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Histone deacetylase 2 (HDAC?2) plays a major role in the epige-
netic regulation of gene expression. Previous studies have
shown that HDAC2 expression is strongly increased in Alz-
heimer’s disease (AD), a major neurodegenerative disorder
and the most common form of dementia. Moreover, previous
studies have linked HDAC2 to A overproduction in AD; how-
ever, its involvement in tau pathology and other memory-
related functions remains unclear. Here, we show that
increased HDAC2 levels strongly correlate with phosphory-
lated tau in a mouse model of AD. HDAC2 overexpression
induced AD-like tau hyperphosphorylation and aggregation,
which were accompanied by a loss of dendritic complexity
and spine density. The ectopic expression of HDAC2 resulted
in the deacetylation of the hepatocyte nuclear factor 4o
(HNF-4A) transcription factor, which disrupted its binding
to the miR-101b promoter. The suppression of miR-101b
caused an upregulation of its target, AMP-activated protein ki-
nase (AMPK). The introduction of miR-101b mimics or small
interfering RNAs (siRNAs) against AMPK blocked HDAC2-
induced tauopathy and dendritic impairments in vitro. Corre-
spondingly, miR-101b mimics or AMPK siRNAs rescued tau
pathology, dendritic abnormalities, and memory deficits in
AD mice. Taken together, the current findings implicate the
HDAC2/miR-101/AMPK pathway as a critical mediator of
AD pathogenesis. These studies also highlight the importance
of epigenetics in AD and provide novel therapeutic targets.

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenerative
disease and is characterized by memory decline.' Neurofibrillary tan-
gles (NFTs) composed of abnormally hyperphosphorylated tau pro-
teins” are the major neuropathological hallmarks of AD and correlate
with cognitive decline.” This tau-induced pathology may promote
dendritic abnormalities, synaptic dysfunction, and memory impair-
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ment.* Thus, the alleviation of tauopathy via target-specific and dis-
ease-modifying treatments is a promising therapeutic strategy for AD.

Increasing evidence supports a role for epigenetics in AD.” Of the
identified epigenetic modifications in the nervous system, histone
acetylation has been clearly associated with the facilitation of learning
and memory.® Reduced histone acetylation has been identified in spo-
radic cases of AD.” The acetylation of histones is predominately medi-
ated by histone acetyltransferase (HAT) and histone deacetylase
(HDAC). Pharmacological treatment with non-selective HDAC in-
hibitors can reverse cognitive deficits in many neurological disor-
ders.” HDAC2 protein levels are strongly increased in AD brains,
particularly in the entorhinal cortex and in the hippocampal CAl
area,” two of the earliest and most affected brain areas in AD’ that
are crucial for memory formation and storage. Interestingly,
HDAC2 accumulation is initiated at Braak stages I and II, which
further supports its role in the early pathogenesis of AD. However,
whether and how HDAC2 directly influences tau pathology (tauop-
athy) and dendritic impairments to mediate memory loss remains un-
clear; consequently, target-specific therapeutic strategies are lacking.

Here, we first demonstrate that HDAC2 levels are positively corre-
lated with tau hyperphosphorylation in AD mice, and the overexpres-
sion of HDAC2, in contrast to HDAC1 or HDAC3, was sufficient to
promote tau hyperphosphorylation, tau aggregation, and dendritic
impairments in vivo. We then show that HDAC2 overexpression

Received 20 September 2016; accepted 23 January 2017;
http://dx.doi.org/10.1016/j.ymthe.2017.01.018.

8These authors contributed equally to this work.

Correspondence: Ling-Qiang Zhu, Department of Pathophysiology, Tongji Med-
ical College, Huazhong University of Science and Technology, No. 13, Hangkong
Road, Wuhan 430030, China.

E-mail: zhulg@mail hust.edu.cn

P

@ CrossMark


http://dx.doi.org/10.1016/j.ymthe.2017.01.018
mailto:zhulq@mail.hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2017.01.018&domain=pdf

www.moleculartherapy.org

reduced the acetylation of hepatocyte nuclear factor 40 (HNF-4A),
which inhibited its binding to the promoter region of miR-101b.
The suppression of miR-101b leads to the upregulation of AMP-acti-
vated protein kinase (AMPK) expression at the post-transcriptional
level. We subsequently antagonized this disease-modifying signal
via the specific introduction of miR-101b mimics or silencing
AMPK expression in cultured neurons, and we determined that tau
hyperphosphorylation, aggregation, and dendritic impairments
induced by HDAC2 were rescued in these cells. A similar experi-
mental strategy rescued the behavioral abnormalities in AD mice.
The current findings implicate the HDAC2/miR-101b/AMPK
pathway as an important contributor to tauopathy and dendritic
deficits in AD.

RESULTS

HDAC2 Levels Correlate with Phosphorylated Tau in Two Mouse
Models of AD

To investigate the potential involvement of HDAC2 in the regulation
of tau hyperphosphorylation, we first used 3xTg-AD mice, a widely
used animal model of AD.'’ Western blot analysis indicated higher
HDAC2 protein levels in 12-month-old 3xTg-AD mice but not
3-month-old 3xTg-AD mice compared with the levels in wild-type
controls (Figure 1A). We subsequently measured the co-localization
of HDAC2 with phosphorylated tau in the hippocampus (the CA3
region in the figures) of 12-month-old 3xTg-AD mice. Neurons
that expressed nuclear HDAC2 exhibited elevated tau phosphoryla-
tion in their cytoplasm (Figures 1B-1D). Interestingly, we identified
a strong positive correlation between HDAC2 and AT8 immunoreac-
tivity (phosphorylated tau at Ser202/Thr205 sites) and a negative cor-
relation between HDAC2 and the Taul epitope (non-phosphorylated
tau at Ser198/199/202 sites) (Figures 1B and 1C). No correlation was
identified between HDAC2 and the Tau5 epitope (total tau) (Fig-
ure 1D). Furthermore, these correlations were not present in
12-month-old wild-type littermates (data not shown). Similar
correlations between HDAC2 and tau were also identified in the hip-
pocampus of 9-month-old P301L Tau mice (Figure S1). These data
suggest that HDAC2 upregulation is involved in tauopathy.

HDAC2 Overexpression Induces Tauopathy in Neurons

To determine whether excess HDAC2 directly contributes to tau pa-
thology, we examined tau phosphorylation in mouse primary hippo-
campal neurons infected with lentiviruses that expressed HDAC2.
We showed that HDAC2 overexpression induced tau hyperphos-
phorylation at several epitopes, including pS214, pT231, pS262, and
ATS. As expected, Taul (unphosphorylated tau) was decreased (Fig-
ure 1E). Histone acetylation was decreased under these conditions,
which indicates the functional expression of HDAC2 in the neurons
(Figure S2). Importantly, the overexpression of HDAC1 or HDAC3
did not result in tau hyperphosphorylation (Figure S3). These results
demonstrate that the specific overexpression of HDAC2 may induce
tau hyperphosphorylation.

Hyperphosphorylated tau changes its conformation and aggregates
inside the neuron to form toxic tau.'"' We subsequently examined

the cellular distribution and aggregation properties of tau'>"’ in

HEK293 cells that stably expressed human wild-type full-length
(441 amino acids [aa]) tau.'* Cells were dissociated into four
fractions: cytosolic soluble tau, microtubule-bound tau, membrane-
bound tau, and SDS-soluble aggregated tau. Using western blot
analysis, we identified a significant enrichment (1.3-fold) of aggre-
gated tau following HDAC2 overexpression (Figure 1F), which coin-
cided with a 50% decrease in the level of cytosolic soluble tau. We
further determined the amounts of SDS-insoluble tau aggregates
using filter/trap assays.'>'> We identified a 50% increase in deter-
gent-resistant tau aggregates in cells transfected with HDAC2
compared with that in the control cells (Figure 1G). Taken together,
these findings indicate that HDAC2 induces tau pathological changes.

In AD, tau is mislocalized to the dendritic compartment and induces
synaptic alterations.* We subsequently aimed to determine whether
HDAC?2 overexpression promotes dendritic impairments in neurons.
We showed that in mouse primary neurons infected with HDAC2
lentiviruses, the dendritic complexity index (DCI) values of the whole
dendrite decreased by approximately 30% compared with the controls
(Figures 2A and 2B). We also performed a Sholl analysis and
confirmed the differences in dendritic complexity between the
HDAC2- and control-infected neurons (Figure 2C). HDAC2 overex-
pression caused a strong reduction in spine density (from 3.71 + 0.44
to 2.19 + 0.53 umfl), as well as a reduction in the percentages of
mushroom spines (from 36.68% + 4.9% to 18.91% =+ 4.85%) and
stubby spines (from 30.08% + 3.51% to 19.70% =+ 5.30%) (Figures
2D-2G), which is consistent with previous in vivo studies.® Thus,
in addition to tau alterations, HDAC2 upregulation causes dendritic
alterations in vitro.

HDAC2 Enhances AMPK Expression via Inhibition of miR-101b
To investigate the underlying mechanisms that mediate tauopathy
and dendritic impairments induced by HDAC2, we initially screened
various tau kinases and phosphatases.'® There were no changes in the
levels of glycogen synthase kinase (GSK)-3, protein phosphatase 2a
(PP2a), protein kinase A (PKA), and extracellular signal-regulated ki-
nase (ERK) (Figure S4) or tau acetylation in hippocampal neurons
that expressed HDAC2 (Figure S5). However, we identified a substan-
tial increase in AMPK activity and expression (Figures 3A and 3B). In
contrast, AMPK mRNA levels were not altered under these condi-
tions (Figure 3C), which suggests a post-transcriptional mode of
regulation.

Histone deacetylation typically leads to the suppression of gene
expression. The somewhat contradictory effects of HDAC2 on
AMPK protein (but not mRNA) levels prompted us to investigate
the involvement of microRNAs (miRNAs). miRNAs may induce
the translational repression of target mRNA transcripts.'” A bio-
informatic analysis identified putative binding sites for miR-101a/b,
miR-130, miR-137, miR-148, and miR-19 within the 3’ UTR of
AMPK mRNA (gene PRKAAI) (Figure S6). Using miRNA qRT-
PCR, we measured candidate miRNA levels in HDAC2-overexpress-
ing neurons and determined that a single miRNA, miR-101b, was
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Figure 1. Overexpression of HDAC2 Induces Tauopathy and Dendritic Abnormalities

(A) Hippocampi homogenates were prepared from 3-month-old (3 m) and 12-month-old (12 m) 3xTg-AD mice (Tg) and normal littermates (Wt) and were evaluated via a
western blot assay with an anti-HDAC2 antibody. Representative images and the results of a quantitative analysis are presented. **p < 0.01 (versus wild type; Student’s t test;
n = 3 independent experiments with six mice per group). (B-D) Three separate double immunofluorescence experiments were performed in hippocampal slices from
12-month-old 3xTg-AD mice using anti-AT8 (green) and anti-HDAC2 (red) antibodies (n = 52) (B), anti-Tau (green) and anti-HDAC2 (red) antibodies (n = 60) (C), or anti-Tau5
(green) and anti-HDAC?2 (red) antibodies (n = 56) (D). Fluorescence intensities were measured using Imaged software (NIH), and correlation analyses were performed with
SigmaPlot software (Systat Software). Arrowheads indicate neurons with a high HDAC2 intensity; arrows indicate neurons with a low HDAC? intensity. (E) Hippocampal
neurons were cultured to 14 DIV and subsequently infected with HDAC2-expressing lentivirus (HDAC?2) or vector control (vector). After 48 hr, the neurons were harvested and
the cell lysates were used for western blot with the indicated antibodies for pS214, pT231, pS262, AT8, Taul, Tau5, HDAC2, and DM1A. Representative blots and
quantitative analyses are presented. **p < 0.01 (versus vector; Student’s t test; n = 4 independent experiments). (F) HEK293 cells that stably expressed full-length human tau
were transfected with pcDNA-HDAC2 or a control vector. Cell lysates were subsequently collected and dissociated into four fractions, including cytosolic soluble tau,
microtubule-bound tau, membrane-bound tau, and SDS-soluble aggregated tau, for western blot using an anti-Tau-5 antibody (n = 3 independent experiments). (G) HEK293
cell lysates were also used for filter/trap analysis. The intensity of Tau5 immunoreactivity was measured, and quantitative analyses were performed. **p < 0.01 (versus vector;
Student’s t test; n = 3 independent experiments). Data are presented as mean + SEM.

downregulated by 60%. In contrast, miR-19 was increased by 160%,
whereas the other miRNAs remained unchanged (Figure 3D). Based
on these findings, we focused our efforts on miR-101b. To verify the
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direct regulation of AMPK by miR-101b, we constructed a luciferase
reporter that contained wild-type or mutant 3 UTR segments of
AMPK mRNA (Figure 3E). Following miR-10b expression, the
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Figure 2. Overexpression of HDAC2 Induces Dendritic
Abnormalities

(A-C) Mouse hippocampal neurons were cultured to DIV 7
and infected with lenti-HDAC2-GFP (HDAC?2) or lenti-GFP
(vector) for 72 hr. (A) Neurons were subsequently cultured to
DIV 14, and confocal microscopy images were collected
with an LSM710 laser confocal microscope. (B) DCls were
calculated as described in the Materials and Methods, and
the branches were evaluated as labeled in the upper panel.
**p < 0.01 (versus vector; Student’s t test). (C) Sholl analysis
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wild-type reporter was strongly inhibited in contrast to that in the
mutant (Figure 3F). The overexpression of miR-101b mimics and
inhibitors (antagomirs) in primary neurons also modulated the
endogenous AMPK protein (but not mRNA) levels (Figures 3G and
3H), which further confirms the post-transcriptional regulation of
AMPK by miR-101b. Finally, we demonstrated that miR-101b upre-
gulation restored AMPK protein levels by HDAC2 (Figures 31 and
3]). Thus, HDAC2-induced AMPK upregulation is mediated by
miR-101b.
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HDAC2 Negatively Regulates the Binding of HNF-4A to the miR-
101b Promoter

To better understand how HDAC2 suppresses miR-101b expression,
we measured miR-101 primary transcript levels (pri-miR-101b and
pre-miR-101b) in the nucleus of primary hippocampal cultures. We
determined that following HDAC2 overexpression, both pri-miR-
101b and pre-miR-101b transcripts were substantially reduced (Fig-
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was performed to measure the dendritic complexity (n =
51-565). (D-G) Hippocampal neurons were cultured and the
dendritic spines were analyzed, with four spine types
defined as indicated in (D). ®h, diameter of the head; ®n,
diameter of the neck; L, spine height or side length. Red
coloration indicates the postsynaptic density. (E) The spines
were visualized using GFP that fused to the lentivirus.
Quantitative analyses of the spine density (F) and the per-
centages of different spine types (G) were performed. **p <
0.01 (versus vector; Student’s t test; n = 32-34). Data are
presented as mean + SEM.
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ure 4A). Using online bioinformatic tools
(MotifMap and TFBind), we identified 10
concentrated HNF-4A transcription factor bind-
ing motifs within the mouse miR-101 promoter
(MO01031 motif; Figures 4B and S7; Tables S1
and S2). To validate these predictions, we co-ex-
pressed the promoter region of miR-101b with
HNF-4A into HEK293 cells. HNF-4A overex-
pression caused a 2.2-fold increase in miR-101b
expression (luciferase intensity) compared with
that in control cells (Figure 4C). In contrast,
administration of a HNF-4A inhibitor (BI6015)
or simultaneous HDAC2 overexpression signifi-
cantly reduced luciferase intensity (Figure 4C).
We also performed chromatin immunoprecipita-
tion (ChIP) assays and identified a substantial
decrease in HNF-4A binding to the endogenous miR-101 promoter
following HDAC2 overexpression compared to that observed in con-
trol cells (Figure 4D).
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Previous studies indicated that HNF-4A acetylation is required for its
transcriptional activity.'® Interestingly, the pan-acetylation levels of
HNF-4A were substantially reduced (40% of the level identified in
the vector controls) in HDAC2-overexpressing neurons (Figure 4E).
According to a previous proteomics study, lysine 458 of HNF-4A is
the only site that is regulated by acetylation.'” We subsequently
generated the K458A mutant of HNF-4A and determined that this
mutant cannot induce miR-101b expression (luciferase intensity) to
the same extent as wild-type HNF-4A (Figure 4C). Moreover,
HDAC2 overexpression induced greater phosphorylation of HNF-
4A at the Ser304 epitope (Figure 4F), which is phosphorylated by
AMPK to inhibit its transcriptional activity.”” Similar results were ob-
tained from the hippocampus of 12-month-old 3xTg-AD mice
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(Figures 4G-4I). Therefore, the suppression of miR-101b by HDAC2
was further increased by activation of AMPK, which forms a strong
regulatory feedback loop.

miR-101b Overexpression or AMPK Silencing Attenuates
HDAC2-Induced Tauopathy and Dendritic Impairments

We subsequently investigated whether the restoration of miR-101b
or AMPK could rescue the effects induced by HDAC2. We deter-
mined that overexpression of the miR-101b mimic or downregula-
tion of AMPK using small interfering RNAs (siRNAs) reversed tau
hyperphosphorylation following HDAC2 overexpression in neu-
rons (Figures 5A-5G). miR-101b mimics or AMPK siRNAs also
restored tau localization and aggregation (Figures 5H and 5I).
Similar positive effects were identified on dendrites (Figures 6A-
6C) and spines (Figures 6D-6F). Thus, rebuilding the miR-101b/
AMPK pathway may rescue both AD-like pathologies induced by
HDAC2.
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Figure 3. HDAC2 Induces AMPK Expression via
Inhibition of miR-101b

(A-C) Cultured mouse hippocampal neurons were infected
with lenti-HDAC2-GFP (HDAC2) or lenti-GFP (vector) for 72 hr,
and the cell lysates were used to measure the AMPK activity
via a commercial kit (A), as well as AMPK protein (B) and
mRNA (C) levels. **p < 0.01 (versus vector; Student’s t test;
n = 4). (D) Total RNA was purified from infected mouse hip-
pocampal neurons by the Tiangen miRNA extraction kit.
gPCR was subsequently performed to determine the content
of the listed miRNAs. **p < 0.01 (versus vector; Student’s t
test; n = 4). (E) Bioinformatic analysis indicates that the miR-
101b binding site in the 3’ UTR of AMPK mRNA (PRKAAT) is
conserved across mammals. (F) Both the wild-type and
mutant 3'UTR of PRKAAT asindicated in (E) were constructed
in the pSi-Check vector and co-transfected with miR-101b
mimics (miR-101b) or scrambled control (Scr) into HEK293
cells; luciferase intensity was determined after 48 hr. **p < 0.01
(versus Scr; one-way ANOVA, Tukey’s multiple comparisons
test; n = 4). (G and H) Cultured mouse hippocampal neurons
were transfected with miR-101b mimics (miR-101b) or miR-
101b antagomirs (I-miR-101b), and the cell lysates were used
to detect AMPK protein (G) and mRNA (H) levels. **p < 0.01
(versus control; one-way ANOVA, Tukey’s multiple compari-
sons test; n = 4). (I and J) Cultured mouse hippocampal
neurons were transfected with HDAC2 (HDAC2), HDAC2 plus
miR-101b mimics (HDAC2+miR-101b), or eGFP plus anta-
gomir control (control), and the cell lysates were used to detect
the AMPK protein (I) and miR-101b (J) levels. **p < 0.01
(versus control; one-way ANOVA, Tukey’s multiple compari-
sons test; n = 4). Data are presented as mean + SEM.

Vector HDAC2

== Scr
= miR-101b

KK

* %
miR-101b Overexpression or AMPK Silencing

Relative level (% of Vector)

o

°6‘> & < Rescues Memory Deficits in AD Mice
&

& Finally, we investigated the miR-101b/AMPK
pathway in 3xTg-AD mice, which were shown to
have increased HDAC2 levels. We initially showed
that the miR-101b and AMPXK levels were affected
in the hippocampus of 12-month-old 3xTg-AD
mice but not 3-month-old 3xTg-AD mice (Figures 7A and 7B), which
further suggests that this alteration is disease specific. Notably, the
administration of miR-101b mimics or lentivirus-expressing AMPK
siRNAs (si-AMPK) in 12-month-old 3xTg-AD mice improved their
hippocampus-dependent memory in the Morris water maze (Figures
7C-7F). In fear conditioning tasks, we determined that the deficits in
short-term and remote memory were substantially improved following
the administration of miR-101b mimics or si-AMPK (Figures 7G-71).
As previously indicated, these treatments ameliorated tau phosphoryla-
tion (Figures 7] and 7K) and dendritic impairments in 3xTg-AD mice
(Figures 7L-7N). Collectively, these findings demonstrate that a
target-specific strategy to rebuild the miR-101b/AMPK pathway atten-
uates AD-like tauopathy and dendritic deficits in vivo.

DISCUSSION
HDAC?2 is a class T histone deacetylase that predominantly localizes in
the nucleus and plays important roles in neuronal development and
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Figure 4. HDAC2 Suppresses miR-101b Transcription
by Deacetylating HNF-4A

(A) Cultured mouse hippocampal neurons were transfected
with HDAC2 (HDAC2) or the corresponding control vector
(vector), and pri- and pre-miR-101b were detected by
gPCR. **p < 0.01 (versus vector; one-way ANOVA, Tukey’s
multiple comparisons test; n = 4). (B) Diagram of the binding
motif (M00134) of the HNF-4A transcription factor with the
miR-101b promoter. (C) The promoter region of miR-101b
was cloned into the pGL3 vector and was co-transfected
with HNF-4A or its corresponding vector control. Luciferase
activity was evaluated after 24 hr in transfected cells and
cells treated with BI6015 (an HNF-4A inhibitor) or HNF-4A
plus HDAC2. **p < 0.01, *p < 0.01 (versus vector and
HNF-4A, respectively; one-way ANOVA, Tukey’s multiple
comparisons test; n = 4). (D) Hippocampal neurons were
transfected with HDAC2 or the corresponding control
vector, and the cell lysates were used in a ChIP assay to
examine the binding ability of HNF-4A with the miR-101b
promoter following HDAC2 overexpression. Upper and
middle panels, PCR; lower panel, western blot. HDAC2- or
vector-control-infected neuronal lysates were immunopre-
cipitated with anti-HNF-4A antibody or IgG (n = 3 inde-
pendent experiments). (E and F) Cell lysates were
immunoprecipitated with anti-HNF-4A, and binding was
detected with a pan-acetylation antibody (E). Cell lysates
were analyzed via western blot to examine HNF-4A phos-
phorylation at Ser304 (F). **p < 0.01 (versus vector;
Student’s t test; n = 3 independent experiments). (G) A ChlP
assay was performed in 12-month-old 3xTg-AD mice and
wild-type control littermates (wt) using hippocampal ho-
mogenates. (H and 1) Hippocampal homogenates were
immunoprecipitated with anti-HNF-4A, and binding was
detected with a pan-acetylation antibody (H). Homogenates
were analyzed via western blot to examine HNF-4A phos-
phorylation at Ser304 (l). *“p < 0.01 (versus wild type; Stu-
dent’s t test; n = 3 independent experiments). Data are
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adult synaptic plasticity.”' In post-mortem brain samples from pa-
tients with non-familial AD, HDAC?2 is elevated in the CA1 hippo-
campal area and in the entorhinal cortex, which represent two brain
areas strongly affected by AD.” Furthermore, in a mouse model of
AD, the application of HDAC inhibitors attenuates AB oligomer-
induced drebrin loss from dendritic spines,22 decreases AP levels,
® This evidence strongly
suggests a critical role of HDAC2 in various aspects of AD pathogen-
eses, such as the amyloid precursor protein (APP) process, synaptic
dysfunction, and memory impairment. The accumulation of
HDAC?2 also occurs at the beginning at Braak stages I/II, which are
characterized by the accumulation of hyperphosphorylated tau pro-
tein in the brain, and correlates with cognitive decline. Here, we iden-
tified a positive correlation between HDAC2 expression and tau
phosphorylation in the brains of AD-like mice. HDAC2 overexpres-
sion resulted in tau hyperphosphorylation and aggregation as well as

. . 2
and improves learning and memory.

dendritic impairments. Our data validate and extend the importance
of epigenetic factors in the regulation of pathological changes associ-
ated with AD.

Tau undergoes multiple abnormal post-transcriptional modifications
in AD, such as hyperphosphorylation or acetylation.” In this study, we
determined that HDAC2 overexpression mainly affects tau phos-
phorylation. The screening of known tau kinases and phosphatases
identified AMPK as a prominent effector. AMPK is a highly
conserved serine/threonine protein kinase and metabolic sensor ex-
pressed in most mammalian cell types. It has been proposed that
AMPK regulates neurodegeneration via the upregulation of BACE1
to increase the generation of both intracellular and extracellular A
levels™ as well as via the direct phosphorylation of tau at Thr231
and Ser396/404.>° Therefore, AMPK may represent a common de-
nominator in neurodegenerative diseases and a promising target for
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anti-AD drugs.” There are contradictory reports of AMPK activation

in AD; however, new evidence suggests gender-specific effects of
AMPK activation.”” In addition, low levels of AMPK activation
have been associated with improved cognition, whereas a higher de-
gree of activation was linked to elevated catecholamine levels, induced
neuronal apoptosis, and impaired cognition.28 In a mouse model of
AD, pharmacological activation of AMPK by the anti-diabetic drug
metformin led to impaired learning and memory in male APP mice
but was protective in female mice.”” In our study, AMPK activity
and expression were substantially increased following HDAC2 over-
expression, which led to abnormal hyperphosphorylation and tau ag-
gregation and the resultant mislocalization of tau to dendritic spines
as well as decreased expression of the a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) glutamate receptor, as previously
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targeting APP>> or RanBP9, which encodes for
the RanBP9 protein to enhance the proteolytic
processing of APP and AP generation both in vivo and in vitro.** In
the present study, we demonstrate that miR-101b directly targets the
3’ UTR of AMPK to post-transcriptionally regulate its protein levels.
We further identified a physical binding of the HNF-4A transcription
factor to the promoter region of miR-101b. While the binding of
HNF-4A to the miR-101b promoter is under the control of acetylated
HNF-4A,'* HDAC2 overexpression reversed these effects.

Together, our findings not only identify a novel mechanism of
HDAC2 action in the progression of AD but also indicate that this
mechanism can restore the expression of miR-101b or AMPK and
rescue AD mice from identified abnormalities (Figure 8). Moreover,
these findings provide novel therapeutic candidates based on
miRNAs and/or epigenetics.
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Figure 6. Administration of miR-101b Mimics or Silencing of AMPK Reduces Dendritic Abnormalities

(A-C) Mouse hippocampal neurons were cultured to DIV 7 and infected with control vectors (1), HDAC2 (2), HDAC2 plus miR-101b mimics (3), HDAC2 plus si-AMPK (4),
miR-101b mimics alone (5), or si-AMPK alone (6) for 72 hr. (A) The neurons were subsequently cultured to DIV 14, and images were collected with an LSM710 laser confocal
microscope. (B) DCls were calculated as described in the Materials and Methods. *p < 0.01, *p < 0.01 (versus vector and HDAC2, respectively). (C) Sholl analysis was
performed to measure the dendritic complexity (n = 49-55). (D-F) Dendritic spines were visualized in cultured hippocampal neurons by the intensity of the GFP reporter fused
to the lentivirus (D). Quantitative analyses of the spine density (E) and the percentages of different spine types (F) were performed. **p < 0.01, #5 < 0.01 (versus vector and

HDAC?2, respectively; n = 32-34). Data are presented as mean + SEM.

MATERIALS AND METHODS

Antibodies and Reagents

All animal experiments were carried out according to the “Policies
on the Use of Animals and Humans in Neuroscience Research”
revised by the Society for Neuroscience in 1995 and approved by
the animal ethnic committee of Huazhong University of Science
and Technology.

All of the primary antibodies used in this study are listed in Table S3.
The HDACI plasmid was a kind gift from Dr. Patrizia Casaccia at
Mount Sinai School of Medicine. The ¢cDNAs of HDAC2 and
HDACS3 were obtained from in-house cDNA banks of mouse brain.
All three cDNAs were constructed to the FUGW2.1 vector for viral
packaging. Lipofectamine 2000 was purchased from Invitrogen. Cell
culture media were from GIBCO. The short hairpin RNA (shRNA)-
AMPK plasmid toward mouse AMPK (NM_001013367.3) was con-
structed to vector GV102 by Neuronbiotech. The primers used for
AMPK were as follows: 5-TCTGAGGGGCACCAAGAAAC-3
(forward) and 5-GTGGGTGTTGACGGAGAAGAG-3' (reverse).
The primers for miR-101a, miR-101b, miR-137, miR-19, miR-130,
miR-148 detection, and miR-101b mimics and antagonimers were
purchased from Ribobio. The HNF-4A (NM_008261.2) cDNA
was cloned to the pcDNA3.0 vector by using the following primers:

5'-GGTAGGGGAGAATGCGACT-3' (forward) and 5-TAGGTTA
CTCCCAGGTGCTC-3' (reverse). The promoter sequence of miR-
101b was cloned as shown in Figure S6.

Filter/Trap Assays for Tau Aggregates

Filter/trap assays were performed as described previously with minor
modifications.”” Cells were lysed in a buffer containing 0.5% Nonidet
P-40, 1 mM EDTA, 50 mM Tris-HCI, pH 8.0, 120 mM NaCl, and a
protease inhibitor mixture. After brief sonication, cell lysates were
passed through a cellulose acetate membrane (0.2 pm; Bio-Rad) using
a Bio-Dot Microfiltration Apparatus (Bio-Rad) and were washed for
15 min (three times) with 1% SDS followed by immunoblotting using
Tau5 antibody. Quantitative dot-blot analyses were used to determine
the level of tau aggregates.

ChIP Assay

The ChIP assay was performed as previously reported.”® Briefly, cells
were cross-linked in medium containing 1% formaldehyde for 10 min
at room temperature. Cells were then lysed for ChIP in buffer containing
50 mM Tris-HCl, pH 8.1, 1% SDS, 10 mM EDTA, and Complete
Protease Inhibitor Cocktail (Roche), then sonified to obtain 200- to
1,000-bp DNA fragments. ChIP was performed according to the ChIP
Assay Kit (Millipore) protocol. Primers for the miR-101b promoter
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Figure 7. miR-101b Overexpression or AMPK Silencing Rescues Memory Deficits in AD Mice
(A and B) Hippocampi homogenates were prepared from 3-month-old (3 m) and 12-month-old (12 m) 3xTg-AD mice (Tg) and wild-type (Wt) littermates. miR-101b mRNA (A)
and AMPK protein (B) levels were analyzed. **p < 0.01 (versus wild type; Student’s t test; n = 4). (C) miR-101b mimics (3xTg-AD+miR-101b) or lentivirus-packed
AMPK-siRNA (3xTg-AD+si-AMPK) were injected into the hippocampus of 12-month-old 3xTg-AD mice, and their memory functions were analyzed with the Morris water
maze. Representative traces and latencies to the platform were recorded. **p < 0.01 (versus wild type and 3xTg-AD, respectively; only one symbol is labeled because of
space limitations; two-way ANOVA, Bonferroni multiple comparisons test; n = 12). Animals treated with miR-101b mimics and AMPK-siRNA virus both exhibit reduced

760 Molecular Therapy Vol. 25 No 3 March 2017

[
a

N Ny w
o o =]

=3
o«

Molecular Therapy

= 400 — WU % %k
= -— Tg
=
]
=2 300
b=y
[}
= 200
2
=
£ 100
=
8
[
© 90
3m 9m
F 47
#4
EX 3 #;#
2 31
E
=
#agg P22 et
- , ?
8
nlln ¢’
< 0
N N NG
& "étb’\“\ stg & n’_‘/_\é :9\ Q’b
&5 K
(\lfs‘"\ ’\‘ oo
b g E
K
ps214 pT231
250 2300
é g KK
£ xK £ 200
<20 = a4
2 L RT)) ##
& s
g o g o
1.2 3 4 1.2 3 4
ATS ps262
200
T
o = XX
£ #gy 220 o
< 100 E #4#
% Ewo
g o g o
1.2 3 4 1.2 3 4
Tau1 AMPK
%200 gsw %
g 2 400
£ #4800 a4
o 100 Py 200 XK
3 o 2 ##
& B 100
€ 0 g o
1.2 3 4 1.2 3 4

<&

(legend continued on next page)



www.moleculartherapy.org

Physiological conditions

> @

€66 €6

HOABD — R({Q/_\\\(@ Active

3
éde éd

Alzheimer’s disease

— HNEED

> — \@l@l@b Silenced

Sy
— Active 7"""’—]}@@@{[ Silenced
miR-101b promoter miR-101b promoter l
T~— miR-101b ——
miR-101b ~ o~
=
~
== =
Silenced MI)MM—'EE“— Active
AMPK 3'UTR AMPK 3'UTR
=1 !
Normal tau Tauopathy

Figure 8. Diagram of the Current Study

Inthe AD brain, HDAC2 is upregulated and induces the deacetylation of the HNF-4A
transcription factor, which leads to the inhibition of HNF-4A and the suppression of
miR-101b expression. The loss of MiR-101b induces AMPK overexpression and
ultimately results in tauopathy. Data are presented as mean + SEM.

region were as follows: 5’-TGCTGGCATCCTTTTTCCTT-3 (forward)
and 5-CTACCTGCCCCTCCCACTT-3' (reverse).

Immunofluorescence and Confocal Microscopy

A total of four 3xTg-AD [Tg(APPSwe,tauP301L)1Lfa, MMRRC stock
no. 34830-JAX]’” mice were euthanized at 12 months by an overdose
of chloral hydrate (1 g/kg) and were perfused with 100 mL 0.9% NaCl
followed by 400 mL phosphate buffer containing 4% paraformalde-
hyde through the aorta. Two hours later, the brains were rapidly
dissociated and post-fixed in perfusate overnight and then cut into
sections (15-20 pm) with a vibratome (S100, TPI; Leica). Mouse brain
sections were collected consecutively in PBS for immunofluorescence
staining. Free-floating sections were incubated in BSA to block non-
specific sites for 30 min at 25°C. Sections were then incubated over-
night at 4°C with primary antibodies and rabbit HDAC2 antibody for
24 hr. Sections were washed with PBS and were subsequently incu-
bated with mouse monoclonal Taul, Tau5, or AT8 for another
24 hr. Sections were then washed with PBS for 30 min and were sub-

sequently incubated with secondary antibodies Alexa Fluor 488
(donkey anti-mouse) or Alexa Fluor 546 (goat anti-rabbit) for 1 hr
at 37°C. The hippocampal region was imaged using a laser confocal
microscope (LSM780; Carl Zeiss).”®

Morris Water Maze

As described in our previous studies,”® spatial learning and memory
were assessed by the Morris water maze test. For spatial learning,
the mice were trained to find a hidden platform in the water maze
for 6 consecutive days, four trials per day (with a 1-min interval)
from 14:00 to 20:00 pm. Each trial began when the mouse started
from one of the four quadrants facing the wall of the pool and ended
when the animal climbed on the platform. If the mouse did not locate
the platform within 60 s, the animal was guided to the platform. The
swimming path and the time used to locate the platform (latency) were
recorded by a video camera fixed to the ceiling of the room, 1.5 m from
the water surface. On day 7, mice were tested on the time taken to find
the hidden platform (escape latency), and the swimming path from the
first quadrant by the camera was connected to a digital-tracking device
attached to an IBM computer. Spatial memory was tested 2 days after
training (day 9). The platform was removed and we recorded the per-
centage of time spent and total distances in the target quadrant and the
number of platform quadrant crosses.

Contextual Fear Conditioning

During the training phase of the fear conditioning, the animals were
placed in the conditioning chamber for 3 min and then were subjected
to 180-s unsignaled footshocks (one shock at the first 60 s, three
shocks at the second 60 s, and eight shocks at the third 60 s; 0.5
mA, 2-s duration, and 1 min apart). After the last shock, animals
were kept in the chamber for another 60 s and were then returned
to their home cages. During the testing phase, the animals were placed
back into the conditioning chamber for 180 s. At the end of each ses-
sion, animals were returned to their home cages and the chambers
were cleaned with 70% ethanol. The conditioning chamber had a
plexiglas front and gray side and back walls (175-mm wide x
165-mm deep x 300-mm high), and the chamber floors consisted
of 26 stainless-steel rods (2-mm diameter) placed 5 mm apart. The
rods were connected to a shock generator via a cable harness. All ex-
periments were conducted using a video tracking system to measure
the activity and freezing behavior of the animals. Freezing was defined
as a complete absence of movement, and the duration of the freezing

latencies compared with the vehicle-treated 3xTg-AD mice. (D-F) On the ninth day of the Morris water maze test, the platform was removed to perform the probe test. The
total time spent in the target quadrant (D), the first time to reach the platform (E), and the crossing times to the platform region (F) were analyzed. **p < 0.01, #p < 0.01 (versus
wild type and 3xTg-AD, respectively; one-way ANOVA, Newman-Keuls multiple comparisons test; n = 12). (G-I) Mice were also subjected to an analysis of contextual fear
memory. A retrieval test of the freezing response measured at 24 hr after fear training (recent memory) (G) and at 28 days after fear training (remote memory) (H) and
quantitative analyses of the average freezing response over the 3-min session (I) were performed. **p < 0.01, *#p < 0.01 (versus wild type and 3xTg-AD, respectively; two-way
ANOVA, Bonferroni multiple comparisons test; n = 12). (J and K) Mouse hippocampi were extracted, and tau protein phosphorylation was analyzed. Representative images
are shown in (J), and quantitative analyses were performed in (K). **p < 0.01, *p < 0.01 (versus groups 1 and 2, respectively; two-way ANOVA, Bonferroni multiple
comparisons test. n = 4). Groups are as follows: group 1, wild-type mice; group 2, 3xTg-AD mice; group 3, 3xTg-AD mice plus miR-101b mimics; and group 4, 3xTg-AD mice
plus si-AMPK. (L-N) Brain slices were collected from the mice treated as previously described. The dendritic spines were visualized by a GFP-expressing virus (L), which was
co-injected with miR-101b mimics, lenti-si-AMPK, or control. Quantitative analyses of the spine density (M) and the percentage of different spine types (N) were performed in
28 neurons from three mice per group. **p < 0.01, *p < 0.01 (versus groups 1 and 2, respectively; two-way ANOVA, Bonferroni multiple comparisons test; n = 4). Data are

presented as mean + SEM.
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response was scored at 1 s after the sustained freezing behavior. For
each testing session, freezing (in percentages) was then averaged

. et 40
among animals within the same group.

Primary Hippocampal Neuron Culture

Cultures of dissociated hippocampal neurons were prepared from
embryonic E18 mice as previously described.*"** The hippocampi
of embryos were dissected and trypsinized by TrypLE Express (Invi-
trogen) for 15 min at 37°C. Dissociated neurons were plated onto
poly(D-lysine)-coated (Sigma) coverslips in a 12-well plate or tissue
culture dish covered with a glass bottom (WPI) at a higher density
(400-600 neurons/mm?) for western blotting and a lower density
(100-200 neurons/mm?) for immunofluorescence. Neurons usually
attached to the substrate after they grew in the plating medium
(DMEM/F12 with 10% fetal bovine serum [FBS] and 100 U/mL peni-
cillin/streptomycin) for 2-4 hr. Neurobasal medium (Invitrogen)
supplemented with 2% B-27 (Invitrogen) was then replaced after
attachment every 3 days. For virus infection, cultures were infected
with lentivirus (purchased from Neuron Biotech). The titer of the vi-
rus reached 5 x 10® IU/mL and 10 pL virus was added to 290 pL con-
dition medium per well in a six-well plate expressing HDAC2-EGFP,
HDAC1-EGFP, HDAC3-EGFP, FUGW?2.1 vector alone, or lenti-si-
AMPK or lenti-scrambled si-AMPK at day in vitro (DIV) 7 for
72 hr. Infected neurons were cultured until DIV 14 for further
biochemical, morphological, and imaging analyses. The dendritic
complexity index was calculated for each neuron, as reported previ-
ously: DCI = [(sum of branch tip orders + number of branch tips)(to-
tal arbor length)/(number of primary dendrites)].** The Sholl analysis
was used to determine the complexity of dendrites, as previously
described.** The dendritic spines were measured according to a pre-
viously reported method in two segments of 20 pum each (90-110 um
and 190-210 um from the soma) on one of the main branches.*

Real-Time PCR

Total RNA from cells was extracted with TRIzol reagent (Invitrogen),
and 1 pg RNA was reverse transcribed. QRT-PCR was performed on
an ABI StepOne Plus system (Applied Biosystems) using SYBR Green
Premix Ex Taq (Takara). MicroRNA was extracted using a miRNA
isolation kit (Tiangen). Reactions were prepared in a total volume
of 10 UL containing the following: 0.5 nL ¢cDNA (100 ng/uL), 1 uL
of each 2-uM primer (300 mM each), 5 uL SYBR Green, and
2.5 pL RNase/DNase-free sterile water. Blank controls were run in
triplicate for each master mix. Cycle conditions were set as follows:
initial template denaturation at 95°C for 1 min, followed by 40 cycles
of denaturation at 95°C for 5 s, combined primer annealing at 60°C
for 30 s, and elongation at 72°C for 30 s. This cycle was followed by a
melting curve analysis, ranging from 60°C to 95°C, with temperature
increases by steps of 0.5°C every 10 s. Primers for miRNA detection
were purchased from GeneCopoeia. MicroRNA was extracted using a
miRNA isolation kit (Tiangen).

Western Blotting

Cells were rinsed twice in PBS at pH 7.5 and lysed with buffer contain-
ing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
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deoxycholate, 0.1% SDS, 0.02% NaNj;, 100 pg/mL PMSF, and
10 pg/mL each of the protease inhibitors (leupeptin, aprotinin, and
pepstatin A), followed by boiling for 5-6 min and then sonication
for 5 s on ice. Cell lysates were then centrifuged at 12,000 x g for
5 min at 4°C; aliquots of supernatants were added to one-third vol-
ume of 4x sample buffer, 10% beta-mercaptoethanol (ME), and
0.05% bromophenol blue and then stored at —20°C or used immedi-
ately. Protein concentration was quantitated using the BCA Protein
Assay Reagent (Pierce).***

Equal amounts of protein were separated by SDS-PAGE (10% gel)
and transferred to nitrocellulose membranes. The membranes were
blocked with 5% non-fat milk dissolved in PBS (50 mM Tris-HClI,
pH 7.6, 150 mM NacCl) for 30 min to 1 hr and were probed with pri-
mary antibodies overnight at 4°C. Then the blots were incubated with
goat anti-mouse or anti-rabbit conjugated to IRdye 800 (1:15,000;
Rockland Immunochemicals) for 1 hr at 25°C. The protein bands
were visualized and quantified by the Odyssey infrared imaging
system (LI-COR). Levels of phosphorylated protein tau were normal-
ized against the total protein tau; protein levels of PKA, GSK-38,
PP2Ac, and cdk5 were normalized against a-tubulin (DM1A); and
the amount of protein was expressed as the relative level of the sum
optical density against controls.

The tau fractioning analysis was performed as reported previously.'”
HEK293/tau cells were harvested 48 hr after transfection and lysed in
breaking buffer with 0.25 M sucrose/10 mM HEPES, pH 7.2/1 mM
MgOAc,/protease inhibitors mixture. The cytosol fraction was pre-
pared from the post-nuclear supernatant by ultracentrifugation for
1 hr at 190,000 x g. The resulting membrane pellet was resuspended
and incubated on ice for 30 min with 5 uM nocodazole, followed by
ultracentrifugation for 1 hr at 190,000 x g to produce post-nocoda-
zole supernatants that contain the microtobule-bound tau. The gener-
ated pellets containing both membrane-associated and aggregated tau
were further extracted using 100 mM sodium carbonate buffer, pH
11.5, at 4°C for another 30 min. The post-Na,CO; pellets were
prepared by ultracentrifugation at 190,000 x g for 1 hr and washed
with 1% SDS to produce a fraction containing tau aggregates. Aliquots
containing equal amounts of protein were analyzed by SDS-PAGE/
western blotting for tau using Tau5. Western blotting results were
quantified by densitometry to determine the tau level in each fraction.

Statistical Analysis

Data are presented as means + SEM. All statistical tests were
performed with GraphPad Prism software (version 5) as previously
reported.”” Statistical analysis was performed by using the Student’s
t test or ANOVA, followed by tests as specified in the figure legends,
respectively. The statistical significance of experiments involving two
experimental conditions was assessed by the unpaired Student’s t test
(two-sided), whereas that of experiments involving three or more
experimental conditions was assessed by one-way ANOVA followed
by the Tukey, Newman-Keuls, or Bonferroni post hoc test. Correla-
tions were assessed by linear regression and Spearman’s correlation.
Null hypotheses were rejected at p < 0.05.
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