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Neurobiology of Disease

Synaptic and Cognitive Improvements by Inhibition of 2-AG
Metabolism Are through Upregulation of MicroRNA-188-3p
in a Mouse Model of Alzheimer’s Disease

Jian Zhang,' Mei Hu,' ®Zhaoqian Teng,' Ya-Ping Tang,> and “Chu Chen'?
Neuroscience Center of Excellence, 2Department of Otorhinolaryngology, and *Department of Cell Biology and Anatomy, School of Medicine, Louisiana
State University Health Sciences Center, New Orleans, Louisiana 70112

Abnormal accumulation of 3-amyloid (AB) is the major neuropathological hallmark of Alzheimer’s disease (AD). However, the mecha-
nisms underlying aberrant AS formation in AD remain unclear. We showed previously that inhibition of monoacylglycerol lipase
(MAGL), the primary enzyme that metabolizes the endocannabinoid 2-arachidonoylglycerol (2-AG) in the brain, robustly reduces A3 by
inhibiting (3-site amyloid precursor protein cleaving enzyme 1 (BACEL), a key enzyme responsible for A3 formation. However, the
molecular mechanisms responsible for suppression of BACE1 by inhibition of 2-AG metabolism are largely unknown. We demonstrate
here that expression of the noncoding small RNA miR-188-3p that targets BACE1 was significantly downregulated both in the brains of
AD humans and APP transgenic (TG) mice, a mouse model of AD. The downregulated miR-188-3p expression was restored by MAGL
inhibition. Overexpression of miR-188-3p in the hippocampus reduced BACE1, AS, and neuroinflammation and prevented deteriora-
tions in hippocampal basal synaptic transmission, long-term potentiation, spatial learning, and memory in TG mice. 2-AG-induced
suppression of BACE1 was prevented by miR-188-3p loss of function. Moreover, miR-188-3p expression was upregulated by 2-AG or
peroxisome proliferator-activated receptor-y (PPARy) agonists and suppressed by PPARy antagonism or NF-«B activation. Reducing
AP and neuroinflammation by MAGL inhibition was occluded by PPARy antagonism. In addition, BACEI suppression by 2-AG and
PPARY activation was eliminated by knockdown of NF-«B. Our study provides a novel molecular mechanism underlying improved
synaptic and cognitive function in TG mice by 2-AG signaling, which upregulates miR-188-3p expression through PPARy and NF-«B

signaling pathway, resulting in suppressions of BACE1 expression and A3 formation.
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Introduction

2-Arachidonoyl glycerol (2-AG), the most abundant endogenous
cannabinoid, is primarily hydrolyzed by monoacylglycerol lipase
(MAGL) in the brain, resulting in the release of the free fatty acid
arachidonic acid, a precursor of prostaglandins and leukotrienes
(Sugiura, 2009; Blankman et al., 2007; Long et al., 2009a). 2-AG
exhibits anti-inflammatory and neuroprotective properties
(Panikashvili et al., 2001; Zhang and Chen, 2008; Bisogno and Di
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Marzo, 2010; Chen et al., 2011), whereas its metabolites prosta-
glandins and leukotrienes are proinflammatory and neurtoxic
and involved in neurodegenerative diseases, such as Alzheimer’s
disease (AD) (Salmon and Higgs, 1987; Hein and O’Banion,
2009; Hensley, 2010). This information suggests that regulation
of 2-AG signaling by MAGL plays an important role in neuro-
inflammatory and neurodegenerative processes (Mulvihill
and Nomura, 2013; Xu and Chen, 2014). Recent studies dem-
onstrate that pharmacological or genetic inhibition of MAGL
reduces B-amyloid (AB) formation, neuroinflammation, and
neurodegeneration and improves LTP, spatial memory in APP
transgenic (TG) animals (Chen et al., 2012; Piro et al., 2012),
suggesting that MAGL is a new therapeutic target for prevention
and treatment of AD. However, the molecular mechanisms re-
sponsible for these beneficial effects produced by inhibition of
2-AG metabolism in AD remain unclear. In particular, the anti-
inflammatory and neuroprotective effects produced by MAGL
inactivation are apparently mediated neither via the CB1 nor CB2
receptors (Nomura et al., 2011; Chen et al., 2012; Piro et al,,
2012).

MicroRNAs (miRNAs) are small noncoding RNAs that re-
press expression and function of target proteins at translational
levels by binding to 3'-UTR of target mRNAs (Bartel, 2009; Wang



14920 - ). Neurosci., November 5, 2014 - 34(45):14919-14933

etal., 2012). Several studies show that miRNA dysfunction in the
brain contributes to neurodegenerative diseases (Junn and Mou-
radian, 2010; Im and Kenny, 2012; Abe and Bonini, 2013). In-
deed, it has been shown that several miRNAs are upregulated or
downregulated both in AD patients and animal models, suggest-
ing important roles of miRNAs in pathogenesis and neuropathol-
ogy of AD (Delay et al., 2012; Satoh, 2012; Schonrock and Gotz,
2012). However, little is known about whether restoring or rever-
sal of deregulated miRNAs is capable of counteracting neuropa-
thology of AD. 3-Site amyloid precursor protein cleaving enzyme
1 (BACEI) is a key enzyme responsible for Af formation. It is
possible that elevated expression of BACE1 in AD may arise from
misregulated expression of miRNAs that directly or indirectly
regulate BACE1 expression, resulting in aberrant AB formation.
Decreases in AB by MAGL inhibition in TG animals are likely
associated with the suppression BACEI expression (Chen et al.,
2012). Here we show that suppression of BACE1 by inhibition of
2-AG metabolism is likely associated with upregulating miR-
188-3p targeting BACE1 in TG mice. Overexpression of miR-
188-3p in the hippocampus resulted in decreases in BACE1
expression, A synthesis, and neuroinflammation and improve-
ments in LTP and spatial memory in TG animals. miR-188-3p
expression was upregulated by 2-AG signaling through increas-
ing PPARYy activity and expression and suppressing NF-kB activ-
ity, resulting in repression of BACEl expression and Af
formation. Our study provides a novel signaling pathway that
mediates the beneficial effects produced by inhibition of 2-AG
metabolism in AD.

Materials and Methods

Animals and chemicals. 5XFAD TG mice, expressing both mutant human
APP(695) with the Swedish (K670N, M671L), Florida (I716V), and Lon-
don (V717I) Familial Alzheimer’s Disease (FAD) mutations and human
PS1 harboring two FAD mutations, M146L and L286V (Oakley et al.,
2006), were obtained from The Jackson Laboratory (stock #006554).
Breeder mice homozygous for retinal degeneration 1 (Pde6b) mutation
were removed from the colonies. Therefore, mice used in the present
studies do not have Pde6b mutants. A total of 298 female TG and age-
matched wild-type (WT) littermates 4—6 months of age were used in the
present study. All animal studies were performed in compliance with the
Department of Health and Human Services Guide for the Care and Use of
Laboratory Animals, and the care and use of the animals reported in this
study were approved by the Institutional Animal Care and Use Commit-
tee of Louisiana State University Health Sciences Center.
4-Nitrophenyl-4- [bis(1,3-benzodioxol-5-yl) (hydroxy)methyl]pip-
eridine-1-carboxylate (JZL184), a potent and selective inhibitor of
MAGL, was dissolved in the vehicle containing Tween 80 (10%), DMSO
(10%), and saline (80%). TG mice were treated with vehicle or JZL184
(12 mg/kg) three times per week by intraperitoneal injections starting at
4 months of ages for 8 weeks as described previously (Chen et al., 2012,
2013). In some experiments, mice received JZL184 plus GW9662 (GW, 5
mg/kg) three times/week starting at 4 months of age for 8 weeks.

RNA samples from human brain tissues. RNA samples from human
brain tissues used in this study were provided by Dr. W. Lukiw of Loui-
siana State University Health Sciences Center. The use of human tissues
and RNA samples was in accordance with and approved by the Institu-
tional Review Board at the Louisiana State University Health Sciences
Center. These human brain tissues were from the temporal lobe of nor-
mal controls at ages from 83 to 97 years (91 = 2 years) with the mean
postmortem interval 3.7 = 0.5 h, and AD patients at ages from 87 to 96
years (90 * 1 years) with postmortem interval 3.6 = 0.5 h.

Cell culture. Primary hippocampal neurons (astroglial cells ~5%),
HEK 293, HEK293T, and NG108-15 cells were cultured as described
previously (Sang et al., 2005; Zhang and Chen, 2008; Chen et al., 2013).

miRNA microarray analysis. Expression of miRNAs in the hippocam-
pus was profiled using GenoExplorer microRNA microarray analysis
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(GenoSensor) in APP TG and WT mice that received vehicle or JZL184
three times/week starting at 2 months of age for 8 weeks. RNAs were
sampled and isolated 1 d after cessation of the last injection.

Plasmid and lentiviral constructs. The TargetScan (http://www.
targetscan.org), microRNA.org (http://www.microrna.org/microrna/
home.do), and mirbase.org (http://www.mirbase.org) webs were used
for computational prediction of miRNA targets. Two computationally
predicted binding sites (BSs) of miR-188-3p in the 3'UTR of BACE1
(BS1,nt1511-1517; BS2, nt 1597-1603) were identified. The sequences of
pre-miR-188-3p were cloned in the miRNASelectTM pEGP expression
vector (Cell Biolab), and the sequences of the complete 3"UTR of mouse
BACE1 (NCBI accession number BC048189) were amplified by PCR and
cloned in the psiCHECK vector (Promega). Mutations of the BS se-
quences were made in the 3'UTR of BACE1 recognized by the seed region
of miR-188-3p. All the constructs were verified by sequencing. The
FUGW2.1 lentiviral vector (LV, provided by Dr. B. Luikart of Dartmouth
Medical School) was used to insert mature miR-188-3p driven by U6
promoter and GFP reporter gene driven by ubiquitin promoter.
PCMVARB.9 and VSVg vectors were used for viral envelope and produc-
tion. FUGW lentiviruses were generated and packaged in HEK293T cells
and titered by FACS analysis using flow cytometry (Chen et al., 2013).
The titer of the LV at least 1.0 X 10 infection functional units/ml was
used for in vivo injections.

The FUGW LV was also used for PPARy and NF-«kB p65 shRNA in
primary cultured hippocampal neurons (Chen et al., 2013). The oligos
for the PPARy (AB644275.1) shRNA construct (5'TGACCAAGT-
GACTCTGCTCAA3') and scramble (5" AGTTAGCAACCTAGCCGAT
CT3’) were used for knockdown of PPARy; and the oligos for the NF-«B
p65 (NM_009045.4) shRNA construct (5'AGGACCTATGAGAC-
CTTCAAG3') and scramble: (5'GAATCATTACGCGAGACTGCA3')
were used for knockdown of NF-kB p65.

To knock down miR-188-3p, we used the lentiviral-based miRNA
“sponge” technique, which renders an efficient and permanent miRNA
loss of function by complementary binding to an miRNA of interest
(Ebert et al., 2007; Edbauer et al., 2010). The LIBO1 lentiviral vector was
used for the construct of miR-188-3p sponge, which contained six con-
catenated miR-188-3p BSs with a central bulge/mismatch to prevent
mRNA cleavage by Argonaute 2 (Edbauer et al., 2010). The sponge senses
(6X) forward: CTAGCTGCAAACCCACGTTGTGGGAGaattTGCAA
ACCCACGTTGTGGGAGaattTGCAAACCCACGTTGTGGGAGaatt
TGCAAACCCACGTTGTGGGAGaattTGCAAACCCACGTTGTGGGA
GaattTGCAAACCCACGTTGTGGGAGaattGG; and reverse: CGCGCC
AATTCTCCCACAACGTGGGTTTGCAAATTCTCCCACAACGT
GGGTTTGCAAATTCTCCCACAACGTGGGTTTGCAAATTCTCCCA
CAACGTGGGTTTGCAAATTCTCCCACAACGTGGGTTTGCAAATT
CTCCCACAACGTGGGTTTGCAG. Control and miR-188-3p sponge
LV were expressed in cultured hippocampal neurons.

Functional validation. The putative miR-188-3p recognition in the
3'UTR of BACEI was functionally validated by the luciferase reporter
vector expressing 3'UTR of BACEL, or mutated BS1, BS2,and BS1 + BS2
in the 3'UTR of BACELI cotransfected with the pEGP vector expressing
pre-miR-188 in HEK293 cells. The reporter activity (light units) was
detected using a microplate luminometer.

Stereotaxic injection. WT or TG mice at 4 months of age were anesthe-
tized with ketamine/xylazine (200/10 mg/kg) and placed in a stereotaxic
frame. LV-scramble control or LV-miR-188-3p (2 ulat 0.2 ul /min) was
injected into each side of the hippocampus, primarily in the dentate gyrus
area, at the coordinate: anteroposterior, —2; mediolateral, +1.8; and
dorsoventral, —2. Immunobot, qPCR, immunostaining, electrophysio-
logical recordings, and behavioral assays were performed 8 weeks after
LV injections.

Reverse transcription and real-time PCR. Total RNA was prepared from
harvested tissue or cells with the RNeasy Mini Kit (QIAGEN) and treated
with RNase-free DNase (QIAGEN) according to the manufacturer’s in-
structions. The iScript cDNA synthesis kit (Bio-Rad) was used for the
reverse transcription reaction. We used 1 ug total RNA, with 4 ul 5X
iScript reaction mix and 1 ul iScript reverse transcriptase. The total vol-
ume was 20 ul. Samples were incubated for 5 min at 25°C. All samples
were then heated to 42°C for 30 min, and reactions were stopped by
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heating to 85°C for 5 min. The primers for pre- and miR-188-3p were
obtained from QIAGEN. Real-time RT-PCR-specific primers for PPARy
and GAPDH were selected using Beacon Designer Software (Bio-Rad)
and synthesized by IDT. They are listed as follows: name: forward primer,
reverse primer (amplicon size), genebank number: PPARy: 5'TATGAC-
CTGAAGCTCCAAGAATACC3', 5'CCACAGACTCGGCACTCAAT
G3' (145 bp), NM_11146; GAPDH: 5'ACCACAGTCCATGCCATC
AC3’,5'ACCTTGCCCACAGCCTTG3' (134 bp), M32599. All the PCR
products were verified by sequencing. Samples were compared using
the relative C. method. The fold increase or decrease was determined
relative to a vehicle-treated control after normalizing to a housekeep-
ing gene using 2 ~*4¢T, where ACT is (gene of interest C;) —
(GAPDH C;), and AAC; is (ACy treated) — (ACy. control), as de-
scribed previously (Sang et al., 2005; Zhang and Chen, 2008; Chen et
al., 2012, 2013).

Chromatin immunoprecipitation (ChIP) analysis. ChIP analysis was
performed as described previously (Chen et al., 2013) to determine the
binding of NF-«Bp65 in the promoter of the miR-188-3p gene according
to the manufacturer’s instruction (EMD Millipore). The potential
NF-&B BS(s) in the promoter region was identified using the TFSEARCH
(http://www.cbrc.jp/research/db/TFSEARCH.html). The primers for
CHIP are as follows: forward primer, 5'CAGGGAGACAGAAGCCA-
GAC3'; and reverse primer, 5 CTCCTGTACCTTCCCTGCATS3' for the
BS1 and 5'TCTCATGTGCTCTCTGTGTGG3', and 5 ACTGATG-
GTGGGTAAGGCAGS3' for the BS2.

Luciferase activity assay. PPARYy activity stimulated by 2-AG was as-
sessed in NG108-15 cells transfected with pCMX-Gal-LBD-mPPAR~y
and TK-MH100x4-luc vectors (provided by Dr. Ronald Evans of the Salk
Institute). Luciferase values were normalized to the level of
B-galactosidase activity. The effect of 2-AG and miR-188-3p on BACE1
promoter activity was detected in HEK293 cells transfected with pGL3
luciferase reporter vector (Promega) and pB1-A BACEI promoter lu-
ciferase construct (provided by Dr. Weihong Song of the University
of British Columbia) as described previously (Ly et al., 2013). The
miRNASelect pEGP-miR Cloning and Expression Vector (Cell Biolabs)
was used for expressing miR-188-3p and the pEGP-miR-null vector for
the control. The NF-«B luciferase reporter assay kit (QIAGEN) was used
to determine the effect of 2-AG and PPARy on NF-kB promoter activity
according to the procedures described by the manufacturer.

Immunoblot. Western blot assay was conducted to determine produc-
tion of AB42 and expression of BACE1, NF-«B phosphorylation, and
glutamate receptor subunits in the brain from TG mice that received
LV-scramble control or -miR-188-3p. Hippocampal tissue was extracted
and immediately homogenized in RIPA lysis buffer and protease inhibi-
tors and incubated on ice for 30 min, then centrifuged for 10 min at
10,000 rpm at 4°C. Supernatants were fractionated on 4%-15% SDS-
PAGE gels and transferred onto PVDF membranes (Bio-Rad). A special
16.5% Criterion Tris-Tricine Gelforgel (Bio-Rad) was used for detecting
AB42 immunoreactivity. The membrane was incubated with the
following: anti-Af342 (1:1000, Invitrogen, catalog #44-344, RRID:
AB_2313572), anti-BACE1 (1:1000, Covance, catalog #PRB-617C-100
RRID:AB_10063987), anti-p-NF-«kB (1:1000, Cell Signaling Technology,
catalog #3039S RRID:AB_330579), anti-GluAl (1:1000, EMD Millipore,
catalog #AB1504 RRID:AB_2113602), GluA2 (1:1000, EMD Millipore, cat-
alog #MAB397 RRID:AB_2113875), GluN1 (1:500, EMD Millipore, catalog
#MAB363 RRID:AB_94946), GluN2A (1:1000, EMD Millipore, catalog
#AB1555P RRID:AB_90770), and GIuN2B (1:1000, Abcam, catalog #ab73001
RRID:AB_1269571) at 4°C overnight. The blots were washed and incubated
with a secondary antibody (goat anti-rabbit 1:2000, Cell Signaling Tech-
nology, catalog #7074 RRID: AB_2099233) at room temperature for 1 h.
Proteins were visualized by enhanced chemiluminescence (GE Health-
care). The densities of specific bands were quantified by densitometry
using FUJIFILM Multi Gauge software (version 3.0). Band densities were
quantified and converted to the total amount of protein loaded in each
well as determined by mouse anti B-actin (1:4000, Sigma-Aldrich, cata-
log #A2228 RRID:AB_476697) as described previously (Zhang and
Chen, 2008; Du et al., 2011; Chen et al., 2012, 2013).

AB42 ELISA. Levels of AB42 in hippocampal tissues of TG mice that
received scramble control and miR-188-3p lentiviruses were detected
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using a colorimetric AB42 ELISA kit (AnaSpec) according to the instruc-
tions provided by the manufacturer.

Immunocytochemistry and immunohistochemistry. Immunostaining
analyses were performed to determine total AB, AP42, astrocytic, and
microglial markers (GFAP and CD11b) in coronal sectioned brain slices
and BACE1 expression in cultured neurons as described previously (Sang
et al., 2005; Chen et al., 2012, 2013). Mice were anesthetized with ket-
amine/xylazine (200/10 mg/kg) and subsequently transcardially perfused
with PBS followed by 4% PFA in phosphate buffer. The brains were
quickly removed from the skulls and fixed in 4% PFA overnight, and then
transferred into the PBS containing 30% sucrose until sinking to the
bottom of the small glass jars. Cryostat sectioning was made on a freezing
Vibratome at 40 wm, and series sections (1012 slices) were collected in
0.1 M phosphate buffer. Free floating sections or cultured neurons were
immunostained using antibodies specific for total AB (4G8, 1:2000, Co-
vance, catalog #SIG-39220-200 RRID: AB_10174824), AB42 (1:1000, In-
vitrogen, catalog #44-344, RRID:AB_2313572), GFAP (1:200, Sigma-
Aldrich, catalog #G3893 RRID:AB_477010), and OX42/CD11b (1:200,
Abcam, catalog #ab1211 RRID:AB_442947) followed by incubation with
the corresponding fluorescent-labeled secondary antibody. DAPI, a flu-
orescent stain that binds strongly to DNA, was used to detect cell nuclei in
the sections. The sections were then mounted on slides for immunoflu-
orescence detection using a Zeiss deconvolution microscope with Slide-
Book 5.5 software. Every 10th section from 6 animals per group was
analyzed. The numbers and the area of total A and AB42 plaques, and
the fluorescence intensity (in arbitrary densitometric units) of GFAP and
OX42/CD11b in the hippocampal area in each image were analyzed
and quantified using SlideBook 5.0 and NIH ImageJ software as de-
scribed previously (Chen et al., 2012, 2013).

Hippocampal slice preparation. Mouse hippocampal slices were pre-
pared as described previously (Chen et al., 2002, 2012, 2013; Fan et al.,
2010). Briefly, after decapitation, brains were rapidly removed and
placed in cold oxygenated (95% O,/5% CO,) ACSF. Slices were cut at a
thickness of 350—400 wm and transferred to a holding chamber in an
incubator containing oxygenated ACSF containing 3 pyruvic acid and 1
ascorbic acid at 36°C for 0.5—-1 h, and then maintained in an incubator
containing oxygenated ACSF at room temperature (~22°C-24°C) for
>1.5 h before recordings. Slices were then transferred to a recording
chamber where they were continuously perfused with 95% O,/5% CO,-
saturated standard ACSF at ~32°C-34°C.

Electrophysiological recordings. Field EPSP (fEPSP) recordings were
made in response to stimulation at perforant path synapses in the dentate
gyrus of the hippocampus at a frequency of 0.05 Hz using an
Axoclamp-2B patch-clamp amplifier in bridge mode. Hippocampal LTP
was induced by a theta burst stimulation as described previously (Fan et
al., 2010; Chen et al., 2012, 2013). The input—output function was tested
before recording of LTP, and the baseline stimulation strength was set to
provide fEPSP with an amplitude of ~30% from the subthreshold max-
imum derived from the input-output function.

Morris water maze. The classic Morris water maze test was used to
determine spatial learning and memory as described previously (Chen et
al., 2012, 2013). A circular water tank (diameter 120 and 75 cm in high)
was filled with water, and a round platform (diameter 15 cm) was hidden
1 cm beneath the surface of the water at the center of a given quadrant of
the water tank. Before hidden platform training, the mice were given 3 d
of nonspatial training (4 trials per day) to find the platform above the
water. Animals that failed to find the platform were gently guided to the
platform and allowed to stay on it for 10 s. Invisible platform training was
performed continuously for 7 d (7 sessions), and each session consisted
of 4 trials. For each trial, the mouse was released from the wall of the tank
and allowed to search, find, and stay on the platform for 10 s within the
60 s trial period. For each training session, the starting quadrant and
sequence of the four quadrants from where the mouse was released into
the water tank were randomly chosen so that it was different among the
separate sessions for each animal and was different for individual ani-
mals. The mice in the water pool were recorded by a video-camera, and
the task performances, including swimming paths, speed, and time spent
in each quadrant, were recorded by using an EthoVision video tracking
system (Noldus). A probe test was conducted 24 h after the completion of
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Overexpression of miR-188-3p reduces BACET expression both in vitro and in vivo. A, Inmunostaining analysis of BACE1 expression in cultured hippocampal neurons treated with LVs

expressing scramble control or miR-188-3p. Imaging was taken 5 d after transfection. Scale bars, 20 um. B, Immunoblot analysis of BACE1 expression in hippocampal neurons transfected with LV
expressing miR-188-3p. Data are mean == SEM. **p << 0.01, compared with the scramble control (ANOVA with Fisher's PLSD test, n = 3). (, Stereotaxic injection sites of LV, hippocampal expression
of GFP after LV injection, and enlarged GFP expression in dentate granule neurons and CAT pyramidal neurons. Scale bars, 20 and 200 um. D, BACE1 expression in hippocampal tissue of WT and TG
mice at 6 months of age injected with LV-scramble control or LV-miR-188-3p for 8 weeks. Expression of GFP was used as the control. **p << 0.01, compared with the WT-LV control. *p < 0.01,
compared with the TG-LV control (n = 3). E, 2-AG (3 um) reduces BACET expression in cultured hippocampal neurons. **p << 0.01, compared with the vehicle control (n = 3). F, miR-188-3p loss
of function blocks the 2-AG (3 um)-induced decrease in BACET expression in culture treated with LV-control (LV-Con) or LV-miR-188-3p sponge (LV-188-s). **p << 0.01, compared with the

LV-control (n = 4).

time for the mouse keeping on the rod was recorded and averaged from
three trials in each training session.

Data analysis. Data are presented as mean = SEM. Unless stated other-
wise, ANOVA with post hoc tests were used for statistical comparison when
appropriate. Differences were considered significant when p < 0.05.

Results

Inhibition of 2-AG metabolism restores the downregulated
miR-188-3p expression in TG animals

AP is the initiator in the etiology and pathogenesis of AD, and
BACEI! is the key enzyme responsible for AB formation. We dem-
onstrated previously that MAGL inactivation by JZL184, a highly
selective and potent MAGL inhibitor (Long et al., 2009a, b), ro-
bustly reduces BACE1 expression and A plaques in TG mice
(Chen et al., 2012). To determine epigenetic mechanisms by

which inhibition of 2-AG metabolism reduces BACE1 and A,
we profiled expression of miRNAs in hippocampal tissue of
4-month-old TG mice using the GenoExplorer microRNA mi-
croarray analysis. Animals at 2 months of age received vehicle or
JZL184 (12 mg/kg, i.p.) three times per week for 8 weeks, as
described previously (Chen etal., 2012). As shown in Figure 1A, a
significant number of miRNAs was upregulated or downregu-
lated in TG animals compared with the WT control. It appears
that the altered expressions of miRNAs in TG mice were reversed
in animals that received JZL184. Figure 1B lists the most signifi-
cantly upregulated or downregulated miRNAs in TG animals that
received vehicle or JZL184 when normalized to that of the WT
control. We noticed that expression of miR-188-3p, which has
computationally predicted BSs in the 3'UTR of BACEL1 (Fig. 1D),
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group. Scale bar, 50 m.
Functional validation of the predicted
binding of miR-188-3p in the 3'UTR of BACE1
Based on computationally predicted BSs, miR-188-3p has at least
two BSs in the 3'UTRs of BACEI (Fig. 1D, E). To functionally
validate these putative BSs, we used the luciferase reporter con-
struct (psiCHECK vector, Promega) inserted with the sequences
of the complete 3'UTR of mouse BACEL. As seen in Figure 1E, F,
cotransfection of the reporter vector with the pEGP vector ex-
pressing pre-miR-188 in 293 cells resulted in inhibition of the
reporter activity compared with the control vector. Then, we
mutated the BS sequences in the 3'UTR of BACE1 recognized by
the seed region of miR-188-3p and observed that cotransfection
of the BS1 or BS2 mutated reporter vectors with the pEGP vector
expressing pre-miR-188-3p led to a loss of inhibition of the re-
porter activity when compared with the control (WT; Fig. 1 E, G).
Mutations in both BS1 and BS2 further augmented this effect
(Fig. 1G). These results indicate that miR-188-3p functionally
binds to the 3'UTR of BACEI but fails to inhibit the reporter
activity when its BS sequences in the 3'UTR of BACE1 are
mutated.

miR-188-3p suppresses BACE1 expression

If miR-188-3p is capable of functional binding to the 3'UTR of
BACEL, then overexpression of it should suppress BACE1 ex-
pression. To test this prediction, we first detected BACEI expres-

hippocampus of 6-month-old TG mice that received LV-scramble control or LV-miR-188-3p at 4 months of age. B, (, D, AB42 is
reduced in the hippocampus of TG mice that received LV-miR-188-3p using immunostaining, Western blot, and ELISA analyses.
**p <0.01, compared with the TG-LV scramble control (ANOVA with Bonferroni post hoc or Fisher's PLSD test); n = 4 — 6 mice per
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Figure 4.  Overexpression of miR-188-3p decreases gliosis in TG animals. A, Hippocampal
GFAP (astrocytic marker) expression is suppressed by miR-188-3p. LV-control or miR-188-3p
was injected into the hippocampi at 4 months of age, and immunostaining was conducted at 6
months of age. B, Expression of (D11b (microglial marker) is suppressed by miR-188-3p over-
expression. Data are mean = SEM. **p < 0.01, compared with the TG-LV scramble control
(n = 6 mice/group).
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Figure 5.  Overexpression of miR-188-3p improves basal synaptic transmission and LTP and rescues expression of glutamate ofage. Total AB and AB42 were detected 2

receptor subunits in TG mice. A, Input— output function recorded at hippocampal perforant synapses in 6-month-old TG injected
with LV-scramble or -miR-188-3p for 8 weeks. Stimulus intensity was normalized to the maximum intensity. Data are mean =
SEM averaged from 9—12 recordings/group and 6 — 8 mice/group. B, LTP curves and mean == SEM of fEPSP slope averaged from
56 to 60 min after theta burst stimulation (TBS) in 6-month-old TG mice injected with LV scramble or -miR-188-3p for 8 weeks.
**p < 0.01, compared with the TG-LV scramble control (n = 810 recordings/group and 5—7 mice/group). C, Immunoblot
analysis of hippocampal expression of AMPA (GluA1 and GluA2) and NMDA (GIuN1, GluN2A, and GIuN2B) receptor subunits in
6-month-old TG mice injected with LV-scramble or -miR-188-3p for 8 weeks. Data are mean == SEM. *p << 0.05, compared with
the TG-LV-scramble control (n = 3 mice/group). **p << 0.01, compared with the TG-LV-scramble control (n = 3 mice/group).

sion in cultured hippocampal neurons overexpressing miR-
188-3p using the FUGW lentiviral vector (LV) (Luikart et al.,
2011; Chen et al., 2013). As shown in Figure 2A, overexpression
of miR-188-3p led to a suppression of BACEL, as detected by
immunostaining in cultured hippocampal neurons. Suppression
of BACEI by miR-188-3p was further confirmed by immunoblot
analysis (Fig. 2B). These results from in vitro preparations indi-
cate that overexpression of miR-188-3p represses BACEI expres-
sion. To determine whether miR-188-3p inhibits BACEL1 in vivo,
we stereotaxically injected LV into the hippocampus (Fig. 2C) to
overexpress miR-188-3p in TG mice, which exhibit elevated ex-
pression of BACEL (Zhao et al., 2007; Chen et al., 2012). The
injected LV was well localized in the hippocampal area indicated
by GFP fluorescence (Fig. 2C). Overexpression of miR-1883p
significantly reduced BACEL1 expression in the hippocampus com-
pared with the LV scramble control in TG mice (Fig. 2D). We used
GFP expression as a marker to indicate the viral infection in the
immunoblot assay (Fig. 2D). The results from in vitro and in vivo
studies show that miR-188-3p functionally represses BACEl
expression.

As we reported previously (Chen et al., 2012), inhibition of
MAGL by JZL184 reduces BACE1 expression in TG mice. To
confirm whether this effect is mediated via 2-AG, we detected
BACE] expression in cultured hippocampal neurons in the pres-
ence of 2-AG. As shown in Figure 2E, 2-AG (3 uM) significantly
reduced BACE1 expression. To further determine whether the
effect of 2-AG on BACEL1 expression is mediated through miR-
188-3p, we used the miRNA “sponge” technique, which renders a
continuous miRNA loss of function by complementary binding
to a miRNA ofinterest (Ebert et al., 2007; Edbauer et al., 2010). As
shown in Figure 2F, knockdown of miR-188-3p in cells by miR-
188-30 sponge eliminated 2-AG-induced suppression of BACE1,

months after LV injections. As illustrated
in Figure 3, total AB and AB42 were sig-
nificantly reduced in the hippocampus by
miR-188-3p overexpression using immu-
noblot, immunostaining, and ELISA. This
information suggests that suppression of
AP production by inhibition of 2-AG me-
tabolism likely results from upregulating
miR-188-3p, which suppresses BACEIL,
thereby decreasing A3 formation and accumulation in TG animals.

miR-188-3p suppresses neuroinflammation

Neuroinflammation is one of the major pathogenic mechanisms
thatlead to synaptic and cognitive deficits in AD. Previous studies
have shown that MAGL inactivation reduces gliosis in terms of
activated astrocytes and microglia (Nomura et al., 2011; Chen et
al., 2012; Piro et al., 2012). Because neuroinflammation is closely
associated with increased production of AB in AD, we asked
whether an increase in miR-188-3p expression decreases neuro-
inflammation in TG animals. Reactive astrocytes and microglia
were determined using specific markers (GFAP and OX42/
CD11b) in TG animals. As shown in Figure 4A, B, an increase in
miR-188-3p expression significantly reduced expression of
GFAP and CD11b in the hippocampus, suggesting that overex-
pression of miR-188-3p reduces neuroinflammation in TG mice.

Overexpression of miR-188-3p prevents synaptic
dysfunction
It is well established that increased AB and neuroinflammation
are detrimental to synaptic and cognitive function in AD. Be-
cause miR-188-3p significantly reduces AB and gliosis, we ex-
pected that increase in miR1-88-3p expression would be able to
improve synaptic function in TG animals. As shown in Figure 5A,
B, hippocampal basal synaptic transmission (in terms of input—
output function) and LTP were significantly improved by over-
expression of miR-188-3p in TG animals. The results indicate
that overexpression of miR-188-3p improves hippocampal basal
synaptic transmission and long-term synaptic plasticity in AD
animals.

The functional integrity of excitatory synapses is largely de-
pendent on expression of glutamate receptors. We demonstrated
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Regulation of BACE1 by 2-AG signaling is mediated

through PPARYy

The anti-inflammatory and neuroprotective effects produced by
inhibition of 2-AG metabolism appear independently of CB1 or
CB2 receptors (Nomura et al., 2011; Chen et al., 2012; Piro et al.,
2012; Naydenov et al., 2014). Therefore, we hypothesized that
regulation of BACE1 expression by inhibition of 2-AG metabo-
lism may be through previously unidentified signaling pathways.
PPARY functions as a transcription factor that regulates expres-
sion of the genes involved in metabolism and inflammation
(Bensinger and Tontonoz, 2008; Bright et al., 2008). Available

memory in TG mice are improved by overexpression of miR-188-3p. The Morris water maze test was performed in 6-month-old TG
mice that received LV-scramble or -miR-188-3p for 8 weeks. The probe test was conducted 24 h after 7 d of invisible training. Data
are mean = SEM.**p < 0.01, compared with the WT-LV-scramble control. *p << 0.01, compared with TG-LV-scramble control
(n = 17-23 mice/group). B, The open field test was conducted in TG 6-month-old TG mice that received LV-scramble or -miR-
188-3p for 8 weeks. Overexpression of miR-188-3p does not significantly affect behavioral performance. €, Sensorimotor function
is not affected by miR-188-3p overexpression in TG mice in an accelerated-speed rotarod test (n = 9—11 mice/group).

information indicates that PPARyis a target of 2-AG (O’Sullivan,
2007; Du et al., 2011) and can be activated by 2-AG indepen-
dently of CB1R or CB2R (Rockwell et al., 2006). For this reason,
we targeted PPARy and determined whether PPARy contributes
to the beneficial effects produced by inhibition of 2-AG metabo-
lism. As shown in Figure 7A, 2-AG was able to directly stimulate
PPARY activity using the luciferase reporter assay in the absence
and presence of 2-AG. 15-Deoxy-A '>'*-prostaglandin J, (15d-
PGJ,), an endogenous PPARYy agonist, was used as a positive
control. Dose-dependent increase in PPARy luciferase reporter
activity by 2-AG suggests that 2-AG likely is an endogenous
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Figure7. PPAR+y mediates 2-AG-induced suppression of BACET. 4, 2-AG increases PPAR-y activity by detecting luciferase reporter activity in NG108 —15 cells transfected with pCMX-Gal-LBD-
mPPARy and TK-MH100x4-luc vectors. Luciferase activity values were normalized to the level of 3-galactosidase activity. **p << 0.01, compared with the vehicle control (n = 6). B, Expression of
PPARy in the hippocampus of TG mice is reduced and restored by JZL184. PPAR-y expression was analyzed by qPCR in 6-month-old WT and TG animals that received JZL184 (12 mg/kg) three
times/week starting at 4 months of age for 8 weeks. **p << 0.01, compared with the WT vehicle control. *p << 0.01, compared with the TG vehicle ( = 3 animals/group). €, Expression of
miR-188-3pisincreased by PPARyactivation and suppressed by PPARyantagonism in the hippocampus. Piog (5 mg/kg, i.p.) or GW (5 mg/kg) was injected into animals once a day for 7 d. Expression
of miR-188-3pin hippocampal tissue was assessed by qPCR analysis. *p << 0.05, compared with the vehicle control. **p < 0.01, compared with the vehicle control. *p << 0.01, compared with Piog
(n = 3 animals/group). D, Immunoblot analysis of BACE1 expression in animals that received Piog or GW. **p < 0.01, compared with the vehicle control. *p << 0.01, compared with Piog (n = 3
animals/group). E, 2-AG and miR-188-3p do not affect BACET promoter activity. BACET promoter luciferase activity was detected in HEK293 cells transfected with pB1-A or pGL3 vectors in the
presence an absence of 2-AG (3 um), pEGP-miR null control or pEGP- miR-188-3p vector, TNFex (2.5 pg/ml), TNFex + SC(100 gam), ROS (1 um), ROS + SC, Piog (1 um) + SC. **p << 0.01, compared
with pB1-A. *p <<0.01, compared with TNFcv, ROS, or Piog alone (n = 3). F, Knockdown of PPARy blocks 2-AG-reduced BACE 1 expression. Hippocampal neurons in culture were treated with FUGW
lentiviral vectors expressing PPAR-y shRNA or scramble control. BACE1 expression was detected in the presence and absence of 2-AG (3 um). **p << 0.01, compared with the vehicle-scramble control

(n=3).
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PPAR‘y agonist. Interestingly, the reduced
expression of PPARYy in TG animals was
rescued by MAGL inhibition, which
boosts the level of brain 2-AG (Fig. 7B).

We next asked the question of whether
PPARYy activation augments and its an-
tagonism suppresses miR-188-3p expres-
sion. As shown in Figure 7C, pioglitazone
(Piog), a PPARYy agonist, significantly in-
creased miR-188-3p expression, whereas
GW, a PPARYy antagonist, suppressed the
expression in the hippocampus. Mean-
while, we observed that PPARy activation
reduced BACEl expression, whereas
PPARYy antagonism increased the expres-
sion (Fig. 7D). These results are consistent
with the reports by others (Sastre et al.,
2003, 2006; Wang et al., 2013). To further
confirm that inhibition of BACEI expres-
sion by 2-AG is through regulation of
miR-188-3p at the post-transcriptional
levels, we detected the effect of 2-AG on
BACE1 promoter activity. As illustrated in
Figure 7E, 2-AG did not induce changes in
BACE] reporter activity, suggesting that
2-AG does not affect BACE! transcrip-
tion. As expected, miR-188-3p also did
not change BACEI reporter activity (Fig.
7E). It has been shown previously that
PPARvyactivation suppresses BACE1 pro-
moter activity (Sastre et al., 2006). We ob-
served that Piog or rosiglitazone (ROS),
another PPARY agonist, reduced BACE1
promoter activity, whereas TNFa in-
creased it (He et al., 2007). The changes
in the BACE1 promoter activity were
blocked by SC-510 (SC), an IKK-2 inhib-
itor, indicating that reduction of the
BACEI! promoter activity by PPARy ago-
nists is mediated through NF-«B. These
results also suggest that there might be
currently undefined mechanisms in-
volved in this process.

If PPARy mediates 2-AG-produced sup-
pression of BACEI, then knockdown of
PPARy should eliminate this effect. To test
this prediction, we used the lentiviral-based
shRNA technique as described previously
(Chen et al., 2013) to silence PPARYy. As ex-
pected, 2-AG still suppressed BACEI in cells
treated with LV-scramble control but failed
to suppress BACEL in cells treated with LV-
PPARYy shRNA (Fig. 7F), suggesting that
2-AG-induced suppression of BACEI is
mediated via PPARY.

To further define the role of PPARy in
mediating 2-AG-induced upregulation of
miR-188-3p and suppression of BACEL,
we determined A production and astro-
cytic reactivation in TG animals that re-
ceived JZL184 or JZL184 plus GW three
times/week starting at 4 months of age for

Zhang et al.  2-AG Regulates the miRNA Targeting BACE1

A JZL184 JZL184 + G
. M i I TG-JZL
801 [ TG-JZL+GW
Total A € =
ota
B ‘ 7 £ 60
) e T2 ) *%k
. Q
D S 40
e o
R . ©
AB/ T 5 Qo
; ~— 204
DAPI o =%
- )
Ctx
B JZL JZL+GW JZL JZL+GW
GFAP
GFAP/
DAPI
B TG-JZL
10, I TG-JZL+GW
*%*
>
GFAP |8 s 8
8]
®
g o
>
IS
E 4 ** k%
GFAP/ o
DAPI %5 2
0
c Cortex CA1 DG
—B— TG-LV-Con-Veh —B— TG-LV-Con-GW-JZL
o W TG-LV-Con-GW B TG-LV-188-GW-JzL - =Igtxgg:\éewh
I TG-LV-Con-GW-JZL
| *\ * *\*\ B TG-LV-188-GW-JZL
504 1IN /% %%
{ = + % \+/§\§ 2 3 *#
S 40- ;&; - I 2
8 NN " : 3
&2 1 a ™ ™ e Ve =
> 304 RN RS /T\ﬁ/.\ ©
e \| T . £
Q A I o
= P\ h [
S 20 4 ./\\‘ ) iHt E
E ! T” L P 14
104 -
0 T T T T T T T T T T 0-
0O 1 2 3 4 5 6 7 8 9 10
Visable Invisable training (day)
Figure 8. ABreducing and anti-inflammatory effects and improving cognitive function by inhibition of 2-AG metabo-

lism are occluded by PPAR-y antagonism. TG mice received JZL184 (JZL, 12 mg/kg) or JZL184 plus GW (5 mg/kg) three
times/week starting at 4 months of age for 8 weeks. 4, JZL184 decreases A3, but the decrease is eliminated by GW. B,
Hippocampal and cortical GFAP (astrocytic marker) expression is suppressed by JZL184 but reversed by GW. **p < 0.01,
compared with JZL184 alone (n = 5 mice/group). C, miR-188-3p overexpression rescues PPARy antagonism-disrupted
memory improvement by MAGL inhibition. TG animals were injected with LV-scramble control or LV-miR-188-3p. One
week after injection, the animals received vehicle, GW, JZL184 (12 mg/kg), or JZL184 plus GW three times/week starting at
4months of age for 8 weeks. The behavioral performance in the Morris water maze was tested 1 d after cessation of the last
treatments. Data are mean + SEM. *p << 0.01, compared with LV-scramble and vehicle control. *p << 0.05, compared with
LV-scramble and JZL-GW (n = 11 to 13 mice/group). ""p < 0.01, compared with LV-scramble and JZL-GW (n = 11t0 13
mice/group).
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Figure9. ApB42and proinflammatory cytokines suppress miR-188-3p expression, and the suppression is blocked by 2-AG, PPAR~y activation, and NF-«B inhibition. A, Real-time qPCR analysis
of miR-188-3p expression in hippocampal neurons in culture treated with vehicle, AB42 (10 wm), IL-18 (10 ng/ml), TNFe (10 ng/ml), 2-AG (3 um), ROS (1 um), and SC (100 pum). **p < 0.01,
compared with the vehicle control. *p << 0.01 compared with AB, IL-13, or TNFox (n = 3). B, NF-«B phosphorylation induced by A342 and TNF i attenuated in the presence of 2-AG, ROS, and
SC. **P << 0.01, compared with the vehicle control. *p < 0.05, compared with AB42 or TNFe (n = 3). *p << 0.01, compared with AB42 or INFe (n = 3).

8 weeks. As shown in Figure 84, the AB reducing effect by JZL184
was eliminated by GW. Similarly, the suppressive effect of JZL184
on GFAP expression was diminished by GW in TG animals (Fig.
8B). These data indicate that PPARy is an important mediator in
suppressing BACE1 expression, A3 formation, and neuroinflam-
mation produced by MAGL inhibition.

We demonstrated previously that MAGL inhibition by
JZ1.184 significantly promotes learning and memory in TG ani-
mals (Chen et al., 2012). To determine whether PPARy blockade
disruptslearning and memory improvement produced by MAGL
inhibition and whether this disruption could be rescued by over-
expression of miR-188-3p, LV-scramble control or LV-miR-
188-3p was stereotaxically injected into the hippocampi of TG
animals that received vehicle, JZ1184, GW, or JZL184 plus GW
three times a week for 8 weeks. As shown in Figure 8C, PPARy
antagonism by GW disrupted the improvement of spatial learn-
ing induced by JZL184. However, this disruptive effect on spatial
learning was reversed by overexpression of miR-188-3p. It ap-
peared that TG mice that received GW alone took much longer
time to reach the hidden platform compared with the vehicle
controls, suggesting that PPARy antagonism further deteriorates
spatial learning in TG mice (Fig. 8C). These results suggest that
improved cognitive function by inhibition of 2-AG metabolism is
mediated through PPAR'y signaling.

Regulation of miR-188-3p expression by 2-AG is mediated by
the PPARy and NF-«B signaling pathway

Inhibition of 2-AG metabolism by JZL184 robustly raises brain
2-AG levels and reduces AA and its derivatives (Blankman et al.,
2007; Long et al., 2009a,b; Nomura et al., 2011; Piro et al., 2012).
To determine whether the reduced expression of miR-188-3p in

AD is associated with increased AB and neuroinflammation and
whether upregulated miR-188-3p expression by inhibition of
2-AG metabolism in TG animals, as shown in Figure 1, is medi-
ated via 2-AG signaling, we assessed miR-188-3p expression in
hippocampal neurons in cultures treated with AB, IL-13, or
TNFa in the absence or presence of 2-AG. As seen in Figure 94,
miR-188-3p expression was significantly decreased by AB42, IL-
1B, or TNFa, suggesting that A and proinflammatory insults
may lead to downregulation of miR-188-3p expression. The de-
crease in miR-188-3p expression induced by AB42, IL-1p, or
TNFa was prevented by 2-AG, ROS, and SC. These results indi-
cate that AB- and proinflammatory cytokine-suppressed miR-
188-3p can be rescued not only by 2-AG and activation of
PPARY, but also by inhibition of NF-«kB, an important transcrip-
tion factor. This information suggests that NF-«B is involved in
the regulation of miR-188-3p by 2-AG and PPARY. Available
information suggests that anti-inflammatory and neuroprotec-
tive effects exerted by PPARy are largely through interaction with
NF-kB (Bensinger and Tontonoz, 2008; Bright et al., 2008). We
observed that AB42 or TNFa increased NF-«B p65 phosphory-
lation, and the phosphorylation was inhibited by 2-AG, ROS, and
SC (Fig. 9B). These results suggest that 2-AG and PPARy agonist
are able to inhibit NF-«B p65 activity.

Next, we asked whether regulation of miR-188-3p expression
by 2-AG and PPARY signaling is via NF-«B transcription. To this
end, we searched BSs of NF-«kB p65 in the promoter region of the
miR-188-3p gene through TFSEARCH (http://www.cbrc.
jp/research/db/TFSEARCH.html) and found that there are at
least two NF-kB BSs. These BSs were confirmed by the ChIP
analysis (Fig. 10A) and validated by qPCR analysis (data not
shown). The NF-«B reporter assay further provided the evidence
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that 2-AG and PPARYy activation inhib-
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humans and TG animals and that overex-
pression of miR-188-3p robustly reduced
BACEI expression, A3 formation, and neu-
roinflammation and prevented deteriora-
tion in long-term synaptic plasticity, spatial
learning, and memory in TG animals. Ex-
pression of miR-188-3p was upregulated
by MAGL inhibition, 2-AG and PPARYy
activation, or NF-«kB inhibition and suppressed by PPARy antag-
onism or NF-«B activation. In addition, reducing A3 and neuro-
inflammation by inhibition of 2-AG metabolism were occluded
by PPARvy antagonism. Moreover, improved spatial learning by
MAGL inhibition was disrupted by PPAR"y antagonism, but this
disruptive effect was rescued by overexpression of miR-188-3p.
Our results provide a novel epigenetic mechanism responsible for
the improved synaptic and cognitive function by inhibition of
2-AG metabolism in an animal model of AD.

Previous studies show that inhibition of 2-AG metabolism
reduces neuroinflammation in response to proinflammatory
stimuli and prevents neurons from degenerating in an experi-
mental animal model of Parkinson’s disease (Nomura et al.,
2011). We and others demonstrated recently that inhibition of
MAGL robustly reduces production and accumulation of AS,
reactive astroglial cells, and neurodegeneration, improves synap-
tic and cognitive function in TG animals (Chen et al., 2012; Piro
etal.,, 2012). The results from these previous studies indicate that
MAGL is a novel therapeutic target for inflammatory and neuro-
degenerative disorders. However, the molecular mechanisms un-
derlying the beneficial effects produced by inhibition of 2-AG
metabolism are largely unknown. MAGL is the primary enzyme
that degrades 85% of 2-AG in the brain, resulting in the release of
glycerol and AA, a precursor of proinflammatory prostaglandins
and leukotrienes (Blankman et al., 2007; Long et al., 2009a,b;
Nomura et al., 2011). Although inactivation of MAGL robustly
elevates brain 2-AG and reduces AA and its derivatives, the anti-
inflammatory and neuroprotective effects appear to be mediated
neither by CB1R nor by CB2R (Nomura et al., 2011; Chen et al.,

promoter of the miR-188-3p gene. ChiP analysis of promoter binding activity of NF-«B was analyzed. A 100 bp DNA ladder was
used for the marker. B, 2-AG and PPAR-yagonist reduce NF- B reporter activity using a luciferase analysis. The concentrations used
for2-AGand ROS were 3 and 1 um, respectively. **p << 0.01, compared with the vehicle control (n = 4). ¢, Knockdown of NF-«B
p65 using the shRNA silencing technique eliminates reductions in BACET expression induced by 2-AG and ROS. Hippocampal
neurons in culture were transfected with lentiviral vectors expressing scramble control or NF-«B p65 shRNA. BACE1 expression was
assessed in the presence and absence of 2-AG (3 um) or ROS (1 um). **p << 0.01, compared with the vehicle control (n = 3).

2012; Piro et al.,, 2012). It is possible that the anti-neuro-
inflammatory and neuroprotective effects of MAGL inactivation
might be associated with reduced AA and its derivatives, such as
prostaglandins (Nomura et al., 2011). 2-AG has been shown to
possess significant anti-inflammatory and neuroprotective ef-
fects in response to harmful insults (Panikashvili et al., 2001,
2005; Marsicano and Lutz, 2006; Centonze et al., 2007; Zhang and
Chen, 2008; Arevalo-Martin et al., 2010; Chen et al., 2011; Du et
al., 2011). We hypothesized that enhanced 2-AG signaling by
inhibition of 2-AG metabolism in the brain contributes to ame-
lioration of AD neuropathology (Chen etal.,2012). Because AB is
an initiator of AD etiology and pathogenesis and accumulated A3
deposition is a well-recognized neuropathological hallmark of
AD (Walsh and Selkoe, 2004; Ashe and Zahs, 2010; Huang and
Mucke, 2012), we thus primarily focused on whether and how A3
formation are regulated by 2-AG signaling. We observed previ-
ously that MAGL inhibition-reduced Af accumulation and de-
position are accompanied with a decreased expression of BACE1,
akey enzyme responsible for A synthesis (Chen etal.,2012). We
believed that understanding of how BACE1 is regulated would
be the key to elucidating the underlying mechanisms mediat-
ing the beneficial events induced by inhibition of 2-AG me-
tabolism. Our results show that 2-AG is capable of suppressing
BACEI expression.

To address the question of how expression of BACEI is regu-
lated by 2-AG signaling, we focused on the epigenetic regulation
of BACE1 expression. Growing information suggests that
miRNAs are likely involved in AB production and AD neuropa-
thology (Junn and Mouradian, 2010; Delay et al., 2012; Satoh,
2012; Abe and Bonini, 2013; Lukiw et al., 2013). It has been



Zhang et al. ® 2-AG Regulates the miRNA Targeting BACE1

Cytokines

Chemokines

ciadat

ll—
{ t

Neuroinflammation

N PPARy
1

miR-188-3p [

_

BACE1
‘ e 4 Neuroinflammation
N\ J

J. Neurosci., November 5, 2014 - 34(45):14919-14933 « 14931

JZL184

1

Glycerol

cox-1/cox-f/ \ox

PGs LT4s

Synaptic and memory impairments

Figure 11.

Signaling pathways mediating the beneficial effects produced by inhibition of 2-AG metabolism. Inhibition of MAGL increases 2-AG and decreases arachidonic acid (AA) and its

metabolite prostaglandins through cyclooxygenase 1.and 2 (COX-1/2) and leukotrienes (LT4s) through 5-lipoxygenase (LOX). Increases in PPAR~y activity and expression by 2-AG inhibit NF-«B,
relieving the inhibitory effect of NF-«xB on miR-188-3p transcription. Increased miR188 —3p expression represses BACE1 and leads to a decrease in A3 formation, which in turn suppresses

neuroinflammation and improves synaptic and cognitive function.

shown that expressions of miRNAs, including those targeting
BACEL, are altered both in AD humans and/or animal models
(Boissonneault et al., 2009; Hébert et al., 2008; Wang et al., 2008;
Schonrock and Gotz, 2012). At least five miRNAs (e.g., miR-9,
miR-29, miR-107, miR-298, and miR-328) have been reported
previously to target BACE1. However, little is known about
whether restoring or reversal of these deregulated miRNAs in AD
animal models is capable of ameliorating neuropathology of AD
by reducing BACE1 expression and A formation. In our miRNA
microarray screening analysis, we observed that expression of
miR-188-3p, a previously unrecognized miRNA that targets
BACEL, was robustly downregulated both in AD humans and TG
animals and upregulated by inhibition of 2-AG metabolism in
TG mice. We demonstrate that MAGL inhibition, which elevates
2-AG in the brain, is able to rescue downregulated miR-188-3p
expression induced by A and proinflammatory cytokines and
suppress BACE1 expression, suggesting that upregulation of
miR-188-3p and decrease in BACE1 by MAGL inhibition are
likely a result of enhanced 2-AG signaling. We observed that
2-AG suppressed BACE], and this effect was not mediated
through inhibiting BACE! transcription. Our results showing
that overexpression of miR-188-3p resulted in suppression of
BACEI! in both in vitro and in vivo preparations support this
speculation. Importantly, miR-188-3p overexpression in TG an-
imals significantly reduced AB formation and neuroinflamma-
tion, reversed the reduced expression of glutamate receptor
subunits, and improved hippocampal basal synaptic transmis-

sion, LTP, spatial learning, and memory. These effects produced
by miR-188-3p are similar to those produced by MAGL inhibi-
tion, suggesting that the beneficial effects resulting from MAGL
inactivation in TG animals are associated with upregulation of
miR-188-3p through 2-AG signaling.

As demonstrated previously, pharmacological or genetic inhi-
bition of CB1R or CB2R fails to block neuroprotective and anti-
inflammatory and antiepileptic effects induced by inhibition of
2-AG metabolism (Nomura et al., 2011; Chen et al., 2012; Piro et
al., 2012; Naydenov et al., 2014). This suggests that there may be
other mechanisms involved in regulation of miR-188-3p expres-
sion by 2-AG signaling. It has been shown that treatments with
PPARYyagonists exhibit beneficial effects both in AD patients and
animal models (Heneka et al., 2005; Jiang et al., 2008; Kummer
and Heneka, 2008; Sato et al., 2011). Interestingly, 2-AG is able to
exert an action through activation of PPARYy independently of
CBI1R or CB2R (Rockwell et al., 2006; O’Sullivan, 2007), suggest-
ing that 2-AG is able to cross the plasma membrane and go nu-
clear directly to activate nuclear receptors (O’Sullivan, 2007). We
observed that expression of PPARy is significantly reduced in TG
animals and that the decrease is reversed by inhibition of 2-AG
metabolism. Also, 2-AG is able to directly activate PPARy activ-
ity. Elimination of the improvements in spatial memory by
PPARYy antagonism and anti-inflammatory and AB-reducing ef-
fects produced by MAGL inhibition suggest that 2-AG functions
as an endogenous agonist for PPARYy activation and expression.
Indeed, PPARYy activation increased miR-188-3p expression and
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decreased BACE1 expression, mimicking 2-AG-induced upregu-
lation of miR-188-3p and suppression of BACEIL. In contrast,
PPARvy antagonism reduced miR-188-3p and increased BACEL.
Knockdown of PPARYy blocked 2-AG-produced suppression of
BACEI. Our results provide compelling evidence that regulation
of miR-188-3p expression and BACE1 by 2-AG signaling is likely
through PPARY. Anti-inflammatory and neuroprotective effects
produced by PPARy are primarily through limiting NF-kB activ-
ity (Bensinger and Tontonoz, 2008; Bright et al., 2008). Our ChIP
analysis shows that NF-kB p65 has BSs in the promoter region of
the miR-188-3p gene. Also, 2-AG and PPARYy activation sup-
pressed NF-«B reporter activity, suggesting that inhibition of
NF-kB by 2-AG would relieve the inhibitory effect of NF-kB on
miR-188-3p transcription. This assumption is supported by the
results showing that expression of miR-188-3p was suppressed by
AP and proinflammatory cytokines that increase phosphoryla-
tion of NF-«kB, and the suppression was reversed by 2-AG,
PPARY activation, or NF-«B inhibition. In addition, silencing
NF-kB p65 prevented BACEI suppression by 2-AG and PPARYy
activation. Our results suggest that neuroinflammation (e.g., in-
creased release of proinflammatory cytokines, such as IL-1 and
TNFa) and AB per se facilitate AB formation by augmenting
NE-kB activity, which suppresses miR-188-3p expression. A sin-
gle miRNA may have multiple targets. Thus, we cannot exclude
the possibility that the effects we observed may be associated with
other targets of miR-188-3p.

Collectively, the results presented in this report provide evi-
dence that reduced neuroinflammation and AB and improved
synaptic and cognitive function by MAGL inhibition are medi-
ated through 2-AG signaling, which upregulates expression of
miR-188-3p through the PPARy and NF-«B signaling pathway,
resulting in suppression of BACE1 expression and A3 formation
(Fig. 11). Growing evidence suggests that miRNA-based thera-
pies, either restoring or reversal of deregulated miRNAs expres-
sion and activity, hold great promise for clinical applications (van
Rooij et al., 2012; Hydbring and Badalian-Very, 2013; Zhang et
al., 2013). The results from the present study suggest that resto-
ration of miR-188-3p expression by inhibition of 2-AG metabo-
lism or direct delivery of the vector expressing miR-188-3p would
potentially be novel interventions for an AD therapy.
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