly luminescence (RLU). (D) Western immunoblots show the expression of PTEN and FOXO3a in PC12 cells that were transfected with either
pre-miRNA-control or pre-miR-132/212 for 2 days. Tubulin serves as a loading control.
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insult: therewas a 25–30% increase of survival in cultures trans-
fected with the precursor miRNAs (Fig. 6, middle three bars).
Simultaneous overexpression of both miR-132 and miR-212 in
the neuronal cultures led to a similar level of protection as that

of individual miRNAs (Fig. 6, last two bars). Of note, there
was also an increase in cellular metabolism of pre-miR-
132/-212-transfected neurons that were not treated with hydro-
gen peroxide (Fig. 6, first three bars).

Figure 4.Upregulation of FOXO3a, PTEN and P300 and the associated signaling cascade upon miR-132/212 inhibition. (A) PC12 cells were transfected with anti-
scramble or anti-miR-132/212 for 2 days and proteins were analyzedwith the antibodies indicated in the figure. Blots were scanned and band intensitywas quantified
using the ImageJ software. Relative expression levels, normalized to tubulin expression, are shownon the right panel. ∗P , 0.05 and n ¼ 3. (B) Primary neuronswere
transfected at DIV 2 (young) or DIV 14 (mature) with anti-scramble control or miR-132/212 inhibitors (individually or together). Proteins were analyzed by western
blotting with the antibodies indicated in the diagram. Representative immunoblots are presented and actin-normalized relative expressions are shown graphically.
∗P, 0.05 and n ¼ 5. (C) Primary neurons were transfected at DIV2 with the control inhibitor or anti-miR-132/212 and fixed at DIV5, 7 and 14. Neurons were
then immunostained with anti-FOXO3a and anti-TUJ1 antibodies (a and b) and mounted with Vetashield supplemented with DAPI (c). The percentage of
neurons positive for nuclear FOXO3a was counted and presented on the right. At least 300 neurons were examined in each condition; ∗P , 0.05 and n ¼ 3 with du-
plicate in each experiment. (D) Primary neurons were transfected as in (B), and treated with 10 mM of hydrogen peroxide (H2O2) in combination with pan-caspase
inhibitor BAF at DIV14 for 15 h. Harvested proteins were analyzed with the antibodies indicated in the diagram. Representative immunoblots are shown on the
left and actin-normalized relative expressions are shown graphically on the right (all with anti-miR-132/212 transfection). B, BAF; ∗P , 0.05 and n ¼ 5.
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miR-132/212 loss is associated with activation of FOXO3a
signaling cascades in AD brain tissues

We next attempted to confirm the relevance of our findings to
human AD. To this end, we checked the expression of P300,
PTEN and FOXO3a mRNAs, and a number of direct transcrip-
tional targets of FOXO3a in the temporal cortex ofADbrain spe-
cimens (Fig. 7). We used frozen tissues in this experiment since
high-fidelity RNA is required for the reliable quantification of
mRNAexpression in post-mortem specimens. Case information
is shown in SupplementaryMaterial, Table S1. Remarkably, ex-
pression levels ofmiR-132/212 targetsP300,PTEN andFOXO3
were significantly upregulated in AD compared with the age-
matched controls (Fig. 7A top panels). Furthermore, mRNA
levels of the direct FOXO3a targets such as pro-apoptotic
BIM, NOXA and PUMA (BH3 domain-only death proteins),
FASL (death receptor ligand), SOD2 and GADD45a (stress-
response genes) andP27 (cell-cycle protein)were all significant-
ly increased in Braak VI (Fig. 7A and Supplementary Material,
Fig. S5). Moreover, reduced miR-132 expression in human AD
brain specimens inversely correlated with the levels of PTEN
(correlation coefficient R2

¼ 0.4899), P300 (R2
¼ 0.4391),

FOXO3a (R2
¼ 0.3256) and BIM (R2

¼ 0.4983) mRNAs
(Fig. 7B). We also observed an increased expression of P300,
PTEN, FOXO3a and BIM proteins in AD samples compared
with their age-matched controls (Fig. 7C). Interestingly, P300,
FOXO3a and BIM proteins appeared upregulated in neuronal,
Tuj1-normalized, fractions in both gray and white matter of
AD specimens, whereas PTEN was found upregulated only in
the white matter-enriched portion of the samples. This is in
agreement with previous observations, suggesting that PTEN
protein is redistributed from cell bodies of normal neurons to
intracellular NFTs and degenerative neurites of the damaged
neurons in postmortemADbrain tissues (42–45). In conclusion,
these results indicate that FOXO3 signaling is activated in AD

brains and suggest miR-132/212 as a major regulator of the
PTEN/FOXO3 pathway. Figure 8 summarizes the PTEN/
P300/FOXO3/BIM signaling cascade activated upon the down-
regulation of miR-132/212 in AD neurons.

DISCUSSIONS

Aberrant expression of specific miRNA regulators has been
reported for a broad range of human disorders, and it often
accounts for profound pathological effects associated with
disease initiation and/or progression. To date, however, func-
tions of miRNAs dysregulated in AD neurons have not been
fully characterized. Here, we identified an miR-132/212
cluster markedly downregulated in CA1 hippocampal neurons
isolated from AD brains. This finding is in agreement with the
results of several previous studies, including the largest
miRNA profiling of AD tissues performed as of today (46,47).
Concomitant downregulation of miR-132 and miR-212 levels
has been detected as early as at Braak III stage of the disease
(usually corresponding to mild cognitive impairment), and
becomes highly significant at its end stages (Fig. 1). Reduced
levels of miR-132 have also been observed in the brains of
human patients suffering from another fatal neurodegenerative
disorder, Huntington’s disease (48). Whether miR-132 and
miR-212 are downregulated not only in neurons but also in
glia and other non-neural cells in AD, and if so what impact
their reduced levels in these cells have on the disease progres-
sion, remains to be further investigated.
Functionally, inhibiting expression of miRNA-132 and

miR-212 in cultured primary neurons leads to accumulation of
TUNEL-positive neurons and caspase-dependent apoptosis.
We identified and experimentally validated two novel direct
targets of miR-132/212, PTEN and FOXO3a, both proteins an-
tagonizing AKT survival signaling. Inhibition of miR-132 and

Figure 5. Downregulation of PTEN, FOXO3a and P300 rescues anti-miR-132/212-induced apoptosis. PC12 cells were transfected with the control inhibitor or
anti-miR-132/212 (50 nM each) and co-transfected with either control (scramble) siRNA or siRNA cognate to PTEN, FOXO3a or P300, each at 100 nM. In case of
simultaneous knockdown of all threemiR-132/212 targets, 300 nM of total siRNAwas used. The cells were treatedwith hydrogen peroxide 3 days after transfections.
Cell viability was then examined 6–7 h after hydrogen peroxide treatment. ∗P , 0.05 and #P , 0.001, n ¼ 4.
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miR-212, individually or simultaneously, de-represses PTEN/
FOXO3a signaling and causes apoptosis. Therefore, these two
homolog miRNAs share a similar function in the regulation of
PTEN/FOXO3a signaling and neural survival. Importantly,
knock-down of PTEN, FOXO3a and P300 abrogates miR-132/
212-dependent neuronal death. Furthermore, an inverse correl-
ation between the expression levels of miR-132/212 and their
targets PTEN, P300 and FOXO3a in human brain specimens
(Fig. 7B) suggests thatmiR-132/212 is indeed a key in vivo regu-
lator of these proteins. Finally, increased levels of PTEN, P300
and FOXO3a, as well as several key mediators of apoptosis
that are directly regulated by FOXO3a (e.g. BIM, PUMA and
FASL), are observed in AD specimens (Fig. 7). These results in-
dicate that this pro-apoptotic signaling axis is activated and con-
tributes to the cell death and neurodegeneration in AD. Taken
together, we have discovered an miRNA cluster that is deregu-
lated in the disease, and explored its biological function that is
linked to the mechanisms leading to neuronal loss in AD.
miRNA-132/212 is a brain-enriched miRNA cluster, and

both miRNAs are highly expressed in neurons and neural cells
(49–52). Expression of these miRNAs is regulated by neuronal
activity, CREB (29,30), neurotrophin (BDNF) (28,51,53) and
light (54–57). In AD, it is known that pathologically elevated
levels of Ab lead to synaptic depression (58,59) and destabilize
neuronal activity at the circuit and network levels (60). More-
over, a large body of evidence reports that serumorCSF concen-
trations of BDNF are decreased in AD patients, likely reflecting
its intracranial alterations (61–67). Thus, accumulation of Ab,
as well as the reduction of neuronal activity and BDNF levels,
might explain the reduced levels ofmiR-132/212 inADneurons.
In the nervous system, the key reported function formiR-132/

212 ismodulationofneuronalmorphogenesis, suchas regulating
dendritic length, spine density and filopodia number through a
CREB/p250GAP/RAC1-dependent mechanism (25,26,28,29,68–
70). In vivo, deletionofmiR-132/212 locus in adult hippocampus
with a retrovirus expressing Cre recombinase caused a dramatic
decrease in dendrite length, arborization and spine density, sug-
gesting thatmiR-132/212 is required for normal dendriticmatur-
ation in adult hippocampal neurons (25). Here, we provide
evidence that miR-132/212 has also a role in neuronal survival,
and downregulation of these miRNAs induces expression of
pro-apoptotic protein Bim, activates caspase-3 and leads to
apoptosis in both basal and stress conditions. It has been previ-
ously demonstrated that transient activation of mitochondrial
pathway of apoptosis in dendrites may lead to local synapse
elimination and dendrite pruning without resulting in cell
death (71). Therefore, we hypothesize that reduced miR-132/
212 levels inADare likely responsible, in part, for both dendritic
deterioration and higher rates of neuronal death, andmay lead to
both synaptic and neuronal loss observed in the AD brains. How
toxic species of Ab and hyper-phosphorylated tau relate to
miR-132/212-dependent neuronal degeneration and death
remains to be further investigated.
A number of genes have been previously reported as direct

targets for miR-132/212, such as p250GAP (28), MeCP2
(72,73) and PTBP2 (74). MeCP2 is a major protein implicated
in Rett syndrome, and miR-132-mediated dysregulation of
PTBP2 might contribute to the abnormal splicing of tau in pro-
gressive supranuclear palsy patients and perhaps other tauopa-
thies. Acetyltransferase P300 is also a validated miR-132/212

target (38), which we have found to contribute to miR-132/
212-mediated neuronal death. Interestingly, this protein is also
involved in tau acetylation and therebymay contribute to patho-
genesis of tauopathies (75). Tau is also a predicted direct target
for miR-132; however, we were unable to detect regulation of
Tau expression by miR-132. Interestingly, miR-132 also regu-
lates expression of acetylcholinesterase (AChE) in immune
cells, and inhibition of miR-132 in vivo increases AChE activity
in the intestine, spleen and serum (76). It would, therefore, be
tempting to speculate that miR-132 may also function as an en-
dogenous modulator of AChE in the brain; however, we were
unable to detect such activity.

In this study, we provide solid evidence that PTEN and
FOXO3a are additional novel targets of miR-132/212, and that
decreased levels of miR-132/212 leads to upregulation of both
proteins in primary neurons and neural PC12 cells. Of note,
both miR-132 and miR-212 directly regulate PTEN and
FOXO3a, and inhibition of each miRNA individually caused
similar de-repression of these targets in primary neurons.
While this manuscript was prepared for submission, a separate
report demonstrating thatmiR-132/212 regulates FOXO3 in car-
diomyocytes too was published (41). In our study, FOXO3awas
the targetmost profoundly regulated bymiR-132/212 in primary
neurons and a converging point in the proposed signaling
pathway. The role of this aging-related pro-apoptotic transcrip-
tion factor activated by reactive oxygen species inADpathogen-
esis is just beginning to emerge. Our finding that levels of both
FOXO3a and its activator P300 are significantly elevated in
BraakVI patients is supported by amicroarray analysis of hippo-
campal gene expression of 9 controls and 22 AD patients [(77)
andGSEAfromBroad Institute].Another recent report indicates
that FOXO3amight be a common factor elevated in a number of
neurodegenerative conditions and suggests it as a possible drug
target (78). Inneurons, FOXO3aactivity is known to increase the
production of toxic Ab species via a ROCK1-dependent mech-
anism and promotes Ab-induced neurotoxicity (79). On the
other hand, FOXO3a may work downstream of Ab since
insulin-activated AKT protects neuroblastoma cells from
Ab-induced oxidative stress by phosphorylating FOXO3a
(80), and FOXO3a is required for Ab1–42-inducedmicroglia ac-
tivation, proliferation and the subsequent apoptosis (81). None-
theless, the precise mechanism of interaction between FOXO3a
signaling andAb toxicity is still poorly explored and itmay vary
substantially among neurons and other non-neuronal popula-
tions involved in AD pathogenesis. Of note, the direct transcrip-
tional target of FOXO3a,BIM, has been shown tobeupregulated
in AD neurons (82) and is required for Ab-induced neuronal
apoptosis (83). This agrees with the significant BIM upregula-
tion that we observed in AD specimens and upon miR-132/212
inhibition in neurons (Figs 4 and 7). Taken together, it appears
that elevated levels of FOXO3a and BIM could lead to the pro-
duction of Ab and/or mediate the neurotoxicity of Ab species.
Furthermore, additional FOXO3 transcriptional targets and
key regulators of apoptosis, such as FASL and PUMA, are also
elevated in Alzheimer’s brains and may contribute to neurode-
generation (Fig. 7) (84–86). Further study is required to under-
stand a role of FOXO3 signaling in synaptic impairments as
related to the AD pathogenesis.

Three additional miRNAs, miR-22, miR-129 and miR-217,
are also bioinformatically predicted to target PTEN, p300 and
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FOXO3aby theTargetScan algorithm.miR-217 is not expressed
in neurons, whereas miR-22 appeared to be downregulated in
LCMneurons isolated fromADpatients (SupplementaryMater-
ial, Fig. S6), further reinforcing the possibility ofmiRNAcontrol
over this signaling pathway in neurons.Nevertheless, we believe
that miR-132 and miR-212 are the main regulators of this
pathway as (i) they are the most highly expressed among all
five miRNAs (miR-132, miR-212, miR-129, miR-22 and
miR-217) in hippocampal neurons (Supplementary Material,
Table S2) and therefore their reduced levels in AD would have
the major impact on the target genes, and (ii) they are the most
highly ranked regulators based on the computational algorithms
such as TargetScan (Supplementary Material, Table S2) and
PITA. We suggest that upregulation and reactivation of FOXO3
signaling could be one of the centralmechanisms regulating neur-
onal apoptosis upon miR-132/212 repression in AD neurons.
The mechanisms that cause profound degeneration and loss

of neurons in AD are not known and the existing information
is often controversial and incomplete. The study of miRNA in
neurodegenerative disorders is still at its pioneer stage and
offers attractive opportunities to gain further insights into
mechanism-based regulation of cell death. The short binding
seed regions and partial complementarity of miRNAs and their
targets could potentially lead to the modulation of multiple
members within the same biological network or signaling
pathway. Although this idea of miRNA controlling many
factors acting along specific signaling axis is very appealing,
to the best of our knowledge, only limited examples of such
orchestrated regulation have been reported. In this paper, we
identified a specific miRNA cluster dysregulated in AD,
miR-132/212; explored its role in the disease; and showed
that these miRNAs regulate several targets within the same

death-causing signaling network. Furthermore, our experiments
suggest that replacement of thesemiRNAscanbeneuroprotective.
These data not only provide strong evidence that miRNAs are es-
sentialmolecules inmaintaining normal physiology in the nervous
system, but also suggest that miRNAs could be important candi-
dates for therapeutic intervention in neurologic impairments.

MATERIALS ANDMETHODS

Materials

Scramble inhibitor (2′-O-MOE PO-Sc, ACATACTCCTTTCT-
CAGAGTCCA) and antisense inhibitors for miR-132 (2′-O-
MOE PO-132, CGACCATGGCTGTAGACTGTTA) and
miR-212 (2′-O-MOE PO-212, GGCCGTGACTGGAGACT
GTTA) were obtained from Regulus Therapeutics. The miRNA
control molecule, pre-miR-negative control 1 (AM17110) and
miR-132 or 212 precursors (AM17100) were from Ambion.
SiGENOME control siRNA (D-001220-01-05) was from
Thermo scientific. siRNA (the Stealth RNAi) for Pten (PT
ENVHS41285), Foxo3a (FOXO3ARSS334413) and P300
(EP300HSS103258) were from Invitrogen. Primary antibodies
against AKT (9272), P-AKT (4058S), BIM (2819S), cleaved
caspase 3 (9661S), FOXO3a (2497S), P-FOXO3a at serine 253
(9466P), p27 (2552), PTEN (9559) were from Cell Signaling
Technology. Primary antibodies against b-ACTIN (ab8229),
P300 (ab3164) and SOD2 (ab13534) were from abcam. Primary
antibody againsta-tubulin (T9026) was from Sigma. Primary anti-
body against Tuj1 (MMS-435P) was from Covance. Horseradish
peroxidase (HRP)-conjugated anti-mouse (7076) and anti-rabbit
(7074) secondary antibodies were fromCell Signaling Technol-
ogy, and Alexa 488-conjugated goat anti-rabbit (A11034) and

Figure6.miR-132andmiR-212 overexpressionprotects primaryhippocampal neurons against hydrogenperoxide-mediated cytotoxicity.Youngprimaryhippocam-
pal neurons (at DIV 2) were transfected with control, individual miR-132 or miR-212 mimics, or both (50 nM each). One day after transfection, neurons were chal-
lenged with 100 mM of hydrogen peroxide for 5 min at 378C. Viability of neurons was measured 24 h after H2O2 treatment using WST-1 reagent. The viability of
cultures transfected with control pre-miRNA was set at 1 and other values were adjusted accordingly. Pre, precursor; ∗P , 0.05 and n ¼ 3 with duplicate in each
experiment.
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Alexa 594-conjugated anti-mouse (A11032) secondary anti-
bodies were from Molecular Probes. Broad caspase inhibitor
BAF (IMI-2311-5) was obtained from Imgenex, and hydrogen
peroxide (216763) was from Sigma.
Frozen and fixed human post-mortem brain specimens were

obtained from the Harvard Brain Tissue Resource Center and

New York Brain Bank at Columbia University and used in
accordance with the policies of Brigham and Women’s Hos-
pital’s institutional review board. Formaldehyde-fixed,
paraffin-embedded sagittal brain sections of APP PS1 trans-
genic mice and littermate controls were utilized for miRNA
analysis.

Figure 7. The PTEN/P300/FOXO3a death-signaling axis is activated in the AD brain. (A) The mRNA expression of PTEN, P300, FOXO3a and indicated transcrip-
tional targets of FOXO3a in the temporal cortex fromADandcontrol brainswere examinedbyqRT–PCR.Thedata are normalized to the levels of 18S rRNA.There is
a significant increase inmRNAexpression formostof the examinedgenes inADBraakVI specimens. Similar resultswereobtainedwithnormalization to actinmRNA
levels. ∗P-values are indicated in the graphs and N.S. means not significant. There are five cases analyzed in the Braak VI group and six cases in the age-matched
controls. (B) The expression correlation between the levels of miR-132 and its mRNA targets. mRNA levels were quantified as indicated in (A). Correlation plots
show that expression of miR-132 inversely correlates with its target genes PTEN, P300, FOXO3a and downstream mediator of apoptosis BIM. (C) Frozen human
samples of AD Braak VI and age-matched controls from the cerebral temporal lobe regions were dissected into gray- and white matter-enriched portions. The
samples were homogenized and proteins analyzed with the antibodies indicated in the diagram. TUJ1 serves as a maker for neuronal input and total protein loading.
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Cell cultures

Primary cerebrocortical neurons were prepared from either an
embryonic (E) day 16 imprinting control region mouse or an
E18 Spargue–Dawley rat. Cerebral cortices were isolated
from embryos and freed from meninges. Cortical tissues were
first digestedwith 0.25% trypsin inHank’s balanced salt solution
(HBSS) for 15 min at 378C. Digested tissues were then washed
three times with HBSS and triturated with fire-polished glass
pipettes until single cells were obtained. Cell suspension was
then filtered through a 70 and a 40 mmcell strainer and subjected
to a spin at 1000g for a few minutes. Supernatant was removed
and cell pellet was resuspended with 10 ml of HBSS. Cell
density was then determined with a hemocytometer and cells
were seeded at different densities according to the experimental
design and need. We used Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% FBS for the initial plating,
and the medium was changed to Neurobasal supplemented
with 1× B27 (Invitrogen) in 3 h. Half medium was changed
every 3 days. PC12 cellsweremaintained inDMEMsupplemen-
ted with 10% horse serum and 5% FBS.

Transfection of PC12 cells and young (day in vitro 2)
primary neurons

Transfections of siRNA and miRNA precursors or inhibitors
were performed with Lipofectamine 2000 (Gibco) according
to the manufacturer’s instructions. We used miRNA precursors
or inhibitors at 50 nM and siRNA at 100 nM final concentration.
Primary neurons were transfected at day in vitro (DIV) 2 for
2 h, the medium was replaced completely to avoid toxicity and
the cells were analyzed by various assays after 5–21 days.

Transfection of mature (DIV 14–21) primary neurons

Transfections of the oligonucleotide inhibitors into mature
primary neurons have been carried out using the magnetism-
based technology developed by the OZ Biosciences (Neuro-
Mag). Oligonucleotides at 50 nMweremixedwith nanoparticles
(200× dilution) in the Neurobasal medium at room temperature
for 15 min.Transfection complexwas then added to the cells and
the culture plate placed on a magnetic plate (OZ Biosciences) at
room temperature for additional 15 min. The cultureswere incu-
bated with the transfection mixture overnight in a standard
culture incubator. Half of the medium was replaced on the
next morning, and the remaining medium at later time points.

Extraction of total RNA

To extract total RNA from frozen biopsy samples, we used the
TRIZOL reagent (Invitrogen) according to the manufacturer’s
instructions. Equal portions of white and gray matter from the
temporal lobe were dissected and homogenized. All RNA
samples were analyzed with Nanodrop to ensure high purity
and quality. From formalin-fixed and paraffin-embedded
human and mouse tissues, RNA was isolated using Recover
AllTM TotalNucleicAcid IsolationKit according to the provided
instructions (Ambion).

Laser-capture microdissection of hippocampal neurons
from CA1 regions and RNA isolation

To quantify expression changes in individual CA1 hippocampal
neurons, frozen tissues from the medial temporal lobe were
obtained from Control, Braak III and Braak VI AD subjects
(Supplementary Material, Fig. S1C). Frozen human post-
mortem brain specimens were obtained from the Massachusetts
Alzheimer’sDiseaseResearchCenter (MADRC) andused in ac-
cordance with the policies of the Massachusetts General Hospi-
tal’s institutional review board.
For cytoarchitectural visualization of the CA1 region of the

hippocampus, each hippocampus was grossly dissected,
blocked and oriented on the cryotome stage. Ten-micrometer
thin cryo-sections were mounted on microscopy slides (Gold
Seal Rite-On Micro Slides, Thermo Scientific, 12518-101) and
processed for LCM within 24 h of tissue sectioning.
Each section was lightly fixed in 70% ethanol for 30 s. The

sections were then rinsed with RNAse-free distilled water and
incubated in the Arcturus histogene staining solution (Applied
Biosystems, KIT0415) for 1 min followed by dehydration in in-
creasingly concentrated ethanol 75–100% into xylene before
LCM.All incubations and washes were carried out at room tem-
perature. Owing to the neurodegenerative status of hippocampi,
the number of CA1 neurons available for capturing varied
greatly among cases. Approximately 2000 CA1 neurons were
obtained from 5–8 sections from each control subject, 10–15
sections from each Braak and Braak III subject and 15–25 sec-
tions from each Braak VI subject.
RNAwas isolated using the Arcturus picopure RNA isolation

system, with modifications allowing purification of miRNAs
(Applied Biosystems, KIT0204). Polyethylene LCM collecting
caps were incubated at 428C for 30 min in 20 ml of the kit’s
GITC-containing extraction buffer, centrifuged briefly to

Figure 8. The proposed model of miR-132/212-mediated neuronal apoptosis.
miR-132/212 is regulatedbyBDNFandneuronal activity,whichare significantly
reduced in AD (please see DISCUSSION). The diminished levels of miR-132/
212 lead to de-repression of PTEN, P300 and FOXO3a, and thus activate a sig-
naling cascade that converges at transcription factor FOXO3a. FOXO3a translo-
cates to nucleus and transcribes pro-apoptotic genes such as BIM and NOXA.
Caspase-3 is cleaved, causing apoptotic cell death in neurons.
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collect the extracted solution and then frozen at2808C. Prior to
purification on the kit’s picopure RNA columns, samples were
thawed, pooled and mixed with 100% ethanol in a 2:3 volume
ratio to increase ethanol concentration and therefore allow for
the binding of miRNAs. Samples were placed on the columns
and centrifuged to bind RNA to the column, and the procedure
was repeated to ensure the binding. Genomic DNA was
removed by RNase-free DNase (Qiagen, 79254) digestion on
the columns. Total cellular RNA was eluted from the columns
in a two-step process, each with 7.5 ml of elution buffer, and
stored at 2808C until further analysis.

miRNA expression

We used TaqMan miRNA reverse transcription reagents
(Applied Biosystems, 4366596) and miR 5× RT primers
(Applied Biosystems, hsa-miR-132/ RT457; hsa-miR-212/
RT515 and hsa-miR-99a/RT435) for reverse transcription.
Five nanograms of RNAwas used for the initial input. To inves-
tigate expressionof specificmiRNA,weusedTaqManUniversal
PCR Master Mix (Applied Biosystems, 4324018) with miRNA
real-time PCR primers (Applied Biosystems, hsa-miR-132/
TM457; hsa-miR-212/TM515 and hsa-miR-99a/TM435). Real-
time reactions were carried out by the ViiA-7 or 7500 Fast
System (Applied Biosystems). Threshold cycles (Cts) were gen-
erated using the automatic option and the relative expressions
were presented as 22deltaCt.

Messenger RNA expression

We transcribed 1 mg of RNA with TaqMan Reverse Transcrip-
tion Reagents (Applied Biosystems, N808–0234) and investi-
gated gene expression levels using syber green-based
chemistry (Applied Biosystems SYBR Green PCR Master
Mix, 4309155). Please refer to Supplementary Material,
Table S3 for real-time PCR primer sequences. The primers
have been checked for primer-dimer formation and used at
final concentrations ranging from 40 to 200 nM.

Validation of miR-132/212 targets

We validated targets of miR-132/212 using psiCHECK2 con-
structs (Promega, C8021). Nucleotides 2206–2979 of PTEN 3′

UTR, or 37–918 of FOXO3a 3′ UTR, was cloned into psi-
CHECK2 downstream of renilla luciferase, using XhoI and
NotI. Primers used for cloning PTEN 3′ UTR were (all 5′ to
3′): forward CCGCTCGAGTGTAACATGGAGGGCCAGGT
C and reverse ATAAGAATGCGGCCGCAAGCCCCCAC
TTTAGTGCACA. Primers used for cloning FOXO3a 3′ UTR
were: forward CGTCTCGAGCCCTCAAACTGACACAAG
ACCTAC and reverse CGTAGCGGCCGCAATGAGTGGA-
GAGCTGAGCTG. Mutations were introduced into the wild-
type constructs, using QuikChange Multi Site-Directed Muta-
genesis Kit (Stratagene, 200514). Primers used to mutate
PTEN site 1 were: forward ATGGGCTTTTGCACCAGGAT-
TATTTTTCCTTTGG and reverse CCAAAGGAAAAA-
TAATCCTGGTGCAAAAGCCCAT. PTEN site 2: forward
GTTCATAACGATAATTGTGGTTGCCACAAAGTGC and
reverse GCACTTTGTGGCAACCACAATTATCGTTATG
AAC. PTEN site 3: forward ACCTTTAAATACCAGGAATG

TGTCATGCATGC and reverse GCATGCATGACACATT
CCTGGTATTTAAAGGT. FOXO3a site 1: forward CCAT
TTTCCTAACCCAGCAGAGAGCTCTAATGGCCCCTTAC
CCT and reverse AGGGTAAGGGGCCATTAGAGCTCTCT
GCTGGGTTAGGAAAATGG. Two hundred nanograms of
psiCHECK2 construct, together with miR precursors at 50 nM
final concentration, was transfected into PC12 cells (96 wells)
with Lipofectamine 2000. To validate targets using primary
neurons, 1 mg of psiCHECK2 construct was used in each of 24
wells. Two days after transfection, luciferase luminescence
was revealed with Dual-Glo Luciferase Assay System
(Promega, E2920) and detected with Infinite F200 plate reader
(TECAN). Renilla luminescence was normalized with that of
firefly and the signals are presented as renilla/firefly relative lu-
minescence.

TUNEL assay

TUNEL assay was employed to detect DNA strand breaks
and used to quantify cells that were undergoing apoptosis. We
used In Situ Cell Death Detection Kit, TMR red (Roche,
12156792910) to reveal apoptotic cells. In brief, cells were
first fixed with 4% paraformaldehyde for 1 h at room tempera-
ture and then permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate for 2 min on ice. The cells were further incubated
with TUNEL reaction mixture for 1 h at 378C, mounted with
VECTASHIELD (Vector) supplemented with DAPI and ana-
lyzedbyfluorescencemicroscopywith an excitationwavelength
in the range of 520–560 nm (green) and detection in the range of
570–620 nm (red).

Cell viability assays

For the rescue experiment on PC12 cells, we examined cell via-
bility with a luciferase/ATP-based assay from Promega (the
CellTiter-Glo Luminescent Cell Viability Assay, G7571)
according to the manufacturer’s instructions. Cells were incu-
batedwithCellTiter-Glo reagent for 10 min at room temperature
and luciferase signals were measured with a plate reader Infinite
F200 (TECAN).Tomeasure cell viability of hydrogen peroxide-
treated primary hippocampal neurons, we used WST-1 reagent
(Roche, 05015944001). Briefly, cells were incubated with the
WST-1 reagent at 1:10 dilution at 378C for 1 h. Medium was
then aliquoted in a 96-well plate and absorbance was measured
at 440 nMusingaplate reader.Theabsorbancedirectly correlates
with the number of viable cells/mitochondria in a fixed given
area.

Western blot analysis

Cells were rinsed with cold PBS and lysed in an appropriate
volume of lysis buffer. Protein concentrations were measured
with Micro Bicinchoninic Acid (BCA) Protein Assay Kit
(Pierce, 23235) according to the manufacturer’s instructions.
Appropriate volumes of protein lysates were then mixed with
6× SDS gel-loading buffer (Boston Bioproducts), boiled for
5 min and resolved in 8–16% gradient polyacrylamide gels
(Invitrogen). Proteinswere subsequently transferredonto apoly-
vinylidenefluoridemembrane (0.45 mm,ThermoScientific) and
the membrane was blocked with 5% non-fat milk in Tris-
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buffered saline with Tween-20 (TBS-T) for 1 h. Blots were then
incubatedwith appropriately dilutedprimary antibodyovernight
at 48C.Blots were washedwith TBS-T a few times next day, and
HRP-conjugated secondary antibodies were added for 1 h.
Finally, after a fewwashes, blots were developed with enhanced
chemiluminescence solutions (GE Healthcare Amersham,
RPN2209) and exposed onto HyBlot CL (Denville Scientific).

Immunocytochemistry

Cells were first fixed with 4% paraformaldehyde in PBS at 48C
for 20 min and permeabilized with 0.3% Trion X-100 for
5 min. Cells were then blocked with 5% non-fat milk for 1 h
and incubated with appropriately diluted primary antibody at
48C overnight. After primary antibody incubation, cells were
washed three times with PBS and subsequently incubated with
fluorescence-conjugated secondary antibodies at room tempera-
ture for1 h in thedark.Cellswerefinallywashed three timeswith
PBS and mounted in VECTASHIELDw (Vector) and analyzed
by fluorescent microscopy.

Statistical analysis

Weused the unpaired, two-tailed Student’s t-test for comparison
between two samples. We considered the difference between
comparisons to be significant whenP , 0.05 for all the statistic-
al analysis. All values were presented as mean+SEM.

SUPPLEMENTARYMATERIAL

Supplementary Material is available at HMG online.
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