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ABSTRACT

Several microRNAs have been implicated in neurogenesis, neuronal differentiation, neurodevelopment, and memory.
Development of miRNA-based therapeutics, however, needs tools for effective miRNA modulation, tissue-specific delivery, and
in vivo evidence of functional effects following the knockdown of miRNA. Expression of miR-29a is reduced in patients and
animal models of several neurodegenerative disorders, including Alzheimer’s disease, Huntington’s disease, and
spinocerebellar ataxias. The temporal expression pattern of miR-29b during development also correlates with its protective
role in neuronal survival. Here, we report the cellular and behavioral effect of in vivo, brain-specific knockdown of miR-29.
We delivered specific anti-miRNAs to the mouse brain using a neurotropic peptide, thus overcoming the blood-brain-barrier
and restricting the effect of knockdown to the neuronal cells. Large regions of the hippocampus and cerebellum showed
massive cell death, reiterating the role of miR-29 in neuronal survival. The mice showed characteristic features of ataxia,
including reduced step length. However, the apoptotic targets of miR-29, such as Puma, Bim, Bak, or Bace1, failed to show
expected levels of up-regulation in mice, following knockdown of miR-29. In contrast, another miR-29 target, voltage-
dependent anion channel1 (VDAC1), was found to be induced several fold in the hippocampus, cerebellum, and cortex of
mice following miRNA knockdown. Partial restoration of apoptosis was achieved by down-regulation of VDAC1 in miR-29
knockdown cells. Our study suggests that regulation of VDAC1 expression by miR-29 is an important determinant of neuronal
cell survival in the brain. Loss of miR-29 results in dysregulation of VDAC1, neuronal cell death, and an ataxic phenotype.
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INTRODUCTION

The discovery of microRNAs has added an additional layer
to the complex regulatory pathways that control gene ex-
pression (Bartel 2004). MicroRNAs maintain the expression
landscape of the transcriptome and the proteome, their own
expression varying spatially and temporally to fine-tune the
biological levels of their target molecules (McNeill and Van
2012). Several miRNAs show tissue-specific expression pat-
terns and are either enriched or selectively depleted from
the brain. They are implicated in neuronal differentiation,
neurite outgrowth, synaptic plasticity, dendritic spine mor-
phology, and memory formation (Kosik 2006).
Neurodegenerative diseases show variable neuronal vul-

nerabilities with functional failure or pathogenesis initiated
from specific subpopulations of CNS cells. Nervous system
dysfunction encompasses chronic loss of functional capabil-
ity of cells and networks as well as neuronal death. A com-
mon thread which runs through these diverse mechanisms
is the machinery implicated in neuronal survival and apopto-

sis. Apoptosis is a necessary aspect of neuronal development
and the underlying mechanism by which neurodegenerative
diseases are manifested. The appropriate expression of reg-
ulatory elements such as miRNA maintains the balance be-
tween survival and apoptosis (Kent and Mendell 2006;
Roshan et al. 2009).
An excellent candidate miRNA which could play a role in

neurodegeneration and neuronal survival is miR-29. The
miR-29 family consists of miR-29a, miR-29b-1, miR-29b-2,
and miR-29c, of which miR-29c has very low expression,
perhaps due to a high turnover rate (Zhang et al. 2011;
Kriegel et al. 2012). The mature sequences of these miRNAs
are highly conserved in human, mouse, and rat. All the mem-
bers of the miR-29 family have identical seed sequences, and
they emerge from two gene clusters on different chromo-
somes (Kriegel et al. 2012). Both of the clusters contain
miR-29b-1 and miR-29b-2, two genomic loci that can
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potentially code for miR-29b. Down-regulation of miR-29a/
b has been correlated with neurodegenerative disease condi-
tions such as Alzheimer’s and Huntington’s, and several types
of cancer (Roshan et al. 2009). In Alzheimer’s patient sam-
ples, depleted levels of the microRNA are correlated with
an elevated level of β-secretase 1 (BACE1) enzyme, which
contributes to formation of plaques by cleavage of the amy-
loid precursor protein (APP) (Hebert et al. 2008; Delay
et al. 2012). In a cellular model of spinocerebellar ataxia 17
(SCA17), where we had expressed a TATA-binding protein
(TBP) with a pathogenic length of CAG repeats, miRNA ex-
pression profiling had shown this miRNA to be down-regu-
lated (Roshan et al. 2012). We have also found mir-29a to be
highly expressed in primary neurons and the adult mouse
brain (Jovicic et al. 2013). mir-29b expression has also been
shown to increase in neuronal cells during cerebral and cor-
tical maturation and in the sympathetic nervous system at a
time when these cells are most resistant to apoptosis (Kole
et al. 2011).

The miR-29a/b cluster has also been shown to affect syn-
apse formation and plasticity by directly targeting ARPC3,
a protein which has a role in actin cytoskeleton remodeling
(Lippi et al. 2011). Apart from having roles in neuronal cell
differentiation, miR-29a also is seen to be down-regulated
in Schwann cells which are in proliferative and differentiating
stages, in vitro in culture and in vivo during development,
and after sciatic nerve injury (Verrier et al. 2009).

The dysregulation of the miR-29 microRNA family, thus,
has implications in neuronal differentiation, proliferation,
death, and communication. However, there are other lines
of evidence that suggest that, in spite of its expression loss,
miR-29a/b function may not be a major determinant of neu-
rodegeneration. A study in Alzheimer’s patients (including
familial and sporadic cases) has shown that genetic variability
in miR-29a and miR-29b and in the miRNA binding sites of
the 3′ UTR of BACE1 and APP, which could potentially alter
miRNA-target interaction, does not show an association with
the disease condition (Bettens et al. 2009). This apparent dis-
connect between the in vitro effects and in vivo relevance ex-
tends to other miRNAs. For instance, knock-out of miR-34a
in mice showed no abnormalities in p53 function (Concep-
cion et al. 2012) in spite of several in vitro studies supporting
its role in the p53-mediated apoptosis (He et al. 2007). Also,
correlation studies in disease patient samples point to mo-
lecular changes which not only contribute to pathogenesis
but also those which could occur as a result of compensatory
mechanisms. Only in vivo studies with controlled modula-
tion of miR-29a/b expression levels can resolve these prob-
lems and reveal the biological relevance of the miRNA. The
broad expression pattern of miR-29a/b spanning neuronal,
hematopoetic, and lung cells (Kriegel et al. 2012) suggests
that modulation should be restricted to the relevant tissue
to prevent any pleiotropic effects.

To establish the effects of neuronal miR-29 perturbations
in vivo and to mimic conditions of miRNA dysregulation in

neurodegenerative disorders, we down-regulated miR-29 in
a brain-specific manner in mice. We used a neurotropic pep-
tide for targeted delivery of a locked nucleic acid (LNA) anta-
gomir (Kaur et al. 2007) specific formiR-29 to the brain. After
successful down-regulation of the miRNA, we observed apo-
ptosis in the brain cells and an ataxia-like behavioral defect in
mice.We tested the levels of chosen targets of themiRNA and
did not find significant up-regulation of BACE1 or the other
selected pro-apoptotic genes which have been reported to
be targets of miR-29. However, we observed a highly signifi-
cant up-regulation in the expression level of Vdac1, a medi-
ator of apoptosis and a novel target of miR-29 identified in
an miRNA-proteomics screen that we carried out previously
(Bargaje et al. 2012). In vitro, down-regulation ofVdac1 leads
to partial rescue from neuronal death of cells transfected with
LNA against miR-29. Here, we report the first attempt to
modulate miRNA levels in a brain-specific manner to eluci-
date the downstream effects in vivo.

RESULTS

Rabies virus glycoprotein delivers antagomir
in a brain-specific manner

The rabies virus is a neurotropic virus which overcomes the
hindrances posed by the blood-brain-barrier to target itself
specifically to the brain. A short peptide derived from rabies
virus glycoprotein (RVG) specifically recognizes nicotinic
acetylcholine receptors of the neurons to mediate viral entry
into the neuronal cells and facilitates retrograde axonal and
trans-synaptic transport of the encapsulated nucleic acid
into the brain. RVG has been used to deliver siRNA against
specific targets in a CNS-specific manner (Kumar et al.
2007). An exosomal membrane protein LAMP2B conjugated
with RVG peptide has been used for targeted delivery of
siRNA against Bace1 to the brain by intravenous injection
(Alvarez-Erviti et al. 2011). Similarly, liposomes which pro-
tect siRNA from serum degradation have been used to deliver
siRNA against PRPC protein and RVG peptide as utilized for
specifically targeting this complex to the brain (Pulford et al.
2010).
We used the 41-amino acid peptide sequence of rabies vi-

rus glycoprotein with an additional nona D-arginine (hence-
forth referred to as RVG) stretch for better interaction with
nucleic acid molecules (Kumar et al. 2007). As a delivery con-
trol, we used a similar-sized peptide derived from the rabies
virus matrix protein (RVM), which is known to show no spe-
cificity for delivery to brain tissues (Table 1). We checked the
neuronal specificity of the delivery of nucleic acid molecules
by RVG peptide in vitro in the mouse neuroblastoma cell
line, Neuro2a (N2a), and in vivo in mice. Different molar ra-
tios of a fluorescently labeled control RNA siGLO with RVG
peptide and with RVM peptide were used to assemble nucleic
acid-peptide complexes and then transfected into HeLa cells
and N2a cells. N2a cells showed specific uptake of the
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fluorescent molecule compared to the HeLa cells when RVG
peptide was used, as opposed to delivery using RVM peptide,
which showed no preferential localization of siGLO in either
cell type (Fig. 1A–H). Although a 1:10 molar ratio of the nu-
cleic acid and peptide was reported to be sufficient (Kumar
et al. 2007), in our own experiments, a 1:15 molar ratio
was required (Fig. 1).
In vivo, the standardized ratio was used to deliver the

siGLO-peptide complex into mice by a single intravenous in-
jection into the tail vein. When the RVMpeptide was used for
delivery, fluorescence was observed mostly in the liver. When
complexed with RVG peptide, siGLO was localized to the
brain (Fig. 2A–D). Targeting of peptide to different brain re-
gions was also evaluated. Mouse brain was dissected into
three different parts—cerebellum, cortex, and hippocam-
pus—and single cell suspensions were prepared. Fluores-

cence was detected in all the three parts where mice had
received siGLO-RVG complex, whereas siGLO-RVM com-
plex injected mice showed no fluorescence (Fig. 2E–J). We
counted siGLO-positive cells as a fraction of DAPI-positive
cells (total cell number) to estimate percentage transfection
in different brain parts. The peptide did not show any specif-
icity for parts of the brain, with ∼30%–45% transfected cells
in all parts (Fig. 2K).

LNA modified antagomirs

We designed two LNA modified oligonucleotides as antago-
mirs complementary to miR-29. We tested their efficacy by
transfecting N2a cells with each of the antagomirs, compar-
ing them with a control LNA that we had previously estab-
lished to have no discernible effect (Roshan et al. 2012) on
neuronal apoptosis. We achieved successful down-regulation
of miR-29 in N2a cells by transfecting them with LNA (1 and
2) (see Table 1) at the standardized (1:15) ratio of the LNA-
peptide complex. LNA1 down-regulates miR-29a efficiently,
resulting in 90% knock-down in 24 h. LNA2 down-regulates
miR-29a by ∼70% and miR-29b by ∼95%. LNA2 was more
effective in bringing down the collective levels of miR-29a/b
transcripts (Fig. 3A,B). miR-29c nucleotide sequence differs
from miR-29a at a single position. We did not find detect-
able miR-29c expression in N2a cells and therefore could
not assess the ability of the antagomirs to it. However, the
complementarity of the LNA sequences suggests that they
may be effective against miR-29c as well. Depending on
the efficacy and potential targeting of the LNA, LNA1 is
thus referred to as LNA29a/c and LNA2 as LNA29. The
LNA:RVG peptide complex in the 1:15 molar ratio was
able to down-regulate miR-29 specifically to ∼80% in N2a
cells but not in HeLa cells (Fig. 3C–E). The LNA:RVM pep-
tide complex could not down-regulate miR-29 in either cell
type (Fig. 3C–E).

Down-regulation of miR-29 was achieved by RVG
peptide and LNA delivery in vivo

BALB/c mice were injected with the LNA-peptide com-
plex intravenously into their tail vein every 24 h on three
consecutive days. The dosage of LNA delivered was

TABLE 1. Sequences of peptide and LNA

Name Sequence Charge Length

RVG peptide YTIWMPENPRPGTPCDIFTNSRGKRASN-GGGG-RRRRRRRRRa 11+ 41
RVM peptide MNLLRKIVKNRRDEDTQKSSPASAPLD-GGGG-RRRRRRRRRa 11+ 40
Control LNA 5′-ACCAATCGACCAAC-3′ 14− 14
LNA 1 5′-AACCGATTTCAGAT-3′ 14− 14
LNA 2 5′-CACTGATTTCAAATGG-3′ 16− 16

aDenotes arginine residues at the C-terminal end of RVG and RVM peptides which are in D-form. Underlined bases in the antagomir sequenc-
es represent LNA modified bases.

FIGURE 1. RVG peptide specifically delivers siRNA to N2a cells. N2a
and HeLa cells were transfected with siGLO and RVG/RVM peptide
complex at two different molar ratios. At a 1:10 molar ratio (siGLO:pep-
tide), RVG/RVM peptide is not able to deliver siGLO efficiently into ei-
ther N2a or HeLa cells (A–D). At a 1:15 molar ratio (siGLO:peptide),
RVG peptide specifically delivers siGLO into N2a and not HeLa cells.
RVM peptide is not able to deliver siGLO in either cell type (E–H).

miR-29 regulates neuronal apoptosis through VDAC1
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standardized at 2mg/g of bodyweight of themice.We found a
higher dose of LNA-peptide complex (4mg/g of body weight)
was toxic to the mice. Since both control LNA and LNA
against miR-29 were toxic at this concentration, it is unclear
whether the toxicity was because of the increased amounts
of LNA or the consequently increased amounts of RVG pep-
tide used to deliver it.

Behavioral assays for ataxia phenotype, such as hind-
limb clasping, gait, and ledge tests, were performed and re-
corded daily. Whole brain and liver tissues were extracted
from all the mice 24 h after the last injection. The brain
was divided into intact right and left hemispheres. One hemi-
sphere from each mouse was used for further cellular analysis
and the other for molecular analysis. We checked the ex-
pression of miR-29a and miR-29b in different parts of the
brain. From one hemisphere of the brain from each of the
mice, the cerebellum, hippocampus, and cortex were dissect-
ed. RNA was isolated from each of the parts, and the expres-
sion levels of miR-29 were determined using real-time PCR
(Fig. 4A).

We found that the endogenous levels of miR-29a are much
higher than that of miR-29b. Expression of miR-29a is higher
than that of miR-29b across the different regions of the brain
(Fig. 4B). This is in agreement with our observations from in

situ hybridization (Roshan et al. 2012) and reports from oth-
er groups in HeLa cells (Hwang et al. 2007) and in renal me-
dulla of rats. miR-29a transcripts have also been shown to be
more stable than miR-29b transcripts (Zhang et al. 2011). In
vivo, LNA29 effectively down-regulated miR-29a and miR-
29b in different parts of the brain (Fig. 4C,D).

miR-29a down-regulation causes cell death
in the brain

We performed terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assays on the fixed histological
sections to visualize cellular DNA fragmentation. DNA dam-
age, which occurs as a result of cell death pathways, was
observed throughout the brain sections of the miR-29a
knockdown mice. The massive cell death observed in the
brain sections ofmiR-29 knockdownmice confirms the phys-
iological relevance of miR-29a in vivo and confirms that the
perturbations of the levels of miR-29a can have downstream
effects on neuronal cell death and/or survival (Fig. 5).

Differential targeting of apoptotic genes
by miR-29a

To integrate our observation of cell death with the molecular
changes downstream tomiR-29a, we investigated the effect of
its down-regulation on its well-known direct targets such as
Bace1, Puma, Bak, and Bim in vivo. The mRNA levels of these
genes were quantified by real-time PCR in the cerebellum,
hippocampus, and cortex.
BACE1 (β-site APP-cleaving enzyme) has been shown to

have a role in the pathophysiology of Alzheimer’s disease. It
is highly expressed in the brain tissues of AD patients and
is known to contribute to plaque formation by cleaving am-
yloid precursor protein (APP) and releasing amyloid-β pep-
tide (Cole and Vassar 2007). We have previously validated
the increased expression of PUMA, BAK, and BACE1 in a
cellular model of SCA17, which expresses a pathogenic
form of the TATA-binding protein with extended CAG re-
peats. BAK, along with BAX and BOK, directly facilitates
apoptosis by mediating cytochrome c release from the mito-
chondrial membrane, which are, in turn, sequestered and
antagonized by BCL-2 proper, BCL-2 XL, MCL-11, and
TCL-1. Upstream initiators of apoptosis, called the BH3-
only proteins, such as PUMA and BIM, are efficient binders
of these anti-apoptotic proteins, thereby releasing BAX, BAK,
and BOK (Youle and Strasser 2008). N-Bak, a splice variant
of Bak, restricted to neurons and not expressed in other neu-
ral cells like glia or other cells of the body, also acts as an up-
stream apoptotic initiator (Uo et al. 2005). Several of these
BH3-only proteins have been shown to be targets of miR-
29a/b (Kole et al. 2011). However, in our in vivo study,
Bim, Bak, Puma, and Bace1 show no significant up-regulation
at the mRNA level (Fig. 6A–D).

FIGURE 2. RVG peptide delivers siRNA specifically and uniformly to
the mouse brain. In vivo specificity of RVG peptide to deliver siRNA
in brain was checked by tail vein injections of RVG/RVM peptide along
with siGLO. RVM peptide delivered siGLO to the liver but not the brain
while RVG peptide specifically delivered siGLO to the brain (A–D).
siGLO/RVG complex-injected mice showed fluorescence in all the three
regions, whereas siGLO/RVM complex-injected mice showed no fluo-
rescence (E–J). Uniformity of targeting of peptide to different regions
of the brain was confirmed by calculating the percentage of siGLO-pos-
itive cells in DAPI-positive cells in three fields adding up to 100 siGLO-
positive cells (K).
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miR-29 down-regulation leads to up-regulation
of Vdac1 (voltage-dependent anion-selective-channel
protein 1)

We have recently reported the identification of a novel target
of miR-29a/b, voltage-dependent anion-selective channel
protein 1 (Vdac1) (Supplemental Fig. 1; Bargaje et al. 2012).
VDAC1 is an outer mitochondrial membrane protein porin
implicated in apoptosis. It is believed that VDAC1 interacts
with Bcl-2 family members (Arbel and Shoshan-Barmatz
2010) and is the major channel through which cytochrome
c release into the cytoplasm is mediated in apoptotic cells
(Shimizu et al. 1999). We have previously carried out
a proteomics screen in HEK293 cells in which miR-29 was
knocked down, to identify up-regulated targets of the
microRNA. VDAC1 was identified in this screen and was
shown to contain a target site in its 3′ UTR, although this tar-
get site is not predicted by miRNA target prediction pro-
grams—PicTar, Targetscan, or miRanda. We performed
luciferase assays to experimentally show direct targeting of
the Vdac1 3′ UTR by miR-29a in vitro (Bargaje et al. 2012).
We have earlier shown that VDAC1 is up-regulated in a cel-

lular model of SCA17 in which N2a cells
expressed aberrant TATA-binding pro-
tein with a pathogenic expansion of a pol-
yglutamine repeat stretch (TBP-59Q)
(Ghosh et al. 2007). Since then, VDAC1
has also been shown to be up-regulated
in the hippocampus of Alzheimer’s trans-
genic mice models and in postmortem
brain tissue from Alzheimer’s patients
(Yoo et al. 2001; Cuadrado-Tejedor et al.
2011).

We checked the mRNA levels of
VDAC1 in different parts of the brain
of the miR-29 knockdown mice and
found Vdac1 to be strongly up-regulated
in the cerebellum, cortex, and hippocam-
pus (Fig. 7). miRNAs generally result in
40%–80% down-regulation of targets.
The large magnitude of induction sug-
gests that, besides direct miRNA-target
interaction, other redundant downstream
mechanisms also play a role in the ob-
served induction of Vdac1mRNA.

Partial rescue of cell death was
observed by reducing the elevated
levels of Vdac1

Next, we wanted to test if we could rescue
the cell death phenotype caused by miR-
29a/b by reducing the elevated levels of
Vdac1 in miR-29a/b knockdown cells.
Neuro-2a cells were transfected with

control or Vdac1 siRNA and harvested after 36 h. Compared
to control siRNA, ∼90% down-regulation in the levels of
Vdac1 was obtained in Vdac1 siRNA-treated cells (Supple-
mental Fig. 2). Under similar conditions, miR-29a was also
down-regulated using LNA29a/c. Around 40% cell death
was obtained in LNA29a/c knockdown cells, while down-reg-
ulation of Vdac1 under similar conditions rescued cell death
by ∼50% (Fig. 8A,B). Vdac1 siRNA alone had no significant
effect on cell viability. Thus, partial restoration of apoptosis,
caused by miR-29a/b knockdown, was achieved by reducing
the levels of Vdac1. This implies that Vdac1 is a critical player
in miR-29a/b-induced neuronal cell death. Besides, the mas-
sive neurodegeneration observed in brain sections suggests
that knockdown of miR-29a might act through several targets
including, but not limited to, VDAC1.

Ataxia phenotype was observed in mice
injected with LNA29

We have previously reported that miR-29 is down-regulated
in neuronal cells expressing pathogenic polygultamine-TBP
protein in a cellular model of SCA17. Therefore, we assayed

FIGURE 3. RVG peptide-LNA complex can knock down miR-29a/b specifically in N2a cells. To
check the knockdown efficiencies of antagomirs, LNA29a/c (LNA1 in Table 1) and LNA29 (LNA2
in Table 1) were transfected into N2a cells using lipofectamine transfection agent, and real-time
PCRwas performed using Taqman probes for both miR-29a andmiR-29b. miR-92a was used as a
normalization control. LNA29a/c was able to down-regulate the levels of miR-29 by ∼90% (A),
while LNA29 down-regulates miR-29a by∼70% andmiR-29b by∼95% (B). LNA29a/c was trans-
fected using RVG peptide or RVM peptide in both N2a and HeLa cells at 1:10 and 1:15 molar
ratios. In each case, the ratio of RVG/RVM is shown. RVG peptide was specifically able to deliver
LNA29a/c in N2a cells at a 1:15 (LNA:peptide) ratio (C). All experiments were done in triplicate.
Similarly, LNA29 was transfected using RVG or RVM peptide at 1:10 and 1:15 ratios in N2a and
HeLa cells. RVG was able to specifically deliver LNA29 at a 1:15 ratio in N2a cells, and LNA29 was
able to down-regulate levels of both miR-29a and miR-29b (D,E). RVM peptide was not able to
deliver LNA at both ratios (C–E).
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the mice for an ataxia phenotype using standard tests
for motor control, gait assays, spinal deformity, and hind-
limb clasping (Guyenet et al. 2010). Mice injected with
LNA29a/c showed no abnormalities in the tests performed.
In contrast, mice injected with LNA29 showed gait abnor-
malities typical of ataxia, which include difficulty in walking
on plain surfaces, a ledge, and a straight rod.We recorded the

footsteps of the mice and observed a significant reduction in
step-length in the miR-29a/b knockdown mice (Fig. 9B,C).
LNA29a/c, which specifically affects miR-29a, did not show
the ataxia phenotype (Fig. 9A,C). This is, perhaps, due to re-
dundancy in the functions of miR-29a and miR-29b.
Alternatively, miR-29b may be specifically expressed in re-
gions of the brain that are important for motor coordination.

FIGURE 4. Schema for in vivo experiments. RVG peptide-LNA29 complex leads to down-regulation of miR-29a/b levels in mice brain. Tail vein
injections were used to deliver control LNA, LNA29a/c, or LNA29 against miR-29 in mouse brain over a 4-d time course followed by daily phenotypic
assays (A). Endogenous levels of miR-29 were checked in mouse brain parts after control LNA treatment. Real-time PCR was performed for miR-29a,
miR-29b, and miR-92a (normalization control) in cerebellum, cortex, and hippocampus using specific Taqman probes. miR-29a levels were found to
be significantly higher in all brain parts compared to levels of miR-29b (n = 9) (B). Control LNA or LNA29 were injected intravenously using RVG
peptide, and real-time PCR was done for miR-29a (C), miR-29b (D), and normalized to miR-92a.

FIGURE 5. miR-29 knock-down leads to neuronal apoptosis. A TUNEL assay was done on brain sections fromControl LNA- and LNA29a/c-injected
mice on sections of cerebellum (A,B; G,H), hippocampus (C,D; I,J), and cortex (E,F; K,L). Using an rTdT reaction, slides were developed by DAB
solution, and nuclei were counter-stained with hematoxylin. A–F images are at 4× magnification, while G–L are at 100× magnification.
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DISCUSSION

Several targets of the microRNA of the miR-29 family have
been identified and validated in vitro. miR-29a/b has been re-
ported to target members of the Bcl-2 protein family, which
includes the BH3-only family of pro-apoptotic proteins,
and it also translationally inhibits anti-apoptotic proteins
such as MCL-1 and TCL-1 (Pekarsky et al. 2006; Mott et al.
2007). These contradictory roles in apoptosis are not yet
well understood in the neuronal system. miR-29 has also
been shown to targetCdc42 and p85α, thus acting as a positive
regulator of p53 (Park et al. 2009). DNA methyltransferases
3A (Dnmt3a) and 3B (Dmnt3b) are also reported targets in
a study in which miR-29 was shown to reduce the growth of
lung cancer cells in vitro and in mice (Fabbri et al. 2007).
Another class of targets of miR-29 includes key proteins in-
volved in extracellular matrix formation (Kriegel et al.
2012). This is empirically correlated with the aberrant expres-
sion profile of miR-29 in different tissues in fibrotic condi-
tions (Kriegel et al. 2012). It is not clear how many of the
large number of miR-29 targets reported in diverse cell types
are relevant in vivo. Knock-down of the endogenous miRNA
in a tissue-specific manner allows us to test the validity of the
targets in vivo. The target identified in this study—Vdac1—
seems to be a major player in miR-29a/b-mediated neuronal

apoptosis. Vdac1 is known to be one of
the key contributors in apoptosis, but
the exact mechanism is still unclear (Ros-
tovtseva et al. 2005). We observed partial
restoration of cell death while reducing
the elevated levels of Vdac1. This could
be because the elevation ofVdac1 is sever-
al fold in the LNA29a/c condition, and
siRNA againstVdac1 is not able to restore
the level to the normal state. The residual
Vdac1 can contribute to cell death. Sec-
ondly, it is possible that an activator of
Vdac1 also could be a target of miR-29a,
which leads to such a massive elevation.
Also certain unexplored apoptotic genes
can be targeted bymiR-29a. All these pos-
sibilities remain to be explored in the fu-
ture to characterize the cell death caused
by miR-29.

Our results indicate that several of the
apoptosis-related targets of miR-29a are
not elevated in expression following
miR-29a knockdown, at least, at the
RNA level. However, in view of the mas-
sive cell death in the brain following
miR-29a/b knock-down, it is likely that
the apoptosis-related known targets of

FIGURE 6. Expression levels of (A) Bim, (B) Bak, (C) Puma, and (D) Bace1 in miR-29a/b knock-
down mice. To check the effect of miR-29 down-regulation on its targets, real-time PCR was per-
formed using total RNA isolated from control LNA- and LNA29a-injected mice. Real-time PCR
was done using SYBRGreen, and for relative quantification, the reference gene β-2-microglobulin
(b2m) was used.

FIGURE 7. Vdac1 is up-regulated in miR-29a knockdown mice. To
check the effect of miR-29a knock-down onVdac1, total RNAwas isolat-
ed from cerebellum, cortex, and hippocampus of LNA29a/c- or control
LNA-injectedmice. Real-time PCRwas done using SYBRGreen, and for
relative quantification, the reference gene β-2-microglobulin (b2m) was
used. There was significant up-regulation observed in Vdac1 expression
inmiR-29a knockdownmice compared to control LNA-injectedmice in
all three brain regions. The change in median Ct value corresponds to a
fold change of 99.16 (P-value = 0.09; n = 5) in cerebellum, a fold change
of 57.54 (P-value = 0.03; n = 5) in the cortex, and a fold change of 31.8
(P-value = 0.023; n = 5) in the hippocampus of the LNA 29a/c-injected
mice compared to control LNA-injected mice.
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miR-29a/b are affected at the protein level. The amount of
tissue does not allow us to test the protein levels of these tar-
gets at this time. There are several possible reasons for the ap-
parent lack of effect on known targets of miR-29a. Firstly,
miR-29a may block the translation of these targets, leaving
transcript levels unchanged. Secondly, the relative affinity
and accessibility of the targets may determine which of the
several targets reported in vitro are of relevance in vivo. We
are currently not aware of any selectivity that the peptide
may show for different neurons. However, this possibility
has not been explicitly ruled out and may explain the escape
of targeting of mRNAs. In neuropathological conditions,
changes not only reflect intrinsic molecular or functional dis-
turbances in the cell but have implications in other regions of
the brain with which the affected cells communicate and
function in a concerted manner. In-built redundancies or
degeneracy can also buffer changes within the system.

It is pertinent to note that the single miR-29a target site
present in Vdac1 is a low-affinity site that is not predicted
by target prediction algorithms. Antisense-mediated partial

knock-down of an miRNA is likely to se-
lectively impact low-affinity targets, since
high-affinity targets may sequester the re-
sidual miRNA. This is a possible explana-
tion for the apparent lack of effect on
other targets of miR-29a. This is an im-
portant aspect of the development of
anti-miRNA therapeutics, since any par-
tial knockdown is likely to result in selec-
tive targeting of low-affinity sites.
Since microRNAs are vital modulators

of various physiological processes, per-
turbations in their levels or any other
form of disruption of their function
have important implications in human
diseases. There are several paradigms of
gene dysregulation by miRNA in neuro-
degenerative conditions (for review, see
Roshan et al. 2009). For instance, a path-
ogenic expansion of CAG repeats in the
coding region of the Ataxin1 gene causes
spinocerebellar ataxia 1, and the levels of
the transcripts of this gene are directly
controlled by the microRNAs (miR-
101, miR-19, miR-130) which have target
sites in its 3′ UTR (Lee et al. 2008).
Aberrant miRNA expression can also up-
set general homeostasis or maintenance
of cellular or network function in the
nervous system by targeting vital path-
ways involved in synaptic transmission,
excitatory or inhibitory responses, oxida-
tive stress, inflammation, cell death, cell
survival, or other processes. Expression
of miR-9, which regulates transcription

factor REST and coREST, has been shown to be significantly
down-regulated in tissue samples fromHuntington’s patients
(Packer et al. 2008). miR-133b has been found to be reduced
in the midbrain of post-mortem tissue samples from
Parkinson’s patients. This miRNA is engaged in a regulatory
feedback loop with PITX3 (Kim et al. 2007), a transcription
factor which has a role in dopamine neuron development.
Our study provides a methodology for knocking down the
expression of miRNAs in the brain using anti-miRs delivered
through the trans-vascular route. In the future, it will be of
interest to test the applicability of this method to introduce
miRNA mimics in the brain and its ability to correct neuro-
degeneration in transgenic mouse models.

MATERIALS AND METHODS

Animals

Experimental protocols were approved by the Institutional Animals
Ethics Committee. BALB/c mice (5–6 wk old, weighing 20–22 g)

FIGURE 8. Partial rescue of cell death by reducing the elevated levels of Vdac1. To check the ef-
fect of Vdac1 siRNA on cell death, a luminescence-based cell viability assay (A) andMTT assay (B)
were performed. Neuro-2a cells were transfected with 40 nM Control LNA or LNA29a/c and 50
nm of Control siRNA/Vdac1 siRNA for 36 h. Upon treatment of LNA29a/c and control siRNA, a
40% reduction in cell viability was observed, whereas by down-regulating the elevated levels of
Vdac1 transcripts, close to 48% rescue of cell death was observed (A). A similar trend was ob-
tained by an MTT assay, where down-regulating elevated Vdac1 levels after LNA 29a/c treatment
lead to a rescue of up to 64% of cell death (B), whereas Vdac1 down-regulation alone had no sig-
nificant effect on cell viability. (∗∗) P-value < 0.01; n = 3.
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were obtained from the Central Drug Research Institute, Lucknow,
India, and acclimatized for 1 wk under laboratory conditions (25 ±
2°C, 55% humidity) before starting the experiments.

Peptide-LNA complex

For in vitro delivery experiments, 1 d before transduction, 0.3 × 106

cells were plated in a six-well plate. On the next day, 40 nM of LNA/
siGLO were incubated with a 1:10 and 1:15 molar ratio of LNA:pep-
tide for 30 min at room temperature in serum-free media. The com-
plex was added drop-wise on cells and incubated at 37°C for
24 h. For in vivo delivery, female BALB/c mice, aged 6–8 wk, were
used. Fifty micrograms of LNA/siGLO and 850 µg peptide were
used per injection at a 1:15 molar ratio of LNA:peptide. Two hun-
dred to three hundred microliters of LNA and peptide complex in
5% glucose were incubated at RT for 30 min and used for tail
vein injections.

Real-time PCR for miRNA-29a/b

For real-time PCR, total RNA was isolated from N2a/HeLa cells us-
ing TRIzol reagent (Invitrogen), following the manufacturer’s pro-
tocol. Mouse brain was microdissected into three different parts—
cerebellum, cortex, and hippocampus. For real-time PCR, total
RNA was isolated by crushing brain parts in TRIzol reagent using

liquid nitrogen, following the manufacturer’s protocol. For cDNA
synthesis and real-time PCR, TaqMan assays (Applied Biosystems;
Cat.No. 000412[miR-29a], 000413[miR-29b], 000430[miR-92])
specific for mature mmu-miR-29a, mmu-miR-29b, and mmu-
miR-92 was used. mmu-miR-92 was used as an endogenous control.
A relative quantification method was used for data analysis (Livak
and Schmittgen 2001).

Real-time PCR for targets

After total RNA isolation using TRIzol, 2 µg of RNA were used for
DNase I treatment (Fermentas, #EN0521). cDNA was synthesized
using random hexamer primers (Invitrogen) and M-MuLV reverse
transcriptase (NEB, BO253S) at 42°C for 1 h. Real-time PCR was
done using SYBR Green (Roche). Gapdh and β-2-microglobulin
(B2m) were used as endogenous controls. For analysis, a relative
quantification method was used. Sequence of primers is given in
Table 2 below.

TUNEL assay

Terminal deoxynucleotidyltransferase dUTP nick end labeling was
done on mouse brain sections using the DeadEnd Colorimetric
TUNEL System (Promega) using the manufacturer’s protocol.
The fixed, paraffin-embedded sections, after de-paraffinization
and hydration, were incubated with Proteinase K (1 mg/mL) for
15 min at 37°C. After PBS washes, the slides were treated with kit-
provided equilibration buffer for 7 min, followed by treatment
with a reaction mixture containing recombinant Terminal Deoxy-
nucleotidyl Transferase and biotinylated nucleotides for 1 h at
37°C. The slides were then treated with saline-sodium citrate buffer
and with 6% hydrogen peroxide in PBS. Next, the slides were incu-
bated with Streptavidin-HRP conjugate for 30 min at 37°C and then
in a DAB substrate solution for 5 min. Cells were counter-stained in
hematoxylin solution for 5 min.

Down-regulation of Vdac1 and cell viability assay

Neuro-2a cells were transfected with 50 nM control siRNA (siGE-
NOME smart, Dharmacon)/Vdac1 siRNA (Ambion, AM16704)
and 40 nM LNA using lipofectamine transfection reagent. Thirty-

TABLE 2. Sequence of primers

Primer sequence Gene

FP 5′-GGGGATGCGAGAGTTGATAA-3′
Vdac1

RP 5′-ACATGTTCCCAGCTTTCCAC-3′

FP 5′-CAGTGGAAGGTCCGTTTGTT-3′
Bace1

RP 5′-GCAGAGTGGCAACATGAAGA-3′

FP 5′-TCCGTCTGGTATGGAGAAGG-3′
Bim

RP 5′-ACCAAGAGAGGGACATGACG-3′

FP 5′-CAAGAAGAGCAGCATCGACA-3′
Puma

RP 5′-TAGTTGGGCTCCATTTCTGG-3′

FP 5′-ACCCCAACAGTCCTCTCCTT-3′
Bak

RP 5′-TCTGAGACAGGATGGGGTTC-3′

FP 5′-TATGTTCGGCTTCCCATTCT-3′
B2m

RP 5′-TGGTCTTTCTGGTGCTTGTCT-3′

FIGURE 9. Behavioral effect on miR-29a/b knockdown mice. Foot-
print analysis was done with Control LNA-, LNA29a/c-, or LNA29-in-
jected mice. Ink was applied on hind paws of the mice, and they were
allowed to walk on a strip of paper (A,B). The distance between adjacent
footprints was measured (C). (∗∗) P value < 0.001; n = 3.
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six hours post-transfection, a CellTiter-GLO luminescent cell viabil-
ity assay (Promega) was performed as per the manufacturer’s proto-
col. For theMTTassay, 20µLofMTTsolution (5mg/mL)were added
per 100 µL ofmedia. Cells were incubated for 1 h at 37°C, and 100 µL
of DMSO were added in every well to solubilize the colored purple
formazan. Absorbance at 570 nm and, for reference, absorbance at
650 nm were measured.

Behavioral assays

The gait of mice was observed and recorded. The mice were allowed
to walk on a rod and cage for 2 min each. For observing hind-limb
clasping, mice were held by their tail for 15 sec. To record their foot-
prints, the hind paws were dipped in ink and the mice were made to
walk on paper in a straight line.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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