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Abstract

Accumulation of amyloid 3 (Ap) in the brain is a key pathological hallmark of Alzheimer’s disease
(AD). Because aging is the most prominent risk factor for AD, understanding the molecular
changes during aging is likely to provide critical insights into AD pathogenesis. However, studies
on the role of miRNAs in aging and AD pathogenesis have only recently been initiated.
Identifying miRNAs dysregulated by the aging process in the brain may lead to novel
understanding of molecular mechanisms of AD pathogenesis. Here, we identified that miR-186
levels are gradually decreased in cortices of mouse brains during aging. In addition, we
demonstrated that miR-186 suppresses f3-site APP-cleaving enzyme 1 (BACE1) expression by
directly targeting the 3’'UTR of Bacel mRNA in neuronal cells. In contrast, inhibition of
endogenous miR-186 significantly increased BACEL1 levels in neuronal cells. Importantly,
miR-186 overexpression significantly decreased Ap level by suppressing BACEL expression in
cells expressing human pathogenic mutant APP. Taken together, our data demonstrate that
miR-186 is a potent negative regulator of BACEL in neuronal cells and it may be one of the
molecular links between brain aging and the increased risk for AD during aging.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia. AD is characterized with
progressive loss of memory and cognitive decline (Hardy & Selkoe 2002). Although details
of AD pathogenesis still remain elusive, abnormal accumulation of amyloid-§ (Ap) peptide
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in the brain is hypothesized to trigger pathogenic cascades that lead to AD (Haass & Selkoe
2007). Therefore, strategies to reduce Ap accumulation in the brain are actively being
pursued as AD therapies.

AP is generated through sequential cleavages of amyloid precursor protein (APP) by B-site
APP-cleaving enzyme 1 (BACEL) and y-secretase complex (De Strooper 2010). Given its
critical role in AB production, BACEL has been one of the prime therapeutic targets for AD.
In fact, several studies unequivocally demonstrated that inhibition of BACE1 by RNAI-
mediated knock-down or genetic deletion ameliorates AB3-associated pathologies and
cognitive deficits in mouse models of Ap-amyloidosis (Laird et al. 2005, Luo et al. 2001,
McConlogue et a/. 2007, Ohno et al. 2004, Singer et al. 2005). Previous studies consistently
reported that expression and activity of BACEL are increased during aging in the brains
mice, rats and humans (Boissonneault et a/. 2009, Che et al. 2014, Fukumoto et al. 2004,
Rossner et al. 2006), raising the possibility of a link between aging-associated alterations in
BACEL1 and the increased risk for AD. Nonetheless, little is known about the molecular
mechanism of how BACEL expression is regulated by the aging process. Therefore,
identifying the regulatory mechanisms of BACE1 expression in the brain by aging may
provide new therapeutic opportunities for AD.

Recently, microRNAs (miRNAs) have emerged as key post-transcriptional regulators of
protein coding genes (Krol et al. 2010, Bartel 2009). Genome-encoded small non-coding
miRNAs regulate gene expression by binding to their target messenger RNAs (MRNAS),
leading to translational repression and/or degradation of their target MRNASs (Huntzinger &
Izaurralde 2011). Expression patterns of a subset of miRNAs often show disease-specific
signatures, as is the case in neurodegenerative diseases (Lau & de Strooper 2010, Lau et a/.
2013, Wang et al. 2011, Delay et al. 2012). Growing evidence suggests that dysregulation of
miRNAs may contribute to the onset and/or progression of various diseases by regulating
disease-associated genes (Delay et al. 2012, Schonrock et al. 2012, Esteller 2011).

Aging is the most prominent risk factor for AD. Given the critical roles of AB in AD
pathogenesis and strong correlation between brain A levels and age (Fukumoto et al. 2004,
Lesne et al, 2013), understanding how the AP level is regulated during aging is likely to
provide critical insights into AD pathogenesis. Growing evidence suggests that AD
pathology, such as cerebral Ap accumulation, probably begins one to two decades before
onset of clinical symptoms (Holtzman et a/. 2011, Perrin et al. 2009). Therefore,
understanding the molecular changes that occur through the aging process, in particular, at
middle age may provide critical insights into early pathogenesis of AD. Interestingly,
emerging evidence also suggests that in humans the aging processes, such as
proinflammation and cognitive decline, begin in midlife(Ferrucci et al. 2005, Belsky et al.
2015). Genome wide expression profiling studies have identified several genes and
biological pathways affected by aging (Bishop et al. 2010, Lopez-Otin et al. 2013, Kenyon
2010, Yankner et al. 2008). However, studies on the roles that miRNAS play in brain aging
and AD pathogenesis have only recently been initiated (Inukai ef a/. 2012, Persengiev et al.
2011, Somel et al. 2010, Eda et al. 2011). Here we found that miR-186 levels are gradually
decreased in mouse cortices during aging. We demonstrated that overexpression of miR-186
suppresses BACEL expression in neuronal cells. In addition, inhibition of miR-186
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significantly increases BACEL expression. Taken together, our data suggest that miR-186
may be one of the putative molecular links between aging and AD development.

Materials and methods

Mice and cells

All procedures with animals followed the guidelines approved by the Animal Studies
Committee at Washington University and Mayo Clinic College of Medicine. Wild-type
C57BL/6J mice (Jackson lab, 000664) were sacrificed at different ages as indicated. Then,
different brain regions and organs were immediately dissected out and processed according
to the experimental purposes. Female mice were used to measure miR-186 expression in
different organs. All other experiments were performed with male mice.

Cortical primary astrocytes were obtained from P2 pups of C57B6 mice, as described
previously (Kim et a/. 2009). Cortical primary neurons were prepared from E16 embryos
and fully differentiated before harvesting cells at DIV14, as described previously (Kim et al.
2009). The purity of primary cells was monitored by neuron-specific tubulin, beta 3 class Il
(BII-tub) and astrocyte-specific glial fibrillary acidic protein (GFAP). Neuro-2a cells and
7PAZ2 cells, Chinese hamster ovary (CHO) cells overexpressing human APP770 containing
Indiana mutation (V717F) (Podlisny et al. 1995), were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with 10 % fetal bovine serum (FBS) and 1 % penicillin/
streptomycin at 37°C in a humidified 5 % CO, incubator. Transient transfections were
performed with Lipofectamine™ 2000 (Invitrogen) to Neuro-2a cells and with
Lipofectamine™ RNAIMAX (Invitrogen) to 7PA2 cells according to the manufacturer’s
guides. Synthetic miR-186 (5’ - CAAAGAAUUCUCCUUUUGGGCU - 3) and negative
control (5’ - UUCUCCGAACGUGUCACGUTT - 3’) were from Insight Genomics. Locked
nucleic acid (LNA)-based anti-miR-186 (5’ - AGCCCAAAAGGAGAATTCT - 3') and
negative anti-control (5" - GTGTAACACGTCTATACGCCCA - 3’) were from EXIQON.

Quantitative real time polymerase chain reaction (QRT-PCR)

Total RNAs were extracted using TRIzol® Reagent (Invitrogen) and reverse transcribed with
High Capacity cDNA Reverse Transcription kit (Applied Biosystems) for mRNAs or with
Mir-X™ miRNA First-Strand Synthesis Kit (Clontech) for miRNAs. Quantitative PCR was
performed with Power SYBR Green PCR Master Mix, ABI 7500, and ABI 7900 (Applied
Biosystems) using default thermal cycling program. Except U6 Primer and universal reverse
primer (Clontech), all other primers were purchased at Sigma Life Science (Sigma).
Endogenous Gapdh, U6, or sno202was used as normalization controls for mRNAs and
miRNAs, as indicated. Relative levels of mMRNAs and miRNAs were calculated by
comparative Ct method using ABI 7500 software (version2.0.5) and GeneEx 5.3.2 (Multid
analyses). The primer sequences used were: Bacel, 5-CAGTGGGACCACCAACCTTC-3’
and 5-GCTGCCTTGATGGACTTGAC-3; Gapdh, 5'-
AGGTCGGTGTGAACGGATTTG-3 and 5-TGTAGACCATGTAGTTGAGGTCA-3'.
miR-186 mature sequence and universal reverse primer were used for miR-186.
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Luciferase reporter assay

psiCHECK vector harboring the entire 3" UTR of mouse BaceZ mRNA downstream of the
Renillaluciferase ORF (psiCHECK-mBacel 3’ UTR) was a kind gift from Dr. Patrick
Provost (Université Laval, Quebec, Canada) (Boissonneault et al. 2009). This vector also
contains a constitutively expressed firefly luciferase gene for the normalization of
transfection efficiency. pmirGLO vectors harboring the partial 3 UTRs (~ 40 nt) including
the predicted binding sites of mouse BaceZ mRNA downstream of the firefly luciferase ORF
(pmirGLO-mBacel MRE) were cloned in our laboratory. pmirGLO vector also contains a
constitutively expressed Renilla luciferase gene for the normalization of transfection
efficiency. Neuro-2a cells were plated at a density of 4 x 10* cells/well in a 96-well plate a
day before transfection. 0.12 ug of luciferase reporter vector was cotransfected with
miR-186 or negative control at a final concentration of 75 nM for 24 h. Luciferase activity
was measured using the Dual-Glo Luciferase Assay System (Promega). Each experiment
was independently repeated twice or more in duplicate or triplicate.

AP secretion assay

7PA2 cells were plated in a 24-well plate at a density of 9 x 104 cells/well. 24 h later, cells
were transfected with miR-186 or negative control. 48 h post-transfection, media was
changed to Opti-MEM®I with 1 % FBS. 6 h after media change, media were collected on
ice and centrifuged at 6,000 x g for 10 min to remove cell debris. Cells were washed with
PBS buffer and lysed on ice for 30 min with cell lysis buffer (1% Triton X-100, 150mM
NaCl, 50mM Tris-HCI, pH 8) containing protease inhibitor cocktail (Roche). Cell lysates
were centrifuged at 17,000 x g for 10 min and supernatants were collected for Western bot
analyses. The levels of APP, BACE1, APP C-terminal fragment a (CTFa), and CTFf were
normalized with corresponding GAPDH levels. The levels of soluble APPa (SAPPa),
soluble APPp (sAPPB), and Ap were normalized with corresponding cellular APP levels.
Experiments included duplicates or triplicates and were repeated independently twice or
more.

Western blot analysis

Western blots were performed as previously described (Kim et al. 2012). Protein
concentration of cell lysates was determined by BCA protein assay (Thermo Fisher). Equal
amounts of total protein for each lysate were separated on 4-20 % TGX™ (Tris-Glycine
eXtended) gels (Bio-Rad) and transferred to 0.2 um pore size nitrocellulose membranes
(Bio-Rad). For A detection, same volumes of media were run on 16.5% Tris-Tricine gel
(Bio-Rad). After transferring, membranes were boiled for 10 minutes in PBS, as previously
reported (McGowan et a/, 2005). All membranes were blocked with 4% non-fat dry milk in
TBS/T (Tris buffered saline with 0.125% Tween-20). Blots were probed with rabbit anti-
APP antibody (Invitrogen), rabbit anti-BACE1 antibody (D10ES5, Cell Signaling
Technology), mouse anti-Ap antibody (82E1, IBL International), rabbit anti-sAPPJ antibody
(IBL International), rabbit anti-GAPDH antibody (FL-335, Santa Cruz Biotechnology), or
mouse anti-actin antibody (Sigma) at room temperature for 1 h. Anti-APP antibody
(Invitrogen) was used for CTFa and CTFp detection. 6E10 (Covance) antibody was used for
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sAPPq detection. After secondary antibody incubation, membranes were developed using
Lumigen TMA-6 ECL detection kit (Lumigen).

Statistical analysis

Results

To determine the statistical significance (*p<0.05, **p<0.01, ***p<0.001), we first tested
whether our data sets passed the equal variance test (Levene Median test) and normality test
(Kolmogorov-Smirnov test) (SigmaStat 3.5). After confirmation that the data did not violate
the assumptions of parametric testing, a two-tailed Student’s t-test was used when two
groups were compared (GraphPad Prism 6). In the cases of multiple comparisons, One-way
ANOVA was used after post-hoc analysis as indicated. All data are shown as mean +
standard error of the mean (SEM).

miR-186 expression is decreased in cortex during aging

Previous studies have shown that only a small population of miRNAs accounts for a
majority of miRNA pool in the brain (Shin et al. 2010, Hu et al. 2011, Landgraf et al. 2007,
Berezikov et al. 2006). To identify uniqgue miRNA signature in the aged brain, we first
compared about 100 miRNA levels between young (2 month) and middle (13 month) aged
brains. We identified that miR-186 expression is significantly decreased in mouse cortices at
13 month of age, compared to 2 month of age, and it shows a trend of further decrease at 24
month of age (Fig. 1, Aand B). miR-186 is expressed throughout different organs (Fig. 2A4).
In the brain, miR-186 is broadly expressed across multiple brain sub-regions in mice (Fig.
2B). Many miRNAs are known to have unique expression patterns in different brain cell
types (Jovicic et al. 2013). To study the role of miR-186 in relevant cell types, we next
measured miR-186 expression in primary astrocytes and neurons isolated from mouse
cortices. Of note, miR-186 showed relatively higher expression in neurons, compared to
astrocytes (Fig. 2C), suggesting that miR-186 may have prominent roles in neurons.

miR-186 suppresses BACE1 expression by directly targeting 3’UTR of BACE1 mRNA

To identify direct target genes of miR-186, we first searched genes that have putative
binding sites in the 3’UTR of their mRNA by utilizing several miRNA-target prediction
algorithms as described previously (Kim et al. 2012). Among several candidate target genes,
BACE1 was predicted commonly by several different algorithms (TargetScan, miRanda,
PICTAR) (Fig. 3A4). miR-186 has two putative binding sites in the 3’UTR of mouse Bacel
mMRNA with complementary seed match (Fig. 34). The first predicted position is 8mer site,
which has complementary seed match at position 2 — 7 of mature miR-186 followed by a
nucleotide “A” and additional match at position 8 of mature miR-186 (Fig. 3A). The second
predicted position is 7mer-Al site, which has complementary seed match at position 2 — 7 of
mature miR-186 followed by a nucleotide “A” (Fig. 3A). The sequences of precursor
microRNA-186 (pre-mir-186) and mature microRNA-186 (miR-186) are well conserved in
mammals, such as human, mouse, and rat (Fig. 34). Because miR-186 is well expressed in
the brain and preferentially in neurons (Fig. 2), we also considered the expression profile of
the predicted targets in our candidate gene selection. Among several candidates, we focused
on BACEL for two reasons: 1) Since BACEL1 is predominantly expressed in neurons (\assar
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et al. 1999, Rossner et al. 2001), miR-186 coexpressed in neurons may be able to locally
regulate BACEL expression. 2) Previous reports showed that BACE1 protein levels are
increased in the brains of mice and rats at middle age compared to young age (Boissonneault
et al. 2009, Che et al. 2014). However, up-regulation of BACEL1 protein levels during aging
is not due to the change of its MRNA levels (Hebert et a/. 2008, Boissonneault et al. 2009).
We also observed that the levels of BACEZ mRNA are not altered during aging in mouse
cortices (data not shown), suggesting that BACEL expression is regulated at the post-
transcriptional level during aging. Taken together, these findings raise the possibility of a
link between reduction of miR-186 levels and induction of BACEL expression during aging.

To determine whether miR-186 directly targets the 3’UTR of BaceZ mRNA, we performed a
luciferase assay with a reporter construct containing the entire 3UTR of mouse Bacel
mMRNA at the downstream of luciferase gene (Fig. 38). We transfected this luciferase
reporter construct with negative control or miR-186 to mouse Neuro-2a neuronal cells and
then measured luciferase activities. Compared to the negative control, miR-186 markedly
reduced luciferase activity (Fig. 38). We next examined whether miR-186 targets the
predicted sites in the 3’UTR of mouse Bacel mRNA. To this end, we generated the
luciferase constructs which harbor partial 3UTR fragments containing the predicted sites
with either wild-type or mutated sequence in the seed-match regions at the downstream of
luciferase gene (Fig. 3C). Compared to the negative control, miR-186 decreased luciferase
activities by targeting both of the predicted sites (Fig. 30). miR-186 had no effect on
luciferase activity when the seed-match sequences were mutated, demonstrating that
miR-186 targets both sites through its direct binding to BaceZ mRNA by complementary
seed match.

Since miRNA can suppress target expression via destabilizing mRNA and/or inhibiting
translation, we next examined whether miR-186 affects BaceZ mRNA levels. Compared to
the negative control, miR-186 overexpression significantly decreased BACEIZ mRNA levels
in Neuro-2a cells (Fig. 4A4). Furthermore, miR-186 decreased BACEL protein levels in a
dose-dependent manner (Fig. 4, Band C). Taken together, these data demonstrate that
overexpression of miR-186 suppresses BACE1 expression by inhibiting translation as well
as destabilizing mRNA.

Inhibition of endogenous miR-186 increases BACEL expression

Although overexpression of miRNA can strongly regulate its target gene, endogenous
miRNA may not have a significant effect on target gene expression due to multiple reasons,
such as its low expression level or competition with other miRNAs for the same targeting
site. Therefore, it is crucial to assess miRNA’s function by modulating endogenous miRNA
levels. Locked nucleic acid (LNA)-based anti-miRs are nuclease-resistant single-stranded
antisense oligonucleotides with high binding affinity to their target miRNAs (Lennox &
Behlke 2010). To determine if endogenous miR-186 is functional in regulating BACE1
expression, we transfected LNA-based anti-miR-186 or negative anti-control to Neuro-2a
cells and then assessed BACEL1 levels by Western blot. Inhibition of endogenous miR-186 by
anti-miR-186 significantly increased BACE1 protein levels (Fig. 5, A and B). Unlike
overexpression of miR-186, inhibition of miR-186 did not affect BACEZ mRNA levels (Fig.
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50), suggesting that BACEL expression is actively suppressed by endogenous miR-186
under basal condition through translational inhibition in neuronal cells.

Overexpression of miR-186 decreases the secreted AP levels in cells expressing
pathogenic mutant APP

Given the rate-limiting role of BACEL in A generation from APP, strategies to lower
cerebral Ap levels by inhibiting BACE1 have been extensively pursued as AD therapeutics
(De Strooper et al. 2010). Therefore, we tested if miR-186 can repress AP generation. First,
7PA2 cells expressing the Indiana mutant form of human APP770 were transfected with
negative control or miR-186. Then, the levels of APP and CTFs in the cell lysates and sAPPs
and secreted AP in the media were measured by Western blot (Fig. 6 A). miR-186 markedly
decreased the levels of cellular CTFp, secreted SAPPB, and total A (all species of Ap,
including APB4g and AByy) in 7PA2 cells compared to the negative control (Fig. 68 — D).

mMiR-186 expression is independent of oxidative stress and inflammation

Mounting evidence has shown that aging is accompanied with the increase of oxidative-
stress and inflammation in the brain (Franceschi et a/. 2000, Finkel & Holbrook 2000,
Balaban et al. 2005, Lee et al. 2000, Guest et al. 2014, Lynch 2010). Interestingly, several
studies have suggested that both oxidative stress and inflammation increase BACE1
expression (Chami & Checler 2012, Rossner et al. 2006, Tamagno et a/. 2012). Because
miR-186 levels were decreased during aging in the mouse brain, these findings prompted us
to determine if miR-186 expression may be regulated by those stresses. When we analyzed
the effects of oxidative stress induced by H,O5 and inflammation induced by LPS on
miR-186 expression in Neuro-2a cells, miR-186 levels were not affected by either oxidative
stress or inflammation (Figure 7 A and B).

Discussion

In this study, we found that miR-186 levels in the cortex of the mouse brain gradually
decrease during aging. Moreover, we demonstrated that miR-186 is a potent negative
regulator of BACEL expression in neuronal cells. Both miR-186 and BACEL are expressed
in the brain and are particularly enriched in neurons (Fig. 2) (Vassar et al. 1999).
Furthermore, overexpression of miR-186 markedly decreased AP level. Given the up-
regulation of BACE1 expression in the brain during aging (Boissonneault et al. 2009, Che et
al. 2014), it is tempting to speculate that down-regulation of miR-186 by the aging process
may be involved in the induction of BACE1 expression and thereby cause the accumulation
of AB during aging.

So far, several miRNAs have been identified as regulators of BACE1 expression (Hebert et
al. 2008, Zong et al. 2011, Zhu et al. 2012, Fang et al. 2012, Wang et al. 2008b,
Boissonneault et al. 2009, Long et a/. 2014), suggesting that an extensive network of
multiple miRNAs may regulate BACE1 expression in a coordinated manner. Some of these
are known to be down-regulated in the mouse brain during aging (Boissonneault et al. 2009).
Therefore, it is likely that dysregulation of multiple miRNAs along with other potential
regulators may coordinate to increase the levels of BACE1 and AP during aging process.
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Although there have been several miRNA profiling studies with human samples, our
understanding of the miRNA’s roles in human brain aging is still limited (Persengiev et al.
2012, Persengiev et al. 2011, Smith-Vikos & Slack 2012, Somel et al. 2010, Hu et al. 2011,
Wei et al. 2015, Noren Hooten et al. 2013, Noren Hooten et a/. 2010). Further studies are
warranted to determine the roles of miRNAs in brain aging, in particular, the roles of
miRNAs in regulating BACE1 expression during aging in the human brain.

Aging is broadly defined by a progressive decline in physiological functions, accompanied
with increase of oxidative stress and inflammation in the brain (Franceschi et al. 2000,
Finkel & Holbrook 2000, Balaban et al. 2005, Lee et al. 2000, Guest et al. 2014, Lynch
2010, Lopez-Otin et al. 2013). Our study suggests that miR-186 expression may not be
regulated by aging-associated oxidative stress and inflammation. Although BACE1
expression has been known to be up-regulated by oxidative stress and inflammation (Chami
& Checler 2012, Rossner et al. 2006, Tamagno et al. 2012), our data suggest that miR-186
does not mediate the BACEL induction by those aging-associated stresses. Aside from
oxidative stress and inflammation, aging is a multifactorial process in which many other
biological pathways are involved. While we cannot address the cause of miR-186 reduction
in aged brain, it will be interesting to study further which biological pathway is responsible
for miR-186 dysregulation in aged brain.

BACE1 has multiple substrates involved in various processes in the brain (Vassar et al.
2009). Complete loss of Bacel in mice are known to lead to schizophrenia-like phenotypes
and deficits in cognitive function, mossy fiber long-term potentiation (LTP), synaptic
plasticity, and axon guidance (Savonenko et al. 2008, Wang et al. 2008a, Petrus & Lee 2014,
Hitt et al. 2012, Rajapaksha et al. 2011). Therefore, further in vivo animal studies are
warranted to determine whether miR-186 regulates cognition and memory during brain
aging process.

Recently, nicastrin, a subunit of y-secretase complex, was identified as a target of miR-186
(Delay et al. 2014), suggesting that miR-186 represses AP generation at both - and vy-
cleavage steps. Moreover, miR-186 suppresses purinergic receptor P2X, ligand-gated ion
channel, 7 (P2RX7) in epithelial cancer cells (Zhou et a/. 2008). P2RX7 mediates apoptosis
by activating mitochondrial caspase 9 pathway in human cervical endothelial cells (Wang et
al. 2004). Intriguingly, P2RX7 levels are elevated in AD brains (McLarnon et a/. 2006).
P2RX7 is known to increase a-cleavage of APP /n vitro (Delarasse et al. 2011). However,
pharmacological inhibition of P2RX7 reduces hippocampal amyloid plaques in an AB-
amyloidosis mouse model (Diaz-Hernandez et a/. 2012). Although the effect of miR-186 on
P2RX7 in the brain remains elusive, these findings, together with our results, suggest
miR-186 may represent a novel therapeutic target for AD. Therefore, further /n vivo animal
studies are warranted to determine therapeutic effects of miR-186 for AD.

Post-mortem analyses revealed that BACEL expression is elevated in cortices of AD patients
compared to the age-matched, non-demented controls (Fukumoto et al. 2002, Yang et al.
2003, Hebert et al. 2008, Ahmed et al. 2010). Recent miRNA profiling studies showed that
multiple miRNAs are dysregulated in the affected regions of AD brains (Lau et al. 2013,
Hebert et al. 2008, Wang et al. 2011, Delay et al. 2012, Cogswell et a/. 2008, Lukiw 2007).
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Among those, several miRNAs regulating BACE1 expression are known to be down-
regulated in the affected regions of AD brains (Hebert et al. 2008, Nelson & Wang 2010,
Long et al. 2014, Lau et al. 2013). Interestingly, one report showed that miR-186 level is
decreased in the white matter of the temporal cortex in AD brain (Wang et al. 2011). On the
other hand, another study reported that miR-186 is up-regulated in the grey matter of the
prefrontal cortex in AD brains (Lau et al. 2013). At this point, it is unclear whether these
data suggest that miR-186 levels are regulated in a brain region-specific manner in AD
brains. Although the role of miR-186 in AD pathogenesis remains elusive, dysregulation of
multiple miRNAs regulating BACE1 may be involved in the induction of BACE1 in AD
brains and thereby exacerbating Ap-associated pathology in AD patients.

In conclusion, we found that miR-186 gradually decreases in the mouse brain cortex during
aging. In addition, we demonstrated that inhibition of miR-186 increases BACEL expression,
while overexpression of miR-186 strongly suppresses its expression in neuronal cells. Our
work suggests that miR-186 might be one of the molecular links between advancing brain
aging and the increased risk for AD during aging.
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FIGURE 1.
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miR-186 expression is decreased during aging in the mouse brain cortex. Mature miR-186
levels were analyzed by gRT-PCR in mouse cortex at different ages (n= 8 for 2 month, 6 for
6 month, 7 for 13 month, 6 for 24 month). Each level was represented as a percentage of 2

month old mice. Values are mean = SEM (*, p<0.05; **, p<0.01; One-way ANOVA

compared to 2 month with post hoc Holm-Sidak’s test).
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FIGURE 2.

miR-186 expression pattern in the brain. (a) Relative expression levels of miR-186 in
different mouse tissues. Endogenous levels of miR-186 were analyzed by qRT-PCR in
different mouse tissues of 3.5-month-old C57B6 mice (n = 3). Each level was normalized by
corresponding U6 level and represented as a percentage of liver (*, p<0.05; One-way
ANOVA compared to brain with post foc Dunnett’s test). (b) Relative expression of
miR-186 in the mouse brain (n = 3). Each level was normalized by corresponding U6 level
and represented as a percentage of the anterior cortex (One-way ANOVA compared to
anterior cortex with post hoc Dunnett’s test). (c) Relative expression levels of miR-186 in
primary cells isolated from mice brains. miR-186 levels were analyzed in mouse primary
neurons and astrocytes by gRT-PCR. The purity of primary culture cells was assessed by
Western blotting of cell lysates with neuron-specific BI11-Tubulin and astrocyte-specific
GFAP antibodies. Data are shown as a percentage of astrocytes (n = 6, ***, p<0.001, t-test).
All Values are mean = SEM.
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FIGURE 3.
miR-186 directly targets the 3’UTR of Bacel mRNA. (a) Schematic diagram of target sites

of miR-186 in Bacel mRNA. The mature sequence of miR-186 is shown in red within pre-
mir-186. miR-186 has 2 potential targeting sites in the mouse Bacel 3’'UTR with
complementary seed match indicated with gray box. Asterisk (*) indicates conserved
nucleotides. (b) miR-186 directly targets the 3’'UTR of Bacel mRNA. (n =7 per group).
Luciferase reporter assays were performed with the reporter construct containing the full-
length 3’ UTR of mBacel mRNA downstream of Renilla luciferase. Mouse Neuro-2a
neuronal cells were transfected with reporter construct with 75 nM negative control (Ctl) or
miR-186. Renillaluciferase activity was normalized with the corresponding firefly luciferase
activity. (c) Schematic diagram of luciferase constructs with miRNA recognition sites
(MREs). The reporter constructs contain the partial 3 UTRs (~ 40 nt) including the
predicted sites of mouse BaceZ mRNA downstream of the firefly luciferase ORF (pmirGLO-
mBacel MRE WT). The mutated sequences in the seed match region are shown in red
(pmirGLO-mBacel MRE MUT). (d) miR-186 directly targets both MREs in the 3’UTR of
Bacel mRNA (n = 4). Mouse Neuro-2a neuronal cells were transfected with pmirGLO-
mBacel MRE-WT or MRE-MUT construct with 75 nM negative control (Ctl) or miR-186.
Firefly luciferase activity was normalized with the corresponding Renilla luciferase activity.
Data are shown as a percentage of control. Values are mean = SEM (**, p<0.01; ***,
p<0.001, t-test).
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FIGURE 4.

miR-186 decreases both mRNA and protein expression levels of endogenous BACEL in
neuronal cells. (a) Reduction of BaceI mRNA by miR-186 in Neuro-2a cells. 48 h post-
transfection with 75 nM of negative control or miR-186, Bacel mRNA levels were measured
by gRT-PCR and normalized by corresponding Gapah levels (n = 6, **, p<0.01; t-test). (b, c)
Dose-dependent decrease of endogenous BACE1 protein levels by miR-186 in Neuro2a
cells. 48 h post-transfection with indicated amount of negative control or miR-186, BACE1
protein levels were monitored by Western blot. Representative Western blot images (b) and
relative BACEL1 protein levels (c) are shown. BACEL protein levels were normalize by
corresponding p-actin levels (n = 4). All data are shown as a percentage of control. Values
are mean + SEM (**, p<0.01; ***, p<0.001, One-way ANOVA compared to control with
post hoc Dunnett’s test).
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FIGURE 5.
Inhibition of endogenous miR-186 increases BACEL expression in neuronal cells. (a, b)

Inhibition of miR-186 increases BACEL protein levels in Neuro-2a cells. Neuro-2a cells
were transfected with 50 nM of anti-miR-186 or anti-control (anti-Ctl). 72 h post-
transfection, cell lysates were applied for Western blot. A representative western blot images
(@) and relative BACEL levels (b) are shown. BACEL1 protein levels were quantified as a
percentage of control after normalization by corresponding p-actin levels (n = 7). (c)
Inhibition of miR-186 does not affect BACE1 mRNA levels in Neuro-2a cells. Neuro-2a
cells were transfected with 50 nM of anti-miR-186 or anti-control (anti-Ctl). 72 h post-
transfection, Bacel mRNA levels were measured by gRT-PCR and normalized by
corresponding Gapdh levels (n = 7). Data are shown as a percentage of control. Values are
mean + SEM (***, p<0.001, t-test).
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FIGURE 6.
miR-186 represses AP secretion by suppressing BACEL expression. 7PA2 cells expressing

Indiana mutant hAPP were transfected with 75 nM negative control or miR-186. 48 h post-
transfection, cells were incubated in fresh medium for 6 h and then, cell and media were
collected for Western blot analyses. Representative western blot images (a) and relative
protein levels (b - d) are shown (n = 7). 82E1 anti-Ap western blot detects total Ap,
including A4 and ABy4,. Data are shown as a percentage of control. Values are mean +
SEM (*, p<0.05; **, p<0.01; ***, p<0.001, t-test).
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Ctl 100 ng/ml LPS

miR-186 expression is not affected by either oxidative stress or inflammation. Neuro-2a
cells were incubated 100 uM H,O, (a) or 100 ng/ml LPS (b) for 24 h. miR-186 levels were
measured by qRT-PCR and normalized by corresponding U6 levels (n = 4, t-test).
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