
Cellular/Molecular

Restoring Tip60 HAT/HDAC2 Balance in the
Neurodegenerative Brain Relieves Epigenetic
Transcriptional Repression and Reinstates Cognition
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Cognitive decline is a debilitating hallmark during preclinical stages of Alzheimer’s disease (AD), yet the causes remain unclear. Because
histone acetylation homeostasis is critical for mediating epigenetic gene control throughout neuronal development, we postulated that its
misregulation contributes to cognitive impairment preceding AD pathology. Here, we show that disruption of Tip60 histone acetlytrans-
ferase (HAT)/histone deacetylase 2 (HDAC2) homeostasis occurs early in the brain of an AD-associated amyloid precursor protein (APP)
Drosophila model and triggers epigenetic repression of neuroplasticity genes well before A� plaques form in male and female larvae.
Repressed genes display enhanced HDAC2 binding and reduced Tip60 and histone acetylation enrichment. Increasing Tip60 in the
AD-associated APP brain restores Tip60 HAT/HDAC2 balance by decreasing HDAC2 levels, reverses neuroepigenetic alterations to
activate synaptic plasticity genes, and reinstates brain morphology and cognition. Such Drosophila neuroplasticity gene epigenetic
signatures are conserved in male and female mouse hippocampus and their expression and Tip60 function is compromised in hippocam-
pus from AD patients. We suggest that Tip60 HAT/HDAC2-mediated epigenetic gene disruption is a critical initial step in AD that is
reversed by restoring Tip60 in the brain.

Key words: Alzheimer’s disease; cognition; histone acetylation; neuroepigenetics; neuroplasticity genes; Tip60

Introduction
Mild cognitive impairment (MCI) is a debilitating hallmark dur-
ing preclinical stages of Alzheimer’s disease (AD), yet the molec-

ular causes remain unclear. Because epigenetic transcriptional
control mechanisms in the brain are fundamental throughout the
lifetime of a neuron and influence cognitive function (Kim et al.,
2010; Meaney and Ferguson-Smith, 2010; Roth et al., 2010; Pei-
xoto and Abel, 2013), we postulated that their misregulation con-
tributes to the cognitive deficits that precede AD pathology
(Levenson et al., 2004; Peleg et al., 2010). Histone acetylation is
well characterized for its role in governing cognitive ability epi-
genetically by regulating synaptic gene expression via control
of chromatin packaging in neurons (Borrelli et al., 2008;
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Significance Statement

Mild cognitive impairment is a debilitating hallmark during preclinical stages of Alzheimer’s disease (AD), yet its causes remain
unclear. Although recent findings support elevated histone deacetylase 2 (HDAC2) as a cause for epigenetic repression of synaptic
genes that contribute to cognitive deficits, whether alterations in histone acetlytransferase (HAT) levels that counterbalance
HDAC2 repressor action occur and the identity of these HATs remain unknown. We demonstrate that disruption of Tip60 HAT/
HDAC2 homeostasis occurs early in the AD Drosophila brain and triggers epigenetic repression of neuroplasticity genes before A�
plaques form. Increasing Tip60 in the AD brain restores Tip60 HAT/HDAC2 balance, reverses neuroepigenetic alterations to
activate synaptic genes, and reinstates brain morphology and cognition. Our data suggest that disruption of the Tip60 HAT/
HDAC2 balance is a critical initial step in AD.
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Riccio, 2010; Nelson and Monteggia, 2011). Appropriate histone
acetylation homeostasis is maintained by the antagonistic activity
of histone acetlytransferases (HATs) and histone deacetylases
(HDACs) that activate and repress gene expression, respectively.
Disruption of this fine-tuned epigenetic balance in the brain in-
volving reduced histone acetylation levels causes transcriptional
dysregulation that is a key step in AD etiology (Gräff et al., 2012;
Lu et al., 2015). However, whether epigenetic controlled gene
alterations are an initial event in AD that contributes to MCI or if
they are a consequence of disease progression remains to be de-
termined. Moreover, whereas recent findings support elevated
HDAC2 as a cause for epigenetic repression of synaptic genes that
contribute to cognitive deficits (Gräff et al., 2012), whether alter-
ations in HAT levels that act to counterbalance HDAC2 repressor
action occur and the identity of these HATs remain unknown.

Accumulating evidence demonstrates that impairment of
cognitive ability precedes amyloid deposition by over a year in a
variety of mouse AD models (Stokin et al., 2005; Steele et al.,
2014), yet molecular mechanisms that trigger these deficits re-
main poorly understood. Synaptic defects are observable at just 4
months of age in multiple AD mouse models and, similarly, loss
of synaptic connectivity is evident during early stages of the hu-
man disease (Jacobsen et al., 2006). Such preclinical AD pathol-
ogies are conserved in the AD-associated human amyloid
precursor protein (APP) Drosophila model in which deficits in
synaptic plasticity in the fly neuromuscular junction (Torroja et
al., 1999), axonal transport in CNS motor neurons, and apoptotic
neuronal cell death in the brain are detected in third instar larvae
(Sarthi and Elefant, 2011; Johnson et al., 2013) well before A�
plaques and adult lethality occur (Bolkan et al., 2012; Pirooznia et
al., 2012b). Likewise, in an A�42 Drosophila model designed to
produce A�42 peptide robustly in the brain to exacerbate plaque
burden, onset of early memory defects precede full A� peptide
aggregation by several weeks (Iijima and Iijima-Ando, 2008). We
demonstrated previously that the HAT Tip60 is critical for cog-
nitive processes based on its role in neural epigenetic gene control
and, remarkably, it protects multiple cognitive neural circuits
impaired in the Drosophila brain during early AD-associated
neurodegenerative progression (Lorbeck et al., 2011; Pirooznia et
al., 2012a; Johnson et al., 2013; Xu et al., 2014). These findings
raise the possibility that disruption of Tip60 HAT function is
involved in the cognition deficits that precede AD pathology.

Here, we tested the hypothesis that HAT Tip60 acts to coun-
terbalance HDAC2 action in mediating epigenetic control of
neuroplasticity genes and that this balance is disrupted during
early stages of AD. We show that disruption of Tip60 HAT/
HDAC2 homeostasis occurs early in the AD neurodegenerative
Drosophila brain and initiates epigenetic repression of neuroplas-
ticity genes well before A� plaques and lethality occur. Repressed
genes show enhanced HDAC2 binding and reduced Tip60 and
histone acetylation enrichment. Remarkably, increasing Tip60 in
the AD brain restores Tip60 HAT/HDAC2 balance, reverses neu-
roepigenetic alterations and gene repression, and reinstates brain
morphology and cognition. These Drosophila neuroplasticity
gene epigenetic signatures are conserved in mouse hippocampus
and their expression and Tip60 HAT function are compromised
in hippocampus from AD patients. Our findings are first to
demonstrate that disruption of Tip60 HAT/HDAC2 homeo-
stasis and concomitant epigenetically mediated neuroplastic-
ity gene repression is a critical initial step in AD-associated
cognitive decline.

Materials and Methods
Human material. For all human studies, human hippocampal samples
were purchased from MyBioSource and Amsbio, with informed consent
by all donors. Control brains included one male and two females with an
age range of 86 –92 years. AD brains were from one male and two females
with an age range of 84 –90 years. For immunohistochemical analysis,
human control and AD hippocampal tissues sections were obtained and
fixed in formalin and frozen. Antigen retrieval was performed on pre-
fixed hippocampal sections. After antigen retrevial, brain slices were re-
hydrated and blocked with 1� blocking reagent (Roche) for 30 min at
room temperature (RT) and incubated with primary anti-Tip60 (Abcam,
ab23886), anti-NeuN (Millipore, MAB377), and anti-GFAP (Abcam,
ab10062) antibody in blocking solution overnight at 4°C. The next day,
samples were washed in PBST at RT and incubated for 2 h at RT with
Alexa-Fluor 647 and Alexa-Fluor 488. After washing three times in PBS,
samples were mounted in ProLong Gold antifade reagent with DAPI
(Life Technologies, P36941). Confocal microscopy was performed using
an Olympus microscope with fluoview acquisition software (Olympus).
Images were adjusted for size using ImageJ software.

For RT-qPCR analysis, cDNA was obtained from healthy control
(RNA integrity number, RIN 8.3) and AD (RIN 8.5) brains. qRT-PCRs
were performed in a 20 �l reaction volume containing cDNA, 1 �M

Power SYBR Green PCR Master Mix (Applied Biosystems), and 10 �M

forward and reverse primers (for primer sequences, see extended data
Fig. 2-1, available at https://doi.org/10.1523/JNEUROSCI.2840-17.
2018.f2-1). RT-qPCR was performed using an ABI 7500 Real-Time PCR
system (Applied Biosystems) following the manufacturer’s instructions.
Fold change in messenger RNA expression was determined using the
��Ct method.

For Western blot analysis, protein samples were electrophoresed on
10% SDS-PAGE gels and transferred to nitrocellulose membranes. Blots
were blocked in TBST buffer containing 5% nonfat milk and then incu-
bated overnight at 4°C with primary anti-Tip60 (Abcam, ab23886), anti-
H4K5ac (Active Motif, 39699), anti-H4K12ac (Active Motif, 39166),
anti-H4K16ac (Active Motif, 39168), and anti-�-actin (JLA20, DSHB,
University of Iowa) antibodies diluted in TBST. Blots were washed and
incubated with appropriate secondary antibodies (Odyssey) for 1 h at RT
and scanned using a Western blot detection system (Odyssey). Total
proteins were normalized to �-actin proteins. Densitometry was deter-
mined based on band intensity using ImageJ software.

Animal model. All mouse work was approved by the Institutional An-
imal Care and Use Committee at Drexel University. Six dissected hip-
pocampus or tissue specificity control liver tissue samples were obtained
from an equal number of mixed male and female C57BL 6-month-old
control mice. Chromatin was extracted and sheared from mice hip-
pocampus and liver using truChIP Chromatin Shearing Kit from Covaris
following the manufacturer’s instructions. Briefly, protein–DNA cross-
links were made at RT for 5 min with 1% formaldehyde and tissue was
pulverized using the CryoPrep from Covaris. Cells were lysed and nuclei
were prepared using Covaris lysis buffer. Sonication of DNA was per-
formed using a Covaris E220 Ultrasonicator for 10 min. The sheared
chromatin was immunoprecipitated using the EZ-Magna ChIPA Chro-
matin Immunoprecipitation Kit (Millipore) following the manufactur-
er’s instructions. Briefly, ChIP was performed with 10 �g of sheared
chromatin using Tip60 (Abcam) and H4K16ac (Active motif) antibod-
ies. A mock reaction containing all reagents except the antibody was
used as a control. Eluted material from the immunoprecipitation was
purified using a QIAquick PCR purification kit (QIAGEN) and used
directly for real-time PCR. Primer sets (for primer sequences, see extended
data Fig. 3-1, available at https://doi.org/10.1523/JNEUROSCI.2840-
17.2018.f3-1) were designed by NCBI/Primer-BLAST (www.ncbi.nlm.
nih.gov/tools/primer-blast/). Fold enrichment of the respective genes
was calculated relative to the mock no-antibody control.

Fly strains and crosses. All fly lines were raised under standard condi-
tions at 22°C on standard yeasted Drosophila media (Applied Scientific
Jazz Mix Drosophila Food; Thermo Fisher Scientific). The pan-neuronal
driver elav C155 and the transgenic UAS lines carrying human APP 695
isoform (UAS-APP) were obtained from Bloomington Drosophila Stock
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Center. UAS-CD8::GFP;;OK107-GAL4 stock was gifted by Dr. Steven
Robinow from the University of Hawaii. The generation and character-
ization of UAS-dTip60 E431Q are described in Lorbeck et al. (2011). Gen-
eration and characterization of doubl- transgenic UAS APP;Tip60 WT fly
lines are described in Pirooznia et al. (2012b). The w 1118 line served as the
genetic background control. All experimental crosses were performed at
normal physiological temperature of 25°C because higher temperature
changes have been reported to induce nonspecific physiological and de-
velopmental alterations (Peng et al., 2007). For all experiments, trans-
genic expression levels for each of the UAS fly lines were assessed as
described previously (Lorbeck et al., 2011; Pirooznia et al., 2012a,b; John-
son et al., 2013) to ensure that transgenic lines used for phenotype com-
parisons show equivalent dTip60 WT and APP expression levels.

Preparation of staged third instar larvae. Larvae were raised under stan-
dard conditions at 22°C on standard yeasted Drosophila media (Applied
Scientific Jazz Mix Drosophila Food; Thermo Fisher Scientific). Fly em-
bryos were collected for 2 h and transferred to fresh food. To ensure a
homogenous population, staged larvae (72–76 h after embryo collection)
were collected and used in the experiments.

Olfactory learning and memory assay. Third instar larvae were trained
and tested for olfactory learning and memory performance according to
protocol described in Honjo and Furukubo-Tokunaga (2005). Briefly,
freshly prepared 2.5% agar plates with 2 ml of 1 M sucrose (SUC) or
distilled water (DW; for control) spread over the agar were used to train
the third instar larvae. Then, 10 �l of undiluted odor [Linalool (LIN);
Nacalai] was spotted on a filter disk and placed on the lid of the Petri dish
(see Fig. 5A). Next, 50 –100 larvae were transferred to the plate and kept
for 30 min. After training, the larvae were rinsed gently with DW and
transferred to a test plate containing odor (2.5 �l) on one side and none
on the other side (see Fig. 5A). The plate was observed for 3 min and the
responsive index (RI) was determined based on the number of larvae
within the 3 cm semicircular area (see Fig. 5A) as follows: RI � (number
of larvae in the odor area � number of larvae in the control area)/total
number for larvae counted. �RI was calculated as the difference in RI of
LIN/SUC and control LIN/DW. For memory performance test, the lar-
vae were trained as mentioned above and then kept in a 2.5% agar plate
for the indicated times until the olfactory test. Naive olfactory and gus-
tatory response tests were performed as described in Honjo and
Furukubo-Tokunaga (2005). To determine the speed of the larvae from
different genotypes, third instar larvae were placed on 2.5% agar plates,
allowed to crawl for 1 min, and video was recorded using a Sony DCR-
SR47 Handycam with Carl Zeiss optics. The recorded path length was
quantified and locomotion speed was calculated using Tracker software
(http://physlets.org/tracker/). RIs of all the genotype were normalized
using their respective locomotion speed.

RT-qPCR analysis. Total RNA was isolated from 40 staged third instar
larval brains using the RNeasy Plus Mini Kit (QIAGEN). Complemen-
tary DNA (cDNA) was prepared using the SuperScript II reverse tran-
scriptase kit (Invitrogen) according to the manufacturer’s instructions
with 1 �g of total RNA and 0.2 �g/ml random hexamer primers (Roche
Applied Science). RT-qPCRs were performed in a 20 �l reaction volume
containing cDNA, 1 �M Power SYBR Green PCR Master Mix (Applied
Biosystems), and 10 �M forward and reverse primers (for primer se-
quences, see extended data Fig. 2-1, available at https://doi.org/10.1523/
JNEUROSCI.2840-17.2018.f2-1). For the heterochromatin region, 4 �l
of the 2.5 �M primer set (Active Motif, 71028) was added to a 20 �l
reaction volume. RT-qPCR was performed using an ABI 7500 Real-Time
PCR system (Applied Biosystems) following the manufacturer’s instruc-
tions. Fold change in messenger RNA expression was determined by the
��Ct method.

ChIP and qPCR analysis. Chromatin was extracted and sheared from
�100 third instar larval heads per experiment. To obtain larval heads, the
first 1/3 of the larvae (anterior head region) was isolated. Remaining fat
bodies were carefully dissected and discarded. All larval heads were in-
spected visually to ensure that the entire CNS was intact. Because we use
a GAL4-inducible system to target APP expression exclusively in the
nervous system of the larvae, this method ensures virtually no variability
in APP expression in the samples used. For ChIPs, we used truChIP
Chromatin Shearing Kit from Covaris following the manufacturer’s in-

structions. Briefly protein–DNA cross-links were made at RT for 5 min
with 1% formaldehyde and tissue was pulverized using the CryoPrep
from Covaris. Cells were lysed and nuclei were prepared using Covaris
lysis buffer. Sonication of DNA was performed using a Covaris E220
Ultrasonicator for 11 min. The sheared chromatin was immunoprecipi-
tated using the EZ-Magna ChIP A Chromatin Immunoprecipitation Kit
(Millipore) following the manufacturer’s instructions. Briefly, ChIP was
performed with 25 �g of sheared chromatin using anti-Rpd3 (Abcam,
ab1767), anti-Tip60 (Abcam, ab23886), anti-H4K5ac (Active Motif,
39699), anti-H4K12ac (Active Motif, 39166), and anti-H4K16ac (Active
Motif, 39168) antibodies. A mock reaction containing all reagents except
the antibody was also set up as a control. The eluted material from the
immunoprecipitation was then purified using a QIAquick PCR purifica-
tion kit (QIAGEN) and used directly for qPCR. Primer sets (for primer
sequences, see extended data Fig. 3-1, available at https://doi.org/10.
1523/JNEUROSCI.2840-17.2018.f3-1) were designed by NCBI/Primer-
BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/). Fold enrichment
of the respective genes was calculated relative to the mock no-antibody
control.

Western blot analysis. Protein was extracted from dissected third instar
larval heads and analyzed using the BCA assay (Thermo Scientific,
23225). Protein extracts (20 �g) were electrophoresed on 10% SDS-
PAGE gels and transferred to nitrocellulose membranes. The blots were
blocked in TBST buffer containing 5% nonfat milk and then incubated
overnight at 4°C with primary anti-Tip60 (Abcam, ab23886), anti-Rpd3
(Abcam, ab1767), and anti-�-actin (JLA20, DSHB, University of Iowa)
antibodies diluted in TBST. The blots were then washed and incubated
with the appropriate secondary antibodies (Odyssey) for 1 h at RT and
scanned using the Western blot detection system (Odyssey). The total
proteins were normalized to �-actin proteins. Densitometry was deter-
mined based on band intensity using ImageJ software.

Immunohistochemistry and antibodies. Third instar larvae or adult brains
were dissected in PBS, fixed in 4% paraformaldehyde in PBS, washed 3 times
in PBS containing 0.1% Triton X-100 (PBST), blocked for 1 h at RT in
phosphate-buffered Tris containing 5% normal goat serum, and incubated
with primary anti-GFP (Abcam, ab6556) or anti-elav (9F8A9, DSHB, Uni-
versity of Iowa) antibody in blocking solution overnight at 4°C. Samples
were washed three times in PBST at RT and incubated with Alexa-Fluor 647,
Alexa-Fluor 568, or Alexa-Fluor 488 conjugated anti-HRP (Jackson Immu-
noresearch, 123-545-021) for 2 h at RT. After washing three times in PBS,
samples were mounted in Vectasheild (Vector Laboratories).

Imaging and quantification. Confocal microscopy was performed us-
ing an Olympus microscope with fluoview acquisition software (Olym-
pus). Images were displayed as projections of 1 �M serial Z-sections.
Consecutive subsets of the Z-stacks were used for the final projection.
Images were adjusted for brightness and contrast using the ImageJ pro-
gram to more clearly define mushroom bodies (MBs) and the whole
brain. The area of the MB and the whole brain in the different genotypes
was measured using ImageJ software.

Experimental design and statistical analysis. To determine early disrup-
tion of Tip60 HAT/HDAC2 balance using Western blot analysis, we used
one-way ANOVA with Tukey’s post hoc analysis, with 30 third instar
Drosophila larval heads per experiment and five independent experi-
ments (n � 150) for each genotype (Fig. 1A–D). To determine transcrip-
tional dysregulation using RT-qPCR analysis, we used one-way ANOVA
with Tukey’s post hoc analysis, with 40 third instar Drosophila larval
brains per experiment and three independent experiments (n � 120) for
each genotype (Fig. 2 A, B). To compare Tip60, H4K12Ac, H4K16Ac, and
H43K9Ac enrichment in w 1118 control and Tip60 E431Q, unpaired Stu-
dent’s t test was used with 100 third instar Drosophila larval heads per
experiment with three independent experiments (n � 300) for each ge-
notype (Figs. 3A, 4A–C). To determine Tip60, HDAC2, H4K12Ac,
H4K16Ac, and H4K5Ac enrichment using ChIP-qPCR, we used one-way
ANOVA with Tukey’s post hoc analysis, with 100 third instar Drosophila
larval heads per experiment and three independent experiments (n �
300) for each genotype (Figs. 3C,D, 4D–F ). To compare Tip60 and
H4K16Ac enrichment in mice hippocampus and liver, we used unpaired
Student’s t test (n � 6; Fig. 4G,H ).
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Figure 1. Disruption of Tip60 HAT/ HDAC2 balance restored by increasing Tip60 HAT levels. The indicated transgene was expressed under elav C155 pan-neuronal Gal4 driver. A, B, Representative
immunoblot showing Tip60 (A) and HDAC2 protein levels (B) from 30 staged third instar larval heads expressing indicated genotype. C, D, Densitometer quantification of A and B. Data are from five
independent experiments. E, RT-qPCR using 40 staged third instar larval brain tissue from larvae expressing the indicated genotypes under the elav C155 pan-neuronal Gal4 driver. Histogram
represents relative fold change in mRNA expression level of HDAC2 relative to w 1118 control flies. Data are from three independent experiments per genotype. Fold change was calculated using the
��Ct method with RP49 as a control. Statistical significance for all experiments was calculated using one-way ANOVA with Tukey’s post hoc analysis. *p �0.05, **p �0.01. Error bars indicate SEM.

Figure 2. Repressed Tip60 neuroplasticity gene expression in the early AD brain is restored by increasing Tip60 HAT levels. RT-qPCR was performed using 40 staged third instar larval brain tissue
from larvae expressing human APP and A�42 (A) and human APP and APP;Tip60 WT (B) under the elav C155 pan-neuronal Gal4 driver. Histogram represents the relative fold change in gene expression
relative to w 1118 control flies. Data are from three independent experiments per genotype. Fold change was calculated using the ��Ct method with RP49 as a control. Statistical significance for all
experiments was calculated using one-way ANOVA with Tukey’s post hoc analysis. *p � 0.05, **p � 0.01, ***p � 0.001. Error bars indicate SEM. (See Figure 2-1 for primer sequences, available at
https://doi.org/10.1523/JNEUROSCI.2840-17.2018.f2-1).
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For all behavioral studies, 200 Drosophila larvae were used for each
genotype. To determine defects in learning ability, we used unpaired
Student’s t test to compare LIN/SUC and LIN/DW (Fig. 5B). To deter-
mine memory retention capacity, we used two-way repeated-measures
(RM) ANOVA with Sidak’s post hoc analysis to compare w 1118, APP, and
APP;Tip60 WT larvae (n � 200) (Fig. 5C–F ).

For quantifying larval (n � 18) and adult (n � 12) MBs (Fig. 6A–H )
and larval (n � 7) and adult (n � 12) whole brains (Fig. 6 I, J ), we used
one-way ANOVA with Tukey’s post hoc analysis. To determine gene
misregulation and Tip60-specific acetylation marks in the human AD
hippocampus, we used unpaired Student’s t test with n � 3 (Fig. 7R–T).
For human samples, five hippocampal sections from three brains for
each healthy control and AD patient were used for staining (Fig. 7A–P).
For quantitation of neurons that excluded Tip60 from their nuclei, we
used unpaired Student’s t test with n � 3 (Fig. 7Q).

p � 0.05 was considered statistically significant. All statistical tests were
performed using GraphPad Prism version 6.00 for Windows. Degrees of
freedom, t-values, and p-values are shown in the Result section and in the
figures.

Results
Disruption of Tip60 HAT/HDAC2 homeostatic balance in the
APP brain is an early event in AD-associated neurodegenerative
progression that is restored by increasing Tip60
Disruption of a homeostatic HAT/HDAC balance within the
neural epigenome involving increased HDAC2 levels and re-

duced histone acetylation has been shown to cause significant
cognitive impairment and is observed in multiple AD mouse
models and in the hippocampus of AD patients (Gräff et al.,
2012). However, whether there are alterations in specific HAT
levels that act to counterbalance HDAC2 action and the identity
of these HATs remains unknown. In addition, whether such epi-
genetic alterations are an early initial event in AD or a conse-
quence of disease progression is unclear. To investigate whether
levels of the Drosophila HDAC2 ortholog termed Rpd3 and the
HAT Tip60 are altered in early stages of AD neurodegenerative
progression, we measured their abundance in an AD-associated
APP Drosophila model that inducibly and neuron specifically ex-
presses human APP. These flies show AD-related pathologies
such as A� plaque accumulation in aged adult flies via the endog-
enous gamma (Fossgreen et al., 1998) and �-secretase cleavage
pathways (Greeve et al., 2004) and, importantly, also model pre-
clinical AD defects during the third instar larval stage that include
axonal transport (Johnson et al., 2013), synaptic plasticity defects
(Torroja et al., 1999), and apoptosis-driven neural cell death (Pi-
rooznia et al., 2012b).

Using Western blot analysis on bulk proteins isolated from
staged third instar larval heads expressing APP under the control
of the pan neural elav-Gal4 driver, we found that, similar to stud-
ies using mouse and human AD hippocampus, APP larval heads

Figure 3. Tip60 reduces repressor HDAC2 recruitment and restores Tip60 binding at synaptic plasticity genes in the APP larval brain. Chromatin was isolated from 100 pooled larval heads from
w 1118 or Tip60 E431Q under the elav C155 pan-neuronal Gal4 driver. A, Histogram representing ChIP enrichment using Tip60 antibodies. All data are from three independent experiments per genotype.
Dotted line represents baseline enrichment level set by using negative control primers that amplify a fragment within a heterochromatin (hc) region within Drosophila chromosome 3L. Statistical
significance was calculated using unpaired Student’s t test. B, List of Tip60 neuroplasticity genes and their mouse and human homologs. Chromatin was isolated from 100 pooled larval heads for each
indicated genotype. C, D, Histograms represents ChIP enrichment using antibodies to Tip60 (C) and HDAC2 (D). All data are from three independent experiments per genotype. Dotted line separates
test genes from controls. Statistical significance was calculated using one-way ANOVA with Tukey’s post hoc analysis. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Error bars indicate
SEM. (See Figure 3-1 for primer sequences, available at https://doi.org/10.1523/JNEUROSCI.2840-17.2018.f3-1).

Panikker et al. • Tip60 HAT/HDAC2 Balance in AD J. Neurosci., May 9, 2018 • 38(19):4569 – 4583 • 4573



also displayed an increase in Rpd3 (HDAC2) protein levels (Fig.
1B,D; F(2,12) � 6.719, p � 0.011, one-way ANOVA with Tukey’s
post hoc analysis) compared with control wild-type w 1118 flies.
We also observed a reduction in Tip60 levels (Fig. 1A,C; F(2,12) �
12.16, p � 0.0013, one-way ANOVA with Tukey’s post hoc anal-
ysis), suggesting that, in addition to HDAC2, Tip60 HAT levels
are also disrupted in the AD brain. We next investigated
whether increasing Tip60 HAT levels in the AD larval brain
could reinstate disrupted Tip60 HAT/HDAC2 balance. To test
this, we assessed Tip60 and Rpd3 (HDAC2) abundance in
staged third instar larval heads using our APP;Tip60 WT fly line
that expresses both APP and Tip60 WT driven by elav-Gal4 to
induce a neural-specific increase of Tip60 levels in the brain
during early AD-associated neurodegenerative progression
(Pirooznia et al., 2012b). As expected, Western blot analysis
showed an increase in Tip60 protein levels in APP;Tip60 WT

larval heads, but, surprisingly, also revealed a significant de-
crease in HDAC2 (Fig. 1A–D). To determine whether this
decrease in Rpd3 was initiated at the level of transcription, we
performed RT-qPCR analysis using APP and APP;Tip60 WT

larval brains to assess Rpd3(HDAC2) mRNA levels. We ob-
served a similar trend as in our protein analysis in that there
was a significant increase in Rpd3(HDAC2) mRNA levels in
the AD fly brain that were reduced upon increasing Tip60
HAT levels (Fig. 1E; F(2,6) � 7.779, p � 0.0216, one-way
ANOVA with Tukey’s post hoc analysis). Together, these re-
sults demonstrate that there is disruption of appropriate
Tip60 HAT/Rpd3(HDAC2) homeostatic balance in the early
neurodegenerative AD brain that is due at least in part at the
level of transcriptional control for Rpd3(HDAC2) and can be
alleviated by increasing Tip60 HAT levels in the brain.

Figure 4. Tip60 restores specific epigenetic signatures at Tip60 neuroplasticity gene loci in APP larval brain. Chromatin was isolated from 100 pooled larval heads for each indicated genotype
under the elav C155 pan-neuronal Gal4 driver. A–C, Histogram representing ChIP enrichment using the H4K12Ac (A), H4K16Ac (B), and H3K9Ac (C) antibodies. All data are from three independent
experiments per genotype. Statistical significance was calculated using unpaired Student’s t test. Chromatin was isolated from 100 pooled larval heads for each indicated genotype. D–F, Histograms
representing ChIP enrichment using the H4K12Ac (D), H4K16Ac (E), and H4K5Ac (F ) antibodies. All data are from three independent experiments per genotype. ND, Not detectable. Statistical
significance was calculated using one-way ANOVA with Tukey’s post hoc analysis. G, H, Histograms representing ChIP enrichment using Abs to Tip60 (G) and H4K16Ac (H ) at neuroplasticity genes
in chromatin isolated from six dissected hippocampus or tissue-specific control liver tissue from equal number of mixed male and female C57BL 6-month-old control mice (n � 6). Statistical
significance was calculated using unpaired Student’s t test. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Error bars indicate SEM.
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Neuroplasticity gene expression in the brain is repressed
during the early stages of AD neurodegenerative progression
and is restored by increasing Tip60
Transcriptional dysregulation of neuroplasticity genes in the
brain is a key step in AD etiology (Blalock et al., 2004; Zhang et al.,
2013). However, the molecular mechanisms that underlie such
gene alterations and when they occur during early AD progres-
sion remain to be determined. Because histone acetylation ho-
meostasis in the brain is critical for transcriptional control of
neural genes, we hypothesized that the impairment in Tip60

HAT/HDAC2 balance that we observed in APP larval heads leads
to concomitant disruption of neural gene expression in this early
AD stage. To test this hypothesis, we assessed mRNA levels of 15
neuroplasticity genes in the larval brains of two distinct yet syn-
ergistic AD Drosophila models: the APP Drosophila model and an
A�42 Drosophila model specifically designed to induce neural
specific A�42 expression to increase plaque burden (Iijima and
Iijima-Ando, 2008) that occurs only in the aged adult fly brain.
The candidate neuroplasticity genes tested were selected because
they each have well characterized human homologs, were identi-

Figure 5. Tip60 HAT improves learning and memory performance in APP-neurodegenerative Drosophila larvae. A, Olfactory training and test plates for larval associative learning. For training,
third instar larvae were placed on 2.5% agar plates with a thin layer for 1 M SUC or DW with odorant (LIN) spotted on a filter disk on the lid. After 30 min of training, 50 –100 larvae were transferred
to the test plate. After 3 min, the number of larvae that moved in the semicircular area was counted to determine the RI. B, Comparisons of larval RI after LIN/SUC and LIN/DW (control) conditioning
for the indicated genotypes under the elav C155 pan-neuronal Gal4 driver indicating associative learning. Statistical significance was calculated using unpaired Student’s t test. C–E, Temporal changes
of larval olfactory response after LIN/SUC and LIN/DW (control) conditioning for w 1118 (C), APP (D), and APP;Tip60 WT (E). Statistical significance was calculated using two-way RM-ANOVA with
Sidak’s post hoc analysis. F, Olfactory memory performances for indicated genotypes plotted in �RI. �RI was calculated as the difference in RI of LIN/SUC and control LIN/DW (n � 200). Statistical
significance was calculated using two-way RM-ANOVA with Tukey’s post hoc analysis for comparing APP and APP;Tip60 WT. RIs of all the genotype were normalized using their respective locomotion
speed for all experiments. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Error bars indicate SEM.
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fied as Tip60 direct target genes in our prior Tip60 ChIP-Seq
analysis (Xu et al., 2014), and all play critical roles in cognitive
function. RT-qPCR analysis was performed using staged third
instar larval brains expressing either APP or A�42 under the con-
trol of the elav-Gal4 pan-specific neuronal driver. Importantly,
these larvae have yet to display amyloid plaque formation and
model preclinical defects of the disease (Torroja et al., 1999; Pi-
rooznia et al., 2012b; Johnson et al., 2013). We found that 11
genes tested were significantly repressed in the AD-associated
APP larval brains and that 7 of 15 genes were significantly re-
pressed in the A�42 larval brains (Fig. 2A). Genes that were sig-
nificantly downregulated in both the AD models included those
with established roles in synaptic plasticity such as dsh (dishev-
elled) (F(2,6) � 27.17, p � 0.0010, one-way ANOVA with Tukey’s
post hoc analysis), which is also a key component of the Wnt-
signaling pathway that has been causatively associated with AD
when disrupted (Cook et al., 1996; Packard et al., 2002; Miech et
al., 2008). Additional repressed genes were those with confirmed
roles in cognition, such as sh (shaker) (F(2,6) � 18.40, p � 0.0028,
one-way ANOVA with Tukey’s post hoc analysis), an ion channel
involved in activity-dependent synaptic plasticity (Jan et al.,
1985); futsch (F(2,6) � 16.63, p � 0.0036, one-way ANOVA with
Tukey’s post hoc analysis), a microtubule-associated protein es-
sential in promoting bouton formation by stabilization of MT
hairpin loop (Roos et al., 2000; Miech et al., 2008); and dlg (F(2,6) �
50.13, p � 0.0002, one-way ANOVA with Tukey’s post hoc anal-
ysis), a scaffold protein essential for proper synapse formation
(Budnik et al., 1996). Repressed genes also included those with
well characterized roles in memory and axon extension, such as

rut (F(2,6) � 7.585, p � 0.0228, one-way ANOVA with Tukey’s
post hoc analysis) and cadn2 (F(2,6) � 28.15, p � 0.0009, one-way
ANOVA with Tukey’s post hoc analysis) and the dendrite morpho-
genesis gene chinmo (F(2,6) � 14.80, p � 0.0048, one-way ANOVA
with Tukey’s post hoc analysis). Importantly, mRNA for two neuro-
plasticity genes (ben and for) were not downregulated in response to
either APP or A�42 expression, demonstrating specificity of gene
repression and our results.

Our previous Tip60 transcriptional profiling and ChIP-Seq
findings demonstrated that gene control is a key mechanism by
which Tip60 exerts its action in restoring function in a variety of
neuronal processes impaired under AD neurodegenerative con-
ditions. Therefore, we hypothesized that Tip60 exerts such neu-
roprotective action by epigenetically reprogramming gene sets
that together promote cognitive function. To test this hypothesis,
we performed gene expression analysis on the same 15 Tip60
neuroplasticity genes, this time using staged third instar larval
brains expressing APP;Tip60 WT under the control of the neural
elav-Gal4 to increase Tip60 levels in the brain during early APP-
neurodegenerative progression. For these and the remainder of
studies presented, we opted to use the AD-associated APP Dro-
sophila model because we and others have shown that this ex-
tremely well characterized model effectively displays both
preclinical and late stages of the disease (Torroja et al., 1999;
Bolkan et al., 2012; Pirooznia et al., 2012b; Johnson et al., 2013).
Remarkably, we found that expression of 9 of the 11 genes that
were repressed in the APP larval brain were fully restored by
increasing Tip60 HAT levels in the brain of APP;Tip60 WT larvae
(Fig. 2B). Co-immunostaining larval brains from each genotype

Figure 6. Increasing Tip60 HAT levels rescues MB morphology under APP-neurodegenerative conditions. A–F, Representative confocal images of larval and adult MB visualized by mCD8-GFP and
stained with anti-GFP to delineate MB from staged third instar larval brain and 7-day old adult brain expressing indicated transgene driven by GFP;OK107-Gal4. Scale bar, 50 �m. G, H, Quantification
of MB area for indicated genotype from larvae (n � 18) and adult flies (n � 12). One-way ANOVA with Tukey’s post hoc analysis was used to determine statistical significance between different
genotypes within larval and adult MB. I, J, Quantification of total brain area for indicated genotype from larvae (n � 7) and adult flies (n � 12) stained with anti-elav and anti-HRP. One-way ANOVA
with Tukey’s post hoc analysis was used to determine the statistical significance between different genotypes within larval and adult brain. *p � 0.05, **p � 0.01. Error bars indicate SEM.
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with antibodies to pan neuronal markers
HRP and elav revealed no significant dif-
ference in total brain area (Fig. 6 I, J), en-
suring that the gene changes that we
identified in the APP brain were not due
to developmental defects affecting brain
size. Together, our findings suggest that
neuroplasticity gene alterations are an
early initial event in AD possibly caused
by Tip60 HAT/HDAC2 disruption and
support a transcriptional regulatory role
for Tip60 in cognitive restoration in the
neurodegenerative brain.

Tip60 reduces repressor HDAC2
recruitment and restores specific
epigenetic signatures at neuroplasticity
genes in the early neurodegenerative
APP larval brain
Thus far, we had observed that Tip60
HAT/HDAC2 balance and concomitant
neuroplasticity gene expression is dis-
rupted in the APP larval brain and is re-
stored by increasing Tip60. Therefore, we
hypothesized that HDAC2 is inappropri-
ately recruited to Tip60 neuroplasticity
genes and that increasing Tip60 levels dis-
places HDAC2 binding to restore Tip60
mediated gene expression. To test our hy-
pothesis, we selected four Tip60 epige-
netically controlled neuroplasticity target
genes the we identified in the larval brain,
sh, dlg, futsch, and dsh, the expression of
which was repressed in the AD larval brain
and restored by increasing Tip60 for fur-
ther mechanistic analysis (Fig. 3B). We
first investigated whether these genes were
bona fide direct targets of Tip60 in the lar-
val brain and if Tip60 recruitment to these
gene loci was dependent upon Tip60 HAT
activity. To address these questions, we
performed a Tip60 ChIP-qPCR assay us-
ing chromatin isolated from the larval an-
terior head region of wild-type control
flies (w 1118) and larvae expressing a
dominant-negative Tip60 HAT defective

Figure 7. Tip60 HAT function is impaired in human AD hippocampus. Shown are representative confocal images of normal
control (A–D) and AD (E–H ) hippocampal sections double-stained for Tip60 (red) and NeuN (green) with DAPI (blue). Represen-
tative confocal images of normal control (I–L) and AD (M–P) hippocampal sections were double-stained for Tip60 (red)
and GFAP (green) with DAPI (blue). Five hippocampal sections from three brains for each healthy control and AD patient
were analyzed. Scale bar: 20 �m. Thin arrows in D and L indicate colocalization of DAPI, Tip60, and NeuN or GFAP,
respectively (white). Thick arrows in H and P indicate colocalization of Tip60 and NeuN or GFAP, respectively (yellow). Q,
Quantitation of D and H representing the percentage of neurons showing exclusion of Tip60 from the nucleus. Each dot
represents one hippocampal section. 25–30 neurons were scored per hippocampal section for control and AD patients. Five
hippocampal sections from three brains for each healthy control and AD patient were analyzed. R, RT-qPCR

4

was performed on cDNA isolated from normal and AD hip-
pocampus (n � 3 brains). Histogram represents relative fold
change in mRNA expression level of neuroplasticity genes in
the AD hippocampus relative to normal control hippocampus.
RT-qPCR for each biological sample was performed in triplicate
and the fold change was calculated using the ��Ct method
with GAPDH as a control. S, Representative immunoblot show-
ing Tip60, H4K5ac, H4K12ac, and H4K16ac levels in normal and
AD hippocampus (n � 3 brains). T, Histogram representing
densitometer quantification using data from three Western
experiments for each normal control and AD hippocampal
sample shown in S. Statistical significance for all experiments
was calculated using unpaired Student’s t test. *p � 0.05,
**p � 0.01, ***p � 0.001, ****p � 0.0001. Error bars indi-
cate SEM.
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construct (Tip60 E431Q) that induces Tip60 HAT loss (Lorbeck et
al., 2011) under the control of elav-Gal4 pan neuronal driver.
This analysis revealed that Tip60 is significantly enriched at each
of the four neuroplasticity gene loci in the w 1118 control flies (Fig.
3A; sh, t(4) � 7.656, p � 0.0016, unpaired t test; dlg, t(4) � 5.281,
p � 0.0062, unpaired t test; futsch, t(4) � 11.16, p � 0.0004,
unpaired t test; and dsh, t(4) � 7.442, p � 0.0017, unpaired t test),
thus identifying these genes as novel Tip60 gene targets. In direct
contrast, dTip60 E431Q larvae did not show significant Tip60
binding at any of the candidate gene loci (Fig. 3A), suggesting that
Tip60 HAT activity is required for its recruitment to these gene
loci. No enrichment was observed at the wg gene or at a control
repressed heterochromatin (hc) region devoid of gene loci, dem-
onstrating the specificity of our results. We next performed ChIP
analysis using Abs against Tip60 or Rpd3 (HDAC2) to assess their
enrichment at these four synaptic plasticity gene loci in APP ver-
sus APP;Tip60 WT larval heads under the control of elav-Gal4
driver. Remarkably, Tip60 binding affinity was reduced at all 4
gene loci (Fig. 3C; sh, F(2,6) � 42.01, p � 0.0003, one-way
ANOVA with Tukey’s post hoc analysis; futsch, F(2,6) � 32.16, p �
0.0006, one-way ANOVA with Tukey’s post hoc analysis; dsh,
F(2,6) � 77.15, p � 0.0001, one-way ANOVA with Tukey’s post
hoc analysis; and dlg, F(2,6) � 44.26, p � 0.0003, one-way ANOVA
with Tukey’s post hoc analysis) in APP larval heads and was re-
stored by increasing Tip60 levels in the APP;Tip60 WT larval
heads. Conversely, Rpd3(HDAC2) binding was significantly en-
riched at all of these 4 Tip60 neuroplasticity genes in AD larval
heads and reduced almost back to wild-type levels at two of these
genes (Fig. 3D; futsch, F(2,6) � 38.21, p � 0.0004, one-way
ANOVA with Tukey’s post hoc analysis; dsh, F(2,6) � 28.58, p �
0.0009, one-way ANOVA with Tukey’s post hoc analysis) by in-
creasing Tip60 levels. As expected, there was enrichment of Rpd3
(HDAC2) at the control repressed heterochromatic region in all
three genotypes (w 1118, APP, and APP;Tip60 WT), which is con-
sistent with Rpd3’s role in repression.

In vitro studies have shown that Tip60 has specificity in acety-
lating lysine-specific histone residues H3K9, H4K12, and H4K16,
all of which play established roles in learning and memory (Fi-
scher et al., 2007) by controlling gene expression via chromatin
packaging in neurons. To test whether Tip60 acetylates these res-
idues at these specific neuroplasticity genes in the larval brain in
vivo, we performed ChIP-qPCR using chromatin isolated from
larval heads to assess enrichment levels of H3K9ac, H4K12ac, and
H4K16ac at each of the target gene loci in w 1118 and Tip60 HAT
mutant Tip60 E431Q larvae. We found that each of the genes was
enriched for H4K12ac (Fig. 4A) and H4K16ac (Fig. 4B) in wild-
type w 1118 larvae. In direct contrast, no significant enrichment
was observed in the HAT mutant Tip60 E431Q larvae except at the
sh gene loci, where enrichment levels for H4K12ac were higher
than that in wild-type w 1118 larvae (Fig. 4A). We observed no
significant change in H3K9 acetylation enrichment levels in ei-
ther the w 1118 or the Tip60 E431Q mutant (Fig. 4C), suggesting that
H3K9 may not serve as a target lysine residue for Tip60 in the
brain at these specific neuroplasticity genes. We next hypothe-
sized that Tip60-mediated histone acetylation at the four synaptic
plasticity gene loci (sh, dlg, futsch, and dsh) would be reduced in
the AD larval brain and restored by increasing Tip60 HAT levels.
To test this hypothesis, we used ChIP to assess acetylation enrich-
ment at these synaptic plasticity gene loci using Abs to acetylated
(Ac) histone marks AcH4K5, 12, and 16 because we found that
these marks are generated by Tip60 HAT action in the larval brain
(Fig. 4A,B). Our results showed that Ac levels at each of these
marks at the 4 Tip60 synaptic plasticity gene target loci are signif-

icantly reduced in the AD larval brain and restored by increasing
Tip60 HAT levels in the brain (Fig. 4D–F). Together, our findings
support a model by which increasing Tip60 in the AD larval brain
restores Tip60 HAT binding and acetylation levels at synaptic
plasticity genes by reducing both Rpd3 (HDAC2) expression lev-
els and inappropriate protein recruitment, thus restoring Tip60-
mediated synaptic plasticity gene expression.

To confirm mammalian conservation of these neuroepige-
netic signatures, ChIP was performed on hippocampal tissues
dissected from mixed equal numbers of male and female
6-month-old C57BL wild-type mice at the four mouse homolog
gene loci using Abs against Tip60 and acetylation mark H4K16.
Our results showed that the Tip60-mediated neuroepigenetic sig-
natures that we identified at select neuroplasticity genes in the
larval head are entirely recapitulated in mouse hippocampus, but
not in negative liver tissue specificity control (Fig. 4G; Kcna2, t(10) �
33.14, p � 0.0001, unpaired t test; Map1a, t(10) � 4.073, p �
0.0022, unpaired t test; Dlg1, t(10) � 2.925, p � 0.0152, unpaired
t test; Dvl2, t(10) � 16.05, p � 0.0001, unpaired t test; Fig. 4H;
Kcna2, t(10) � 19.74, p � 0.0001, unpaired t test; Map1a, t(10) �
4.355, p � 0.0014, unpaired t test; Dlg1, t(10) � 3.265, p � 0.0085,
unpaired t test; and Dvl2, t(10) � 3.767, p � 0.0037, unpaired t
test). Together, our results identify novel Tip60 HAT-mediated
epigenetic mechanisms underlying the transcriptional control of
sh, dlg, futsch, and dsh in the larval brain in vivo and show that
these epigenetic neural gene control mechanisms are conserved
in mammalian hippocampus

Tip60 HAT action improves learning and memory deficits in
APP neurodegenerative larvae
Our previous findings demonstrated that increased Tip60 HAT
levels suppresses early defects in axonal outgrowth and transport
in the AD brain and restores associated complex behavioral def-
icits that include disruption of sleep/wake cycles and locomotor
ability (Pirooznia et al., 2012a; Johnson et al., 2013). Moreover,
we also demonstrated that defects in learning and memory in the
AD adult fly is alleviated by increasing Tip60 HAT levels in the
brain (Xu et al., 2014). However, whether such cognitive deficits
also occur early during AD-associated neurodegenerative pro-
gression and if they can be prevented by increasing Tip60 HAT
levels in the brain remained to be determined. To address these
questions, we performed a single odor paradigm for olfactory
associative learning (Honjo and Furukubo-Tokunaga, 2005; Fig.
5A) using APP versus APP;Tip60 WT Drosophila third instar lar-
vae under the control of pan-neuronal elav-Gal4 driver. The lar-
vae were conditioned to associate a given odor, LIN, to an
appetitive gustatory reinforcer, SUC. These larvae were exposed
to LIN for 30 min in association with 1 M SUC on an agar plate.
After conditioning, the larvae were tested for olfactory response
on the test plate (Fig 5A). Importantly, the higher RIs of all of the
genotype were normalized using their respective locomotion
speed. We observed an enhanced migration of the LIN/SUC con-
ditioned w 1118 larvae to the odor (LIN) with significantly higher
RI than control larvae that had been exposed to LIN in conjunc-
tion with DW (Fig. 5B; t(4) � 8.025, p � 0.0013, unpaired t test).
In direct contrast, the APP larvae showed no significant differ-
ence in migration toward the odor between larvae trained with
LIN/SUC compared with the control larvae (LIN/DW), indicat-
ing that APP larvae showed reduced initial learning because they
could not learn to associate the odor (LIN) with an appetitive
stimulus (SUC) (Fig. 5B; t(4) � 2.393, p � 0.075, unpaired t test).
We next investigated whether increasing Tip60 HAT levels could
rescue the learning deficits observed in the APP larvae. Remark-
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ably, APP;Tip60 WT larvae exhibited an RI increment with asso-
ciative LIN/SUC training compared with control LIN/DW that
was almost comparable to the w 1118 control, indicating the Tip60
mediated rescue of learning deficits under APP-induced neuro-
degenerative conditions (Fig. 5B; t(4) � 4.065, p � 0.0153, un-
paired t test).

The following multiple phases of memory acquisition and
consolidation have been identified in Drosophila (Tully et al.,
1994): short term memory (STM), medium-term memory
(MTM), anesthesia-resistant memory (ARM), and long-term
memory (LTM). To study early phase memory, we compared
temporal changes of the larval response after LIN/SUC condi-
tioning for up to 120 min. Larval olfactory response after the
LIN/SUC conditioning in the w 1118 larvae went down to almost
control (LIN/DW) levels after 120 min (Fig. 5C; F(4,8) � 9.042,
p � 0.0046, two-way RM-ANOVA with Sidak’s post hoc analysis).
RI comparison between LIN/SUC and LIN/DW showed signifi-
cant memory performance (�RI), which was retained until 120
min (Fig. 5F). Because APP larvae still exhibited some residual
learning capability, we next investigated whether they were able
to remember the little they could learn. Olfactory response of
APP larvae after LIN/SUC conditioning did not show a signifi-
cant difference compared with control (LIN/DW) at 0 and 30
min and was the same as control (LIN/DW) by 60 min (Fig. 5D;
F(4,8) � 2.298, p � 0.1471, two-way RM-ANOVA with Sidak’s
post hoc analysis). Accordingly, these APP larvae showed signifi-
cant impairment in MTM performance (�RI), where memory
trace became undetectable by 60 min (Fig. 5F). Olfactory and
gustatory responses of APP larvae were normal compared with
w 1118 control larvae (Table 1). We next investigated whether in-
creasing Tip60 HAT activity could restore medium phase mem-
ory impairment in the APP larvae. Remarkably, olfactory
response of the APP;Tip60 WT after LIN/SUC conditioning was
significantly higher at 0 and 30 min compared with control (LIN/
DW) and gradually decreased to control (LIN/DW) level by 90
min (Fig. 5E; F(4,8) � 19.87, p � 0.0003, two-way RM-ANOVA
with Sidak’s post hoc analysis). Accordingly, RI comparison be-
tween LIN/SUC and LIN/DW showed significant memory per-
formance (�RI), which was retained beyond 60 min and
gradually lost by 90 min, indicating partial rescue of APP-
induced memory deficits (Fig. 5F; F(8,12) � 8.279, p � 0.0007,
two-way ANOVA with Tukey’s post hoc analysis). The olfactory
and gustatory responses of APP;Tip60 WT larvae were normal
compared with w 1118 control larvae (Table 1). Together, these
findings demonstrate that defects in olfactory-associative appet-
itive learning and memory retention occur early during AD-
associated neurodegenerative progression and can be improved
by increasing Tip60 HAT levels.

Increasing Tip60 HAT levels rescues MB morphology under
APP-induced neurodegenerative conditions
Our prior studies demonstrated that the HAT Tip60 is produced
robustly in the fly brain and MBs (Xu et al., 2014), which control
olfactory function (Heisenberg, 2003; Gerber et al., 2004), and is

required for both MB axonal outgrowth and learning and mem-
ory (Xu et al., 2014). Accordingly, our data here show that in-
creasing Tip60 in the larval brain improves APP-mediated
impairments in olfactory learning and memory that occur early
during neurodegenerative progression (Fig. 5B,F). Therefore,
we investigated whether the early cognitive deficits that we ob-
served in APP larvae were accompanied by structural defects in
the MBs and if these defects could be rescued by increasing Tip60
levels. To address these questions, we used the MB GAL4 driver
OK107, which expresses GAL4 in discrete neuronal populations
in the adult fly brain, including robust expression in the Kenyon
cells, the intrinsic neurons of the MB, as well as lower expression
in the pars intercerebralis, suboesophageal ganglion, and optic
lobes. We crossed flies carrying a UAS-mCD8-GFP marker in
conjunction with the MB-specific OK107-GAL4 driver to control
w 1118, APP, or APP;Tip60 WT fly lines to mark MB neurons with
GFP for visualization. MBs from dissected brains from either
staged third instar larvae or aged 7-d-old adult flies for each ge-
notype were stained with antibodies to GFP to delineate the MB
and MB area was quantitated for each genotype. Quantitation
analysis showed no observable defects in MB morphology in the
larval AD brains (Fig. 6A,C,E,G; F(2,51) � 0.03998, p � 0.9608,
one-way ANOVA with Tukey’s post hoc analysis). In contrast, we
observed an overall reduction in MB total area in 7-d-old AD flies
compared with control w 1118 flies (Fig. 6B,D,H; F(2,33) � 7.699,
p � 0.0018, one-way ANOVA with Tukey’s post hoc analysis),
indicative of axonal outgrowth impairment (Xu et al., 2014). This
reduction only appeared in approximately half of the MBs that we
assessed, indicating partial penetrance. In addition, we also co-
immunostained staged third instar larval brains and 7-d-old
adult brains expressing APP or APP;Tip60 WT under the control
of the pan neural elav-Gal4 driver with antibodies to the pan-
neuronal markers HRP and elav. We observed no significant dif-
ference in total brain area (Fig. 6I; F(2,18) � 0.1528, p � 0.8594,
one-way ANOVA with Tukey’s post hoc analysis, Figure 6J; F(2,33) �
0.08751, p � 0.9164, one-way ANOVA with Tukey’s post hoc
analysis), indicating that the MB size reduction that we observed
in the APP brain was not due to APP-induced developmental
defects affecting overall brain size. Importantly, we found that
this AD-associated axonal outgrowth phenotype was effectively
rescued in the 7-d-old adult by increasing Tip60 HAT levels in the
MBs (Fig. 6F,H). Together, our results show that, whereas APP-
induced neurodegeneration in the MBs causes learning and
memory deficits in flies as young as third instar larvae, broad MB
morphological defects are not consistently observable until adult
flies are aged to day 7.

Tip60 HAT function is impaired in human AD hippocampus
To confirm human AD disease relevance, we next investigated
whether the Tip60 neuroplasticity genes that we identified using
fly and mouse models are epigenetically misregulated in the hu-
man AD brain due to loss of Tip60 HAT function. To address this
question, we first tested whether Tip60 protein levels are reduced
in neurons and glial cells in human AD hippocampus by per-
forming immunohistochemistry on frozen hippocampal tissue
sections from age-matched healthy control and AD hippocam-
pus using antibodies against Tip60 and DAPI to mark neuronal
nuclei and co-staining with antibodies to either neuronal marker
NeuN or glial marker GFAP. Tip60 was shown to be present in
both neurons (Fig. 7A–D) and glial cells (Fig. 7I–L), as indicated
by Tip60 co-staining with NeuN or GFAP, respectively, and was
significantly reduced in both cell types in the AD hippocampus
(Fig. 7E–H, M–P) compared with the control hippocampus. Fur-

Table 1. Sensory acuities

Genotype Olfactory response (LIN) Gustatory response (1 M SUC)

w 1118 0.35 � 0.06 0.33 � 0.04
APP 0.44 � 0.01 0.35 � 0.06
APP;Tip60 WT 0.40 � 0.01 0.30 � 0.05

Olfactory and gustatory responses were examined as described in the Materials and Methods. Data was obtained
from at least four independent experiments. No significant differences between olfactory or gustatory response
were observed between any of the genotypes. Results are shown as � SEM.
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ther, whereas we observed Tip60’s typical punctate distribution
pattern in the nucleus and cytoplasm (Fig. 7D) in neurons from
healthy hippocampus tissues, Tip60 was largely but not exclu-
sively excluded from neuronal nuclei in the AD hippocampal
tissue (Fig. 7H,Q; t(28) � 9.967, p � 0.0001, unpaired t test). The
regions of the hippocampus assessed were the same in healthy
control and AD patients. We next assessed Tip60 protein levels
and bulk histone acetylation levels for Tip60-mediated histone
Ac marks H4K5, H4K12, and H4K16 using Western blot analysis
on whole protein extracts isolated from age-matched healthy
control and AD hippocampus. These studies revealed reduced
Tip60 levels and a reduction in the same Tip60-mediated histone
Ac marks (H4K5,12,16) that we identified as being significantly
reduced in the AD larval brain (Fig. 7S,T; H4K5Ac, t(4) � 4.534,
p � 0.0105, unpaired t test; H4K12Ac, t(4) � 5.645, p � 0.0048,
unpaired t test; H4K16Ac, t(4) � 5.869, p � 0.0042, unpaired t
test; KAT5, t(4) � 5.544, p � 0.0052, unpaired t test). To test
whether Tip60-mediated transcriptional control of synaptic plas-
ticity genes is compromised in the AD patient’s brain, we per-
formed RT-qPCR on cDNA isolated from age-matched, healthy
control and AD patient hippocampal tissues on the four Tip60
human homolog neuroplasticity genes for which expression,
Tip60 binding, and acetylation were reduced in the APP fly brain
and restored by increased Tip60. Our results demonstrated that
expression of all 4 genes and Tip60 mRNA levels were signifi-
cantly reduced in the human AD hippocampus compared with
healthy controls (Fig. 7R; KCNA2, t(4) � 8.186, p � 0.0012, un-
paired t test; MAP1A, t(4) � 13.25, p � 0.0002, unpaired t test;
DLG1, t(4) � 6.995, p � 0.0022, unpaired t test; DVL2, t(4) �
5.498, p � 0.0053, unpaired t test; KAT5, t(4) � 11.72, p � 0.0003,
unpaired t test), similar to what we observed in the AD-associated
APP larval brain (Fig. 2A). Together, our results show that Tip60
HAT function in epigenetic neuroplasticity gene control is com-
promised in both the early AD neurodegenerative larval brain
and in both neural and glial cell types in the aged human AD
hippocampus.

Discussion
Disruption of Tip60 HAT/HDAC2 homeostasis and
concomitant repression of neuroplasticity genes in the brain
is an early event in AD neurodegenerative progression
Disruption of such HAT/HDAC balance is believed to cause
epigenetically mediated transcriptional dysregulation that nega-
tively affects cellular homeostasis and cognitive function (Lang-
ley et al., 2005). Indeed, reduced histone acetylation levels are
found in the brains of animal models for multiple types of pro-
gressive cognitive disorders, including AD. Accordingly, Gräff et
al. (2012) reported elevated levels of class I HDAC2 mRNA and
protein and enhanced enrichment of HDAC2 at synaptic plastic-
ity genes in the brains from their CK-p25 AD mouse model and
increased levels of HDAC2 in the hippocampus of AD patients.
Despite these important findings, such studies investigating epi-
genetic alterations in AD to date have conventionally been per-
formed using brains that already displayed amyloid plaque
accumulation. Therefore, whether such changes occur early dur-
ing disease progression remained unknown. In this study, we
demonstrate that elevated Rpd3(HDAC2) mRNA and protein
levels and inappropriate enrichment of Rpd3(HDAC2) at certain
neuroplasticity genes occur in the early neurodegenerative APP
larval brain well before amyloid plaque formation and adult le-
thality occurs. Class I HDACs are divided into an HDAC1/2 sub-
class that comprises the vertebrate HDAC1 and HDAC2 proteins
and Drosophila Rpd3 that is the sole HDAC1/2 ortholog in the fly

(Gregoretti et al., 2004). It is well documented that HDAC2 and
Rpd3 play similar roles in neural function in that they have both
been implicated in memory formation and synaptic activity in
mouse and Drosophila, respectively (Guan et al., 2009; Tea et al.,
2010; Fitzsimons and Scott, 2011). Further, Gräff et al. (2012)
reported elevated levels of HDAC2 mRNA and protein, but not
HDAC1, in the brains from their CK-p25 AD mouse model and
human AD hippocampus. Therefore, our results strongly suggest
that the effect of APP in repression of plasticity genes in Drosoph-
ila is highly dependent upon elevated Rpd3 due to its high ho-
mology and functional redundancy with mammalian HDAC2.
Nevertheless, we do not rule out the possibility that some APP
phenotypic effects may result from Rpd3’s homology to both
HDAC1 and 2. Our findings are the first to suggest that elevation
of HDAC2 levels and inappropriate HDAC2 recruitment to neu-
roplasticity genes is an early event in AD neurodegenerative
progression.

Transcriptional dysregulation of neuroplasticity genes in the
brain is a well characterized key step in AD etiology. However,
whether such gene expression alterations are an initial triggering
cause for MCI and subsequent AD pathophysiology or if they are
a consequence of A� plaque deposition that then accelerates dis-
ease progression remains unclear. Transcriptome studies to date
that identify neuroplasticity gene misregulation in brains from
postmortem AD patients have only used brain samples so char-
acterized by A� plaque deposition. Here, we show that the ma-
jority of neuroplasticity genes that we tested in the brains of two
distinct yet synergistic APP and A�42 AD Drosophila models are
repressed well before both fly models display adult amyloid
plaque formation and lethality. Therefore, we speculate that early
transcriptional dysregulation of neuroplasticity genes contrib-
utes to the MCI believed to represent a transitional period before
full development of AD (Petersen et al., 2009; Minhas et al.,
2017). In support of this concept, Leidinger et al. (2013) per-
formed comparative analysis of blood samples from patients with
AD versus MCI and found similar alterations in specific miRNAs
that target and modulate neuroplasticity gene expression. Fur-
ther, elegant work by Gjoneska et al. (2015) demonstrated that
distinct transcriptome alterations occur in an AD-associated CK-
p25 mouse model at different developmental stages of disease
induction that can be classified as transient (early changes occur-
ring after 2 weeks only), late-onset (6 weeks only), and consistent
(both) expression classes. Accordingly, we and others show that
most of the neuroplasticity genes that we identify as being re-
pressed during the early stages of APP- and A�42-induced neu-
rodegeneration in the larval brain are also repressed in
postmortem AD hippocampal tissues from patients that exhibit
late stages of the disease (Blalock et al., 2004). Therefore, we
propose that some of the neuroplasticity gene alterations that
we identify during early AD progression before amyloid
plaque formation persist or possibly worsen during later
stages of the disease.

Increasing Tip60 in the AD brain restores Tip60
HAT/HDAC2 balance and reinstates neuroplasticity gene
expression, brain morphology, and cognition
Although findings from our group and others point to elevated
HDAC2 levels as an initial trigger for neuroplasticity gene repres-
sion that likely contributes to the MCI that patients exhibit before
AD diagnosis, whether there are changes in levels of specific
HATs that could act to counterbalance HDAC2 homeostasis in
such epigenetic gene control remain unknown. Our previous
findings (Pirooznia et al., 2012a; Johnson et al., 2013; Xu et al.,
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2014) support a model by which the HAT Tip60 may act to re-
store general acetylation homeostasis and, in particular, neuro-
plasticity gene expression programs during preclinical stages of
AD by specifically counterbalancing HDAC2 levels. In support of
this concept, here, we show that repressed neuroplasticity genes
sh, futsch, dlg, and dsh in the APP larval brain that have been
shown previously to be critical for cognitive neural processes
affected in AD (Jan et al., 1985; Budnik et al., 1996; Cook et al.,
1996; Roos et al., 2000) show inappropriately enhanced HDAC2
binding and reduced enrichment for Tip60 and histone acetyla-
tion well before A� plaque formation and adult lethality occur.
Remarkably, increasing Tip60 levels restores appropriate Tip60
HAT/HDAC2 homeostatic balance, at least in part by decreasing
HDAC2 levels. Increasing Tip60 levels in the APP larval brain also
effectively reverse alterations in neuroepigenetic signatures, re-
lieve repression of neuroplasticity gene expression, and reinstate
brain morphology and cognition. Together, our findings identify
sh, futsch, dlg, and dsh as bona fide direct Tip60 targets in both fly
brain and mouse hippocampus and support a model by which
disruption of Tip60 HAT/HDAC2 balance and resulting epige-
netic repression of neuroplasticity genes is a critical initial step in
the AD pathological process that can be effectively alleviated by
increasing Tip60 HAT levels (Fig. 8).

The extent to which bulk acetylation levels are altered in AD
remains controversial. Reduced, elevated, and unchanged basal
acetylation levels have all been reported in postmortem AD hu-
man samples (Zhang et al., 2012; Lu et al., 2014; Narayan et al.,
2015). Here, we show that reduced bulk protein levels of Tip60
and Tip60 mediated specific histone acetylation marks H4K5, 12,
and 16 in human AD hippocampal tissue. Importantly, histone
acetylation at H4K5, 12, and 16 have each been linked to the
control of genes with well established roles in cognitive function
(Peixoto and Abel, 2013). Therefore, AD might be more related
to disruption of certain HATs such as Tip60 that function to
generate histone acetylation patterns at genes specifically associ-
ated with certain processes such as learning and memory and
these changes are masked in studies that assess bulk levels of
histone acetylation. Because we found that these same marks
were reduced at Tip60 neuroplasticity gene loci during early
APP-mediated neurodegeneration progression in the larval
brain, we propose that these alterations are initiated during the

preclinical MCI stages of AD and persist
or worsen during disease progression.

Tip60 HAT activators as therapeutics in
neurodegenerative disorders
Pharmacological treatments aimed at in-
creasing histone acetylation by inhibiting
HDAC action in these models have shown
reversal of cognitive deficits (Langley et
al., 2005; Fischer et al., 2010; Gräff et al.,
2011). Although promising, many cur-
rently used HDAC inhibitors (HDACi’s)
lack target specificity because they act to
increase global levels of acetylation (Hab-
erland et al., 2009; Fischer et al., 2010;
Johnson et al., 2013), raising concerns
about their applicability. Here, we identify
for the first time a specific set of Tip60
neuroplasticity genes in which expression,
histone acetylation, and binding affinity
for Tip60 is substantially reduced in the
APP-neurodegenerative fly brain and re-

stored by increasing Tip60. Further, we show that Tip60 exerts
this neuroprotective function by generating site-specific chroma-
tin marks that reinstate neuroplasticity gene expression profiles
that are inappropriately repressed in AD and reinstates brain
morphology and function in learning and memory (Rouaux et
al., 2003). Our findings strongly support the concept of exploring
the efficacy of specific Tip60 HAT activators and identifying and
manipulating additional epigenetically misregulated Tip60 target
genes to identify those that affect specific AD pathways and asso-
ciated phenotypes functionally. Such studies would enhance the
development of early therapeutic treatments to slow or protect
against cognitive decline because they would have more direct
and specific effects over more general HDACi treatment (Selvi et
al., 2010). Recent exciting advances have been made in the devel-
opment of two HAT activator molecules, a PCAF activator and a
CBP/p300 activator (Chatterjee et al., 2013), both of which can
cross the blood– brain barrier and function to enhance memory.
Further elucidation of the molecular mechanisms underlying se-
lect HATs with neural function, such as Tip60, and their gene
target specificity in animals should provide earlier, safer, and
more selective ways to promote histone acetylation-mediated
cognitive enhancement benefits in the clinical setting.
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Gräff J, Rei D, Guan JS, Wang WY, Seo J, Hennig KM, Nieland TJ, Fass DM,
Kao PF, Kahn M, Su SC, Samiei A, Joseph N, Haggarty SJ, Delalle I, Tsai
LH (2012) An epigenetic blockade of cognitive functions in the neuro-
degenerating brain. Nature 483:222–226. CrossRef Medline
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