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Abstract

Aims: MicroRNAs (miRNAs) are small noncoding RNAs that regulate translational
repression of target mRNAs. Accumulating evidence indicate that various miRNAs,
expressed in a spatially and temporally controlled manner in the brain, play a key role in
neuronal development. However, at present, the pathological implication of aberrant
miRNA expression in neurodegenerative events remains largely unknown. To identify
miRNAs closely associated with neurodegeneration, we performed miRNA expression
profiling of brain tissues of various neurodegenerative diseases. Methods: We initially
studied the frontal cortex"; derived from three amyotrophic lateral sclerosis (ALS)
patients by using a microarray: of 723 human miRNAs. This was followed by
enlargement of study population with quantitative RT-PCR (qRT-PCR) analysis (n =
21). Results: By microarray analysis, we identified upregulation of miR-29a, miR-29b,
and miR-338-3p in ALS brains. However, due to a great interindividual variation, we
could not validate these results by qRT-PCR, but found significant downregulation of
miR-29a in Alzheimer disease (AD) brains. The‘ database search on TargetScan, PicTar,
and miRBase Target identified neuron navigator '3 (NAV3), a regulator of axon
guidance, as a principal target of miR-29a, and actually NAV3 mRNA levels were
elevated in AD brains. MiR-29a-mediated downregulation of NAV3 was verified by the
luciferase reporter assay. By immunohistochemistry, NAV3 expression was most
evidently enhanced in degenerating pyramidal neurons in the cerebral cortex of AD.
Conclusions: These observations suggest the hypothesis that underexpression of
miR-29a affects neurodegenerative processes by enhancing neuronal NAV3 expression

in AD brains.

Keywords: Alzheimer disease, bioinformatics, microarray, miR-29a, neuron navigator

3, real-time RT-PCR
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Introduction

MicroRNAs (miRNAs) constitute a class of endogenous small noncoding RNAs
conserved through the evolution [1]. miRNAs mediate posttranscriptional regulation of
protein-coding genes by binding to the 3” untranslated region (3’UTR) of target mRNAs,
leading to translational inhibition or mRNA degradation, depending on the degree of
sequence complementarity. The primary miRNAs (pri-miRNAs) are transcribed from
the intra- and inter-genetic regions of the genome by RNA polymerase 11, followed by
processing by the RNase Il enzyme Drosha into pre-miRNAs. After nuclear export, they
are cleaved by the RNASE ‘Il enzyme Dicer into mature miRNAs consisting of
approximately 22 nucleotides. Finally, a single-stranded miRNA is loaded onto the
RNA-induced silencing complex (RISC), where the seed sequence located at positions
2-7 from the 5’ end of the miRNAY plays a pivotal role in binding to the target mRNA.
The miRNAs in a whole cell regulate approximately 30% of all protein-coding genes
[2]. A single miRNA is capable of reducing the production of hundreds of proteins 3]
Thus, by targeting multiple transcripts and affecting expression of numerous proteins,
miRNAs play a key role in cellular development, differentiation, proliferation, apoptosis
and metabolism.

Increasing evidence indicated that various miRNAs, expressed in a spatially and
temporally controlled manner in the brain, are involved in neuronal development,
differentiation, and synaptic plasticity [4]. miR-134 localized to the synaptodendritic
compartment of hippocampal neurons regulates synaptic plasticity by inhibiting
translation of Lim-domain-containing protein kinase 1 (LIMKI1) [5]. miR-30a-5p, a
miRNA enriched in layer III pyramidal neurons in the human prefrontal cortex,
decreases BDNF protein levels [6]. Because a single miRNA has a great impact on the
expression of numerous downstream mRNA targets, deregulation of miRNA function in
the brain affects diverse cellular signaling pathways essential for neuronal survival and

protection against neurodegeneration [7].
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The transcription factor Pitx3 indispensable for differentiation of dopaminergic
neurons transcribes miR-133b, which in turn suppresses Pitx3 expression [8]. The levels
of expression of miR-133b are substantially reduced in dopaminergic neurons in
Parkinson disease (PD) brains [8]. The expression of miR-107 that inhibits the
production of the B-site amyloid precursor protein cleaving enzyme 1 (BACEIL) is
reduced in the cerebral cortex of the patients with Alzheimer disease (AD) in the
earliest stage [9]. BACEL is also a target gene for miR-29, and the expression of
miR-29a/b-1 cluster is reduced, inversely correlated with BACE!L protein levels, in the
anterior temporal cortex of a subgroup of AD patients [10]. The levels of miR-298 and
miR-328, both of which decrease the expression of mouse BACE1 protein, are reduced
in the hippocampus of aged APPSwe/PS1 transgenic mice [11]. The expression of
miR-106b that targets amyloid precursor protein (APP) is decreased in the anterior
temporal  cortex of AD patieﬁts  :[~1 2]. Upregulation of the nuclear factor
NF«xB-responsive miR-146a induces downregulation of complement factor H (CFH), an
anti-inflammatory mediator in AD brains [13]. Although approximately 70% of
presently identified miRNAs are expressed in the brain, physiological and pathogenetic
roles of most of these remain unknown [14].

In the present study, to identify miRNAs aberrantly expressed in the brains of
human neurodegenerative diseases, we initially studied miRNA expression profiles of
the frontal cortex of three amyotrophic lateral sclerosis (ALS) patients on a miRNA
microarray. Following enlargement of the study population, we found significant
downregulation of miR-29a in AD brains, being consistent with the previous
observations [10]. We identified neuron navigator 3 (NAV3) as a principal target of
miR-29a by bioinformatics database search and luciferase reporter assay. NAV3
expression was most evidently enhanced in degenerating pyramidal neurons in the
cerebral cortex of AD. These results suggest that the interaction between miR-29a and

NAV3 might play a role in neurodegenerative processes of AD.
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Materials and methods
Human brain tissues

All the brain tissues of the frontal cortex -were obtained from Research Resource
Network (RRN), Japan. Written informed consent was obtained at autopsy form all the
cases examined. The Ethics Committee of both National Center of Neurology and
Psychiatry and International Medical Center of Japan approved the present study. The
present study includes seven AD patients composed of four men and three women with
the mean age of 69.1i9.2,»~:and 14 non-AD patients composed of eight men and six
women with the mean age of 73.1:10.1. The latter include four patients with Parkinson
disease (PD), six patients with amyotrophic lateral sclerosis (ALS), and four subjects
who died of non-neurological causesk"(N C). The neuropsychiatric disease patients were
clinically diagnosed as AD, PD, or ALS by board-certified neurologists and
psychiatrists, and the clinical diagnosis was verified by comprehensive examination of
autopsied brains by three certified neuropathologists (KA, YS, TI). All AD cases were
satisfied with the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
criteria for diagnosis of definite AD [15], and were categorized into the stage C or B of
amyloid deposition and the stage VI or IV of neurofibrillary degeneration, following the
Braak staging system [16]. The postmortem interval (PMI) of the cases ranges from 1.1
to 14 hours with the average interval of 5.5 + 4.1 hours prior to freezing the brain
tissues for storage at -80°C. Although a recent study showed limited stability of specific
brain-enriched miRNAs [17], we found that the quality of RNA of frozen brain tissues
with PMI longer than 10 hours is still sufficient for microarray analysis (data not
shown). The characteristics of the study population are summarized in Supplementary

Table 1 online.

MicroRNA expression profiling
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Total RNA enriched in miRNA was isolated from frozen brain tissues by using
mirVana miRNA isolation kit (Ambion, Austin, TX, USA). We initially studied RNA
samples isolated from the frontal cortex of three ALS patients. They were individually
processed for miRNA expression profiling on a human miRNA microarray version 2
(Agilent Technologies, Palo Alto, CA, USA). The array includes 723 human miRNAs
based on the miRBase release 10.1 (microrna.sanger.ac.uk). The human frontal cortex
total RNA of a 79 year-old Caucasian man who died of bladder cancer (AM6810,
Ambion) was utilized as a universal reference. The quality of RNA was validated by
identification of 18S rRNA and 28S rRNA peaks on Agilent 2100 Bioanalyzer with a
RNA 6000 nano kit (Agilent -Technologies). Microarray analysis was performed
according to the manufacteurer’s iriStruction. In brief, one hundred nanogram of total
RNA was dephosphorylated by calf iritestine alkaline phosphatase (CIP) (Takara Bio,
Shiga, Japan). Three prime end of dephosphorylated RNA was labeled with Cyanine
3-cytidine bisphosphate (pCp-Cy3) by T4 RNA ligase. The microarray was hybridized
with labeled RNA at 55°C for 20 hours, wéshed, and processed for scanning on an
Agilent microarray scanner. The signal intensity was quantified by using Feature

Extraction Software version 9.9.3.1 (Agilent Technologies). |
Quantitative real-time RT-PCR

To quantify miRNA expression levels, TagMan microRNA assay-based quantitative
real-time RT-PCR (qRT-PCR) was performed on the 7500 Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA), following the Delta-Delta Ct method.
RNU6B was utilized for an endogenous reference to standardize miRNA expression
levels. All the data were calibrated by the universal reference data.

DNase-treated total RNA was processed for ¢cDNA synthesis using oligo(dT);o

primers and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). To
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quantify mRNA expression levels, cDNA was amplified by gqRT-PCR on the
LightCycler ST300 (Roche Diagnostics, Tokyo, Japan) using SYBR Green I and the
neuron navigator-3 (NAV3) primer sets consisting of 5’tgacccagagttgtggtctccaag3’ and
5’gtccagtttggetatcecatgtge3’. The expression levels of target genes were standardized
against those of the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene

detected in identical cDNA samples. All the assays were performed in triplicate.
MicroRNA target prediction

The target mRNAs that have the potential binding sites for individual miRNAs were
identified by searching them on public databases endowed with prediction algorithms,
such as TargetScan (targetscan.org),; PicTar (pictar.mdc-berlin.de), and miRBase Target

(www.mirbase.org) [18].
Reporter assay

The precursor of hsa-miR-29a (pre-miR-29a) (GeneBank Accession No. AF017104)
was amplified by PCR with PfuTurbo DNA polymerase (Stratagene, La Jolla, CA,
USA) and a set of sense and antisense primers composed of
5’cgggatccegetggatttagtaagatttgggeectd’ and 5°cccaagetigggaacggtcaccaatacatttecte3’,
Then, it was cloned in the expression vector pBApo-CMV-Neo (Takara Bio) at the
BamHI/HindIII cloning site. The 3’UTR sequence of the human NAV3 gene spanning
the nucleotide position 379727-380353 that surrounds a conserved miR-29a target
sequence 5’aggaacatttcctatggtgctg3’(GenBank Accession No. NC_000012) was
amplified by PCR with a set of sense and antisense primers composed of
5’ctaggcegatcgcacaaatccaagaggecagtected’ and 5’ctaggtttaaacctctitcacttagaactggatgg3’.
Then, it was cloned in the dual luciferase reporter vector psiCHECK?2 (Promega,

Madison, WI, USA) at the Sgfl/Pmel cloning site. In this construct, a 6 bp-deletion was
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introduced in the miR-29a seed sequence 5’atggtgctg3’ of the NAV3 3°UTR by using
QuikChange II XL site-directed mutagenesis kit (Stratagene). The psiCHECK?2 vector
contains the Renilla luciferase gene to monitor expression changes of the target gene in
addition to the firefly luciferase gene controlled by a HSV-TK promotet to normalize
the transfection efficacy. At 24 hours after cotransfection of the miR-29a expression
vector and the luciferase reporter vector in HEK293 cells, cell lysate was processed for
dual luciferase assay on a 20/20 Luminometer (Promega). All the assays were

performed in triplicate. n
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Western blot analysis

To prepare total protein extract, frozen brain tissues were homogenized in RIPA lysis
buffer composed of a cocktail of protease inhibitors (Sigma, St. Louis, MO, USA),
followed by centrifugation at 12,000 rpm for 5 min at room temperature (RT). The
supernatant was collected for separation on a 12% SDS-PAGE gel. The protein
concentration was determined by a Bradford assay kit (BioRad, Hercules, CA, USA).
After gel electrophoresiS; the protein was transferred onto nitrocellulose membranes,
which were immunolabeled at RT overnight with rabbit anti-NAV3 antibody (ab69868;
Abcam Japan, Tokyo, Japan). We validated the specificity of the ab69868 antibody by
western blot of a truncated NAV3 protein spanning amino acid residues 1366-1688
(data not shown). The membranes were incubated at RT for 30 min with
HRP-conjugated anti-rabbit or goat IgG (Santa Cruz Biotechnology). The specific
reaction was visualized by using a chemiluminescent substrate (Pierce, Rockford, IL,
USA). After the antibodies were stripped by incubating the membranes at 50°C for 30
min in stripping buffer composed of 62.5 mM TriS-HCl, pH 6.7, 2% SDS and 100 mM
2-mercaptoethanol, they were processed for relabeling with rabbit antibody against
14-3-3 protein (sc-629; Santa Cruz Biotechnology), an internal control for protein

loading.
Immunohistochemistry

After deparaffination, tissue sections were heated in 10 mM citrate sodium buffer, pH
6.0 by autoclave at 125°C for 30 sec in a temperature-controlled pressure chamber
(Dako, Tokyo, Japan). They were exposed to 3% hydrogen peroxide-containing
methanol at RT for 15 min to block the endogenous peroxidase activity. The tissue
sections were then incubated with phosphate-buffered saline (PBS) containing 10%

normal goat serum at RT for 15 min to block non-specific staining. The tissue sections
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were incubated in a moist chamber at 4°C overnight with rabbit anti-NAV3 antibody
(ab69868). After washing with PBS, they were labeled at RT for 30 min with a
horseradish peroxidase (HRP)-conjugated secondary antibody (Nichirei, Tokyo, Japan),
followed by incubation with a colorizing solution containing diaminobenzidine
tetrahydrochloride (DAB). For double immunolabeling, after inactivating all the
antibodies by autoclaving the sections in the citrate sodium buffer, the tissue sections
were incubated with mouse anti-amyloid-beta (AB) 11-28 peptide antibody (12B2;
Immuno-Biological~Laborat0ries, Gunma, Japan) or rabbit anti-tau antibody (paired
356; AnaSpec, San Jose, CA, USA) at 4°C overnight, followed by incubation with
alkaline phosphatase (AP)—éonjugated secondary antibody (Nichirei), and colorized with
New Fuchsin substrate. All .thé’ sections were exposed to a counterstain with
hematoxylin. For negative controls, the step of incubation with primary antibodies was

omitted.

Results
The expression of miR-29a is reduced in the frontal cortex of Alzheimer’s disease

To identify miRNAs aberrantly expressed in the brains of human neurodegenerative
diseases, we initially conducted microRNA expression profiling of frozen brain tissues
derived from the frontal cortex of three ALS patients on a microarray. All microarray
data are shown in Supplementary Table 2 online. They were filtered through the
following stringent criteria, i.e. the detection of all signals above the threshold, the
reference signal value exceeding 100, and the fold change expressed as the signal of
ALS divided by the signal of the universal reference greater than 5. After filtration, we
identified only three miRNAs, including miR-29a, miR-29b and miR-338-3p, as a

group of miRNAs whose expression is substantially upregulated in all three ALS brains
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(Table 1). Importantly, rodent cortical neurons express both miR-29a and miR-338-3p
[19]. Since miR-29a and miR-29b are located on the identical MIRN29B/MIRN29A
gene cluster located on chromosome 7q32.3, their putative biological functions are
similar [10]. Thereafter, we focused our attention solely on miR-29a and miR-338-3p.

Next, we increased the number of the cases to validate microarray data by
gqRT-PCR. They include four non-neurological controls (NC), six patients with ALS,
seven with AD, and four with PD. All qPCR data of individual subjects are shown in
Supplementary Table 3 online. Although we observed a trend for upregulation in the
levels of miR-29a expression in ALS versus NC, the difference did not reach the
statistical significance (p =:0.263), due to a great interindividual variation (Figure 1a).
Nevertheless, we found that miR-29a expression levels were significantly reduced in
AD (p = 0.041), when compared with-NC, while the levels of miR-29a expression were
not substantially decreased in PD (p = 0.470) (Figure la). On the other hand, the levels
of miR-338-3p expression were varied among the cases, and not significantly different
among ALS (p = 0.956), AD (p = 0.676), and PD (p = 0.578), when compared with NC
(Figure 1b).

Database search suggests neuron navigator-3 as one of miR-29a targets

Next, we explored putative miR-29a target genes by searching them on three distinct
web-accessible microRNA target databases, including TargetScan, PicTar, and
miRBase Target [18], all of which did not always suggest an identical list of target
genes. They identified numerous candidates, which are arranged in order of the highest
probability. When top 200 most reliable miR-29a targets identified by each program
were compared, we found 11 genes shared among the three programs (Table 2). They
include fibrillin 1 (FBN1), neuron navigator 3 (NAV3), collagen, type V, alpha 3
(COLS5A3), collagen, type XI, alpha 1 (COL11A1), collagen, type I, alpha 2 (COL1A2),

nuclear autoantigenic sperm protein (NASP), tripartite motif-containing 37 (TRIM37),
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post-GPI attachment to proteins 2 (PGAP2), collagen, type VI, alpha 3 (COL6A3),
inducible T-cell - co-stimulator (ICOS), and mediator complex subunit 12-like
(MEDI2L). Thus, the genes encoding extracellular matrix (ECM) components are
enriched in the list of miR-29a targets. Among them, we focused our attention on
NAV3 for further investigations, because NAV3, alternatively named pore membrane
and/or filament interacting like protein 1 (POMFIL1), is predominantly expressed in the

nervous system [20].
MiR-29a directly downregulates NAV3 expression

The TargetScan search indicated that the 3>UTR of the human NAV3 gene contains two
separate miR-29a-binding seed sequences that are conserved through evolution. They
are located in the nucleotide position 807-813 with TargetScan context score -0.24 and
the position 1831-1837 with TargetScan context score -0.33. We cloned the former with
the higher score in the luciferase reporter vector:: Then, it was cotransfected with a
miR-29a expression vector in HEK293 cells. Overexpression of miR-29a significantly
suppressed the expression of the luciferase reporter containing the wild-type target
sequence with a % reduction = 24.4 (p = 0.014; Figure 2, left panels). In contrast,
miR-29a did not affect the expression of the vector containing a 6-bp deletion in the

seed sequence (p = 0.138; Figure 2, right panels).
The levels of NAV3 mRNA but not of protein are elevated in AD brains

By ¢qRT-PCR analysis, we found that the levels of NAV3 mRNA expression in the
frontal cortex were much higher in AD patients, compared with NC subjects, PD
patients, and ALS patients (Figure 3). By western blot analysis, the levels of expression
of NAV3 protein, composed of two major bands of 100-kDa and 46-kDa, were varied

among the cases and not elevated in AD brains, while the levels of 14-3-3 protein, an
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internal control for protein loading, were almost constant (Figure 4a and 4b, lanes 1-21).
There did not exist a clear correlation between NAV3 mRNA and protein levels in each

casc.

Pyramidal neurons express intense NAV3 immunoreactivity in the frontal cortex

of AD brains

Finally, by immunohistochemistry, we investigated the expression of NAV3 in the
frontal cortex of AD, ALS or PD. In all the brains examined, large and medium-sized
pyramidal neurons in layers Il and V of the cerebral cortex expressed strong NAV3
immunoreactivity located chiefly in the cytoplasm, axons and dendrites (Figure Sa-d).
Notably, NAV3 immunolabeling vwas, the most intense in neurons presenting with
degenerating morphology bearing pykﬁotic nuclei in AD brains (Figure 5a, 5b, 5). A
population - of -~ non-pyramidal neurbné ~also expressed much weaker NAV3
immunoreactivity, while the great majority of reactive astrocytes, microglia and
oligodendrocytes are devoid of NAV3. In AD bfains, a substantial population (<20%)
of pyramidal neurons containing tau-immunolabeled neurofibrillary tangles (NFT)
coexpressed intense NAV3 immunoreactivity (Figufe" 5¢). In contrast, AP plaques did

not typically express NAV3 immunoreactivity in AD brains (Figure 5f).
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Discussion

To identify miRNAs aberrantly regulated in the brains of human neurodegenerative
diseases, we initially studied miRNA expression profiles of frozen frontal cortex tissues
of three ALS patients by using a miRNA microarray. We identified upregulation of
miR-29a, miR-29b, and miR-338-3p in ALS brains. Among them, miR-338 is a
biomarker candidate for neurodegeneration, because it acts as a negative regulator of
neuronal differentiation by suppressing apoptosis-associated tyrosine kinase (AATK)
and cytochrome oxidase complex IV (COXIV) [21, 22]. However, following
enlargement of the studyvpiopulation by qRT-PCR, we could not verify upregulation of
miR-338-3p in ALS brains. On the other hand, we identified significant downregulation
of miR-29a in AD brains, being consistent with previous observations that miR-29
expression levels are reduced in thé’antc}rior temporal cortex of AD patients, associated
with substantial elevation of BACEI pféfeinflevels [10]. However, in the present study,
the search on three distinct miRNA target databases, such as TargetScan, PicTar, and
miRBase Target operating on different algorithnis; did not identify BACE1 within top
200 miR-29a targets. These programs commonly identified NAV3 as one of top-ranking
miR-29a targets. We verified the miR-29a-mediated suppression of NAV3 by luciferase
reporter assay.

Previous studies showed that miR-29 is involved in translational repression of a
wide range of target genes. Downregulation of miR-29 in the area surrounding the
myocardial infarct core enhances fibrosis by derepressing the expression of a battery of
collagen genes [23]. miR-29a represses translation of osteonectin, the most abundant
non-collagenous matrix protein in the bone [24]. In line with these, we identified a
panel of ECM components, such as FBN1, COL5A3, COL11A1 and COL1A2, as a
group of top-ranking miR-29a target genes. The levels of expression of the miR-29
family are reduced in lung cancer, cholangiocarcinoma, chronic lymphocytic leukemia,

and neuroblastoma, suggesting that miR-29 acts as a proapoptotic anti-oncomir [25-27].
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The oncogenic transcription factor cMyc reduces the expression of miR-29 in cancer
cells by binding directly to the miR-29 promoter region [28]. By suppressing the
expression of PI3 kinase p85a and CDC42, miR-29 activates p53 and induces apoptosis
in HeLa cells [29]. miR-29 acts as an enhancer of myogenic differentiation and a
suppressor of rthabdomyosarcoma by targeting YY1 transcription factor [30]. miR-29a
promotes the epithelial-to-mesenchymal transition of breast cancer cells by suppressing
the expression of tristetraprolin [31]. All of these observations suggest that miR-29a
modulates cellular differentiation and survival by regulating a wide range of target
mRNAs.

NAV3 is a member of the neuron navigator protein family expressed
predominantly in the central and peripheral nervous systems [20]. In adult mouse brain,
NAV3 is expressed chiefly in nuclear membranes of neurons in the cerebral cortex,
midbrain, cerebellum, and the hippocampal formation [20]. The NAV3 protein structure
is characterized by an N-terminal calpénin homology domain, several coiled-coil
regions, an actin-binding domain, a GTP/ATP-binding domain, and an AAA-type
ATPase domain [32]. Although the biological function of mammalian NAV3 protein in
the brain remains totally unknown, a Caenorhabditis elegans gene named unc-53 highly
homologous to NAV3, plays a key role in axon guidance [33]. Importantly, NAV2, a
paralog of NAV3, plays a central role in neurite outgrowth and axonal elongation in
human neuroblastoma cells [34]. Furthermore, the NAV3 gene is occasionally disrupted
in primary cutaneous T-cell lymphomas by chromosomal translocation, suggesting that
NAV3 acts as a tumor suppressor gene [35].

We found that the levels of NAV3 mRNA were elevated in AD brains, although
we did not find a correlation between NAV3 mRNA levels by real-time RT-PCR and
protein levels by western blot. The lack of the correlation between mRNA levels and
protein abundance might be in part attributable to the differential stability and turnover
of mRNA and protein via various post-transcriptional mechanisms, including the

selective degradation of proteins by proteasome and autophagosome machineries [36].
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Nevertheless, we found that pyramidal neurons in the cerebral cortex expressed strong
NAV3 immunoreactivity in both AD and non-AD brains. Furthermore, a substantial
population of cortical pyramidal neurons coexpressed NAV3 and NFT in AD brains,
where NAV3 immunoreactivity was the most intense in neurons with degenerating
morphology bearing pyknotic nuclei. A previous study performed on mouse brains
showed that NAV3 immunoreactivity is constitutively expressed at the outer nuclear
membrane of neurons, and it is induced in reactive astrocytes after brain injury [20]. In
contrast, we did not,dete:ct, NAV3 immunoreactivity in reactive astrocytes in the brains
of AD, PD, and ALS. Aft‘pr»esent, it remains unknown whether enhanced expression of
NAV3 in a subpopulati;)n;df cortical pyramidal neurons in AD brains reflects some
pathogenetic changes or it is attributable to a compensatory mechanism against
neurodegenerative events. By miRNA target database search, we found that not only
miR-29, but also miR-19, miR-34, {:ind_ miR-449, potentially downregulate NAV3
expression (unpublished data), suggéstiﬁg that multiple miRNAs converge on the
regulation of NAV3 expression. Overall, the r}eyspltsf of the present study could propose a
possible scenario that underexpression of miR-2;9a affects neurodegenerative processes
by upregulating NAV3 and other miR-29a targets;_‘i,n AD brains. Further studies using
large cohorts are required to clarify an active involvement-of the miR-29a and NAV3

circuit in progression of neurodegeneration in AD,
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Figure legends

Figure 1. MiR-29a and miR-338-3p expression levels in the brains of
neurodegenerative diseases. The expression of miRNA was studied in frozen frontal
cortex tissues of non-neurological controls (NC) (n = 4), ALS (n = 6), PD (n = 4), and
AD (n = 7) by TagMan microRNA assay-based gqRT-PCR following the Delta-Delta Ct
method. RNU6B was utilized for an endogenous reference to standardize miRNA
expression levels. Thév results were expressed as relative expression levels after
calibration with the universal reference data. The panels (a, b) represent (a) miR-29a
and (b) miR-338-3p. The 13;;V~a1ue by Student’s t-test indicates (a) % 0.263, #x 0.041,
*%x%x 0.470 and (b) % 0.956, %% 0.676, x*x%x 0.578.

Figure 2. Dual luciferase assay of miR29a-mediated downregualtion of NAV3, The
pre-miR-29a sequence was cloned in the expression vector pBApo-CMV-Neo, while
the 3’°UTR sequence of the human NAV3 was cloned in the dual luciferase reporter
vector psiCHECK?2 that contains the Renilla (R) lugifcrase gene to monitor expression
changes of NAV3 in addition to the firefly (F) ‘luciferase gene to normalize the
transfection efficacy. A 6 bp-deletion was introduced in the miR-29a seed sequence
5’ATGGTGCTG3’ of the NAV3 3’UTR. At 24 hours after cotransfection of the
miR-29a expression vector or the empty pBApo-CMV-Neo vector with the luciferase
reporter vector in HEK293 cells, cell lysate was processed for dual luciferase assay.
Two series of the experiments were performed. Each set represents the reporter vector
containing (the left) the wild-type (WT) NAV3 3°UTR or (the right) the 6 bp-deletion
mutant (MT) NAV3 3°’UTR. The R/F signal ratio is shown. The p-value by Student’s

t-test indicates % 0.014, %% 0.138, *%% 0.037, and **x%x 0.289.

Figure 3. NAVY3 mRNA expression levels in the brains of neurodegenerative

diseases. The expression of NAV3 mRNA was studied in frozen frontal cortex tissues
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