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ABSTRACT

Disruption of histone acetylation mediated gene control is a critical step in Alzheimer's Disease
(AD), yet chromatin analysis of antagonistic histone acetyltransferases (HATs) and histone
deacetylases (HDACs) causing these alterations remains uncharacterized. We report the first
Tip60 HAT versus HDAC2 chromatin and transcriptional profiling study in Drosophila brains
that model early human AD. We find Tip60 and HDAC2 predominantly recruited to identical
neuronal genes. Moreover, AD brains exhibit robust genome-wide early alterations that include
enhanced HDAC2 and reduced Tip60 binding and transcriptional dysregulation. Orthologous
human genes to co-Tip60/HDAC2 Drosophila neural targets exhibit conserved disruption
patterns in AD patient hippocampi. Notably, we discovered distinct transcription factor (TF)
binding sites within Tip60/HDAC2 co-peaks in neuronal genes, implicating them in co-enzyme
recruitment. Increased Tip60 protects against transcriptional dysregulation and enhanced
HDAC2 enrichment genome-wide. We advocate Tip60 HAT/HDAC2 mediated epigenetic

neuronal gene disruption as a genome-wide initial causal event in AD.
INTRODUCTION

Alzheimer’s Disease (AD) is a chronic neurodegenerative disorder affecting the elderly
and is the most common cause of dementia. The disease is hallmarked by amyloid-p (AB) plaque
accumulation, Tau mediated neurofibrillary tangles, and neuronal cell death in the brain that is
accompanied by debilitating cognitive deficits in AD patients that worsen as they age. The
severity and speed of AD progression are dependent upon complex interactions between
genetics, age, and environmental factors (Karch, Cruchaga, & Goate, 2014; Masters et al., 2015;
Sanchez-Mut & Graff, 2015), all of which are orchestrated, at least in part, by epigenetic histone
acetylation mediated gene control mechanisms. Indeed, decreased chromatin histone acetylation
levels have been reported in the brains of animal models and human patients that have multiple
types of neurodegenerative diseases that include AD (Berson, Nativio, Berger, & Bonini, 2018;
Saha & Pahan, 2006). These alterations have been shown to cause an epigenetic blockade of
neuroplasticity gene transcription that contributes to cognitive impairment (Graff et al., 2012;
Panikker et al., 2018). More recently, a compelling study using the brains of AD patients
reported an age-associated genome-wide reduction of the histone acetylation H4K16

modification that is proposed to contribute to epigenetic gene alteration mediated
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neurodegeneration (Nativio, Donahue, Berson, Lan, Amlie-Wolf, Tuzer, Toledo, Gosai, Gregory,
& Torres, 2018). Despite these informative findings, to date, all AD-associated genome-wide
epigenetic studies are limited to examining chromatin histone acetylation patterns and alterations
already generated. Thus, little is known about the genome-wide distribution of the antagonizing
histone acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes that act to modify the
neural epigenome by generating and erasing specific cognition-linked acetylation marks,
respectively, and thus serve as the causative agents of memory-impairing histone acetylation

alterations in AD.

Appropriate histone acetylation homeostasis in the brain is maintained by HATs and
HDACs that in general, activate and repress neural gene expression profiles, respectively.
Disruption of this finely tuned HAT and HDAC epigenetic balance causes transcriptional
dysregulation that is a key step in AD etiology (Graff et al., 2012; X. Lu, Wang, L., Yu, C,,
Yu,D., and Yu, G., 2015; Saha & Pahan, 2006; Sanchez-Mut & Graff, 2015). In support of this
concept, we and others have reported reduced HAT Tip60 (KAT5) (Panikker et al., 2018) and
enhanced HDAC?2 (Graff et al., 2012) recruitment to a set of critical neuroplasticity genes in AD
animal models and human patients that causes reduced histone acetylation at these gene loci with
concomitant transcriptional repression. Nevertheless, whether similar alterations of Tip60 and
HDAC2 chromatin distribution with concomitant transcriptional dysregulation are a genome-

wide phenomenon that occurs as an early initial event in AD progression remains unknown.

Here we report the first genome-wide study profiling Tip60 HAT versus HDAC?2
chromatin distribution and transcriptional dynamics in the brains of amyloid precursor protein
(APP) Drosophila larvae that effectively model early human AD neurodegeneration both
epigenetically and pathologically. We find that Tip60 and HDAC2 predominantly recruited on
identical neuronal genes with enrichment peaking across entire gene bodies. Astoundingly, prior
to amyloid-B accumulation, AD larval brains exhibit robust genome-wide binding disruptions:
enhanced HDAC?2 and reduced Tip60 binding with concomitant transcriptional dysregulation.
Orthologous human genes to co-Tip60/HDAC2 AD-associated neural targets identified in
Drosophila exhibit conserved disruption patterns in the human AD hippocampus. Notably, we
discovered eight transcription factors (TFs) binding close or within Tip60/HDAC2 co-peaks in

neuronal genes, implicating them in co-enzyme recruitment to these loci. Strikingly, increased
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80  Tip60 protects against transcriptional dysregulation and enhanced HDAC2 enrichment genome-
81 wide. Based on these results, we advocate that Tip60 HAT/HDAC2 mediated epigenetic
82  transcriptional dysregulation is a genome-wide initial causal event in the AD brain that can be
83  reversed by restoring Tip60/HDAC?2 balance.

84 RESULTS

85 Tip60 protects against early and late transcriptome-wide alterations in the AD-associated

86  neurodegenerative brain.

87 Mild cognitive impairment (MCI) is a debilitating hallmark during early pre-clinical stages
88 of AD, yet the molecular events that trigger these impairments are unclear. We and others have
89  shown that such preclinical AD pathologies in humans are conserved in the well-characterized
90  AD-associated human amyloid precursor protein (APP) Drosophila model that inducibly and
91  pan-neuronally express human APP (Fossgreen, Brickner, et al., 1998; Panikker et al., 2018).
92  Third-instar larvae that model early staged APP-induced neurodegeneration show deficits in
93  cognitive ability and synaptic plasticity, axonal transport and outgrowth, and apoptotic neuronal
94  cell death in the brain (Johnson, Sarthi, Pirooznia, Reube, & Elefant, 2013; Panikker et al., 2018;
95  Pirooznia et al., 2012). APP flies also display AP plaque accumulation in the aged adult fly eye
96 via human conserved endogenous gamma (Fossgreen, Bruckner, et al., 1998) and beta-secretase
97 cleavage pathways (Greeve, 2004). Thus, we first asked whether APP flies also display Ap
98  plaque formation in the fly brain and whether its accumulation is associated with the early pre-
99 clinical AD defects modeled during larval stages. We focused our studies on the mushroom body
100  (MB) Kenyon cell region as we have shown that Tip60, robustly produced in the MB, is required
101 for MB role in learning and memory and that MB morphology is disrupted in the aged seven-
102  day-old APP fly brain (Xu et al., 2014). Anti-Ap immunofluorescence studies (lijima et al.,
103 2008; lijima et al., 2004) revealed that APP expression in the Drosophila brain results in diffuse
104  amyloid deposits that appear in the MB of seven-day-old flies (Fig. 1Aii and 1Bii). These AB
105  plaque deposits are unobservable in an earlier AD stage modeled in third-instar larvae (Fig. 1Ai
106  and 1Bi). These results suggest that molecular mechanisms distinct from A plaques trigger early

107  AD pre-clinical impairments.
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Figure 1. Diffuse amyloid deposits are abundant in the mushroom body (MB) in 7-day APP
adults but not in 3rd-instar APP larvae. (A) Representative images. AP plaques were stained
with anti-Ap42 antibody (green). Nuclei were stained with PI (red). The Kenyon (Kn) cell region
(boxed) was zoomed in to display Kn cells and AP plaques. (i) Immunostaining of brains of 3rd-
instar larvae shows a negligible AB42 signal in APP flies compared to no AB42 signal in w1118
flies. (ii) Immunostaining of brains of 7-day adults shows evident AP plaques in APP flies
compared to w1118 flies. Arrowheads indicate AP plaques. No AB42 signal was detected in the
Calyx (Ca) region. Scale bar represents 100 um. (B) AB plaque was quantified by both number
and size. (i) Quantification of AP plaque numbers and areas in the 3rd-instar larval brain Kn
region. n =9 ~ 10. (ii) Quantification of AP plaque numbers and area in the 7-day adult brain Kn
region. n = 8 ~ 9. **p < (.01; unpaired student’s t-test. All data are shown as mean = s.e.m.
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120 Gene expression (Grothe et al., 2018; Patel, Dobson, & Newhouse, 2019) and genetic
121 variation (Karch et al., 2014; Kunkle et al., 2019) studies in AD patients and animal models
122 indicate that alteration in gene control contributes to disease pathology. Nevertheless, whether
123 genome-wide gene expression alterations trigger MCI before AP plaque formation remains to be
124  further elucidated as gene studies predominantly rely on aged AD brain samples. To address this
125  question, we profiled genome-wide transcriptional changes during early neurodegeneration
126 stages modeled in APP larval brains and later stages modeled in the aged seven-day-old APP fly
127  heads. As we previously identified disruption of Tip60/HDAC2 mediated neuronal gene control
128  as a potential early mechanism underlying neuronal deficits in APP flies (Panikker et al., 2018),
129  we also asked whether increasing Tip60 HAT activity would protect against potential genome-

130  wide early and late-stage gene alterations.

131 For transcriptome analysis, RNA was isolated from the brains of staged third-instar larvae
132 and from the heads of seven-day-old flies that were w8 control flies or flies expressing either
133 APP or APP;Tip60 under the control of the pan-neuronal elav-GAL4 driver. We used RNA-Seq
134 to quantify gene expression changes. PCA analysis (Supplemental Fig. 1A & 1B) and
135  hierarchically clustered heatmaps (Supplemental Fig. 1C & 1D) show homogeneity within
136  replicates and variability between groups. Importantly, in both early and late developmental
137  stages, the APP;Tip60 transcriptome displays more similarity to the w8 transcriptome than the
138  APP transcriptome (Supplemental Fig. 1C & 1D). Further, tissue enrichment with the human
139  orthologs of the top 2000 APP-induced gene alterations underscores the neural specificity in
140  gene expression defects (Supplemental Fig. 1E & 1F). Reflecting the plaque formation in adult
141  brains, significant alterations in gene expression were identified in the adult APP fly heads (APP
142 vs w8 1493 up/1641 down). Surprisingly, in the absence of plaque formation in the early APP
143  larval stage brain, we observed even greater changes in gene expression (APP vs w8 1750
144  up/2261 down) when compared with adult APP fly heads (Fig. 2A and Supplemental Table 1:
145  S1-1 & S1-3). Consistent with our prior findings demonstrating Tip60 protection against AD
146  defects modeled in APP flies, Tip60 expression led to notable gene expression alterations in both
147  APP larval (APP;Tip60 vs. APP: 311 up/338 down) and adult heads (APP;Tip60 vs. APP: 1023
148  up/1280 down) (Fig. 2A and Supplemental Table 1: S1-2 & S1-4). We next analyzed the data
149  with the goal of identifying Tip60 rescued genes and associated biological processes specifically

150  reprogrammed by Tip60. To this end, we analyzed the distribution and intersection between
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151 down and up-regulated genes between APP vs. w''® and APP;Tip60 vs. APP in larval (Fig. 2B)
152  and adult (Fig. 2C) stages. In the APP larval brain, approximately 11% (458/4011) of gene
153 changes (APP vs w'18) are specifically protected against by increased Tip60 and are referred to
154  here as "Tip60 reprogrammed genes™. In APP adult heads, approximately 60% (1898/3134) of
155  APP-induced genes (APP vs w8 were identified as Tip60 reprogrammed genes. Thus, the
156  number of Tip60 rescued genes is significantly greater in the adult stage than in the larval stage.
157 GO analysis revealed that among the top 25 biological processes associated with the Tip60
158  reprogrammed genes identified in adult flies, axon and dendrite related pathways were enriched
159  (Fig. 3D and Supplemental Table 2: S2-3), while cell-cycle regulation processes and RNA
160  metabolic processes were enriched in the larval stage (Fig. 3A and Supplemental Table 2: S2-2).
161  Lipid metabolic pathways were enriched for Tip60 rescued genes in both adult and larval stages
162  (Fig. 3B & 3C and Supplemental Table 2: S2-4 & S2-1). Our transcriptomic analysis reveals that
163  Tip60 protects against genome-wide gene expression alterations important for neuronal function
164  during early and late-stage AD-associated neurodegeneration with enhanced protection during

165 later stages.
166

167
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169  Figure 2: Tip60 protects against early (third instar larval) and late (seven-day-old adult)
170  transcriptomic deregulation in the APP AD associated neurodegenerative brain. (A) Log2
171  fold changes of differentially expressed genes (padj < 0.05 and log2FoldChange of < -0.583 and
172 >0.583) determined by RNA-seq in the third instar larval and adult heads in APP vs. w1118 and
173 APP;Tip60 vs. APP. Changes were prominent in both third instar larval and adult APP heads,
174  while Tip60-induced changes initiated in the third instar larval head and were prominent in the
175 adult head: indicating the effect of Tip60 over time. (B & C) The upSet plot represents the
176  distribution and intersection of down and up-regulated genes between APP vs. w1118 and
177  APP;Tip60 vs. APP in third instar larval (B) and adult (C) heads. Rows represent the number of
178  genes in each comparison (APP vs. w1118 and APP;Tip60 vs. APP), and columns represent the
179  number of genes per interaction. The red and blue bars represent the up and down-regulated
180  genes, respectively. The black filled dots indicate the association between rows. The red and blue
181  columns represent genes uniquely up-regulated and down-regulated genes, respectively, in given
182  comparisons, while the purple columns represent Tip60 reprogrammed genes.
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Figure 3: Heatmaps depicting the relative expression pattern of genes misregulated in APP
larval and adult heads and are rescued by Tip60. Representation of genes from the most
representative biological processes in the top 25 pathways enriched from the rescue gene list. (A)
Heatmap of genes representing the cell-cycle regulation processes and RNA metabolic processes
in the third instar larval head. Heatmap of genes representing the lipid metabolic pathways in the
(B) third instar larval head and (C) the adult head. (D) Heatmap of genes representing the axon
and dendrite related pathways in the adult head. Log-transformed gene expression values are
displayed as colors ranging from red to blue, as shown in the key. Red represents an increase in
gene expression, while blue represents a decrease in expression.
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193  Increased Tip60 protects against enhanced repressor HDAC2 recruitment along the

194  neuronal gene bodies during early AD neurodegeneration.

195 To elucidate the role of Tip60 and HDAC?2 in the early transcriptional dysregulation we
196  observed in the larval brain prior to AP plaque formation, we profiled genome-wide enrichment
197  of Tip60 and HDAC2 by ChIP-Seq in larval heads obtained from w8, APP, or APP;Tip60
198  genotypes (Supplemental Table 3). The peaks identified by ChIP-seq (Supplemental Fig. 2A &
199  2D) were first annotated to gain insight into their distribution over the genome (Supplemental
200 Fig. 2B & 2E). Interestingly, approximately 60% of the peaks identified for both HDAC2 and
201 Tip60 enrichment were along the gene body (exon and intron regions). A comparative analysis
202 of the genes associated with these peaks among the genotypes (APP, APP;Tip60, w!'!8) revealed
203  ~79% commonality for HDAC2 and ~88% commonality for Tip60 (Supplemental Fig. 2C &
204  2F). Further, PCA analysis (Supplemental Fig. 3A & 3B) and hierarchically clustered heatmaps
205  (Supplemental Fig. 3C & 3D) shown homogeneity within replicates and variability between
206 groups in both HDAC2 and Tip60. These results suggest that similar genes were regulated in
207  each genotype by Tip60 or HDAC2 and Tip60-induced enrichment in APP;Tip60 was more

208  similar to w118,

209 We next performed enrichment quantification of the identified Tip60 and HDAC2 ChlP-
210  Seq peaks in w!'® control, APP and APP;Tip60 larval heads to determine whether their
211 chromatin binding was altered in APP larval heads (APP vs w'!8) and whether increased Tip60
212 could protect against potential binding changes (APP;Tip60 vs. APP). Our findings revealed that
213 inthe APP larval heads, there were robust changes in binding enrichment for both HDAC2 (5400
214  peaks with increased binding and 6571 peaks with decreased binding) and Tip60 (1562 peaks
215  with increased binding and 2023 peaks with decreased binding) (Fig. 4A and Supplemental
216  Table 1: S4-3 & S4-1). Also, tissue enrichment of the top 2000 APP-induced peak enrichment
217 unveils the HDAC2 and Tip60 neural specificity (Supplemental Fig. 3E & 3F). Increased Tip60
218  levels induced a significant reduction in HDAC2 binding (2718 peaks with increased binding
219  and 8960 peaks with decreased binding) and minimal changes in Tip60 binding (4 peaks with
220 increased binding and 1 peak with decreased binding) (Fig. 4A and Supplemental Table 1: S4-4
221 & S4-2). This Tip60 mediated trend in reduced HDAC2 binding is evident by the change in the
222 ratio of decreased binding to increased binding (5.5:4.5 in APP vs w1118 to 7.7:2.3 in

10
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223 APP;Tip60 vs. APP): an increase in the number of peaks with decreased binding (6571 in APP
224 vs w8 to 8960 in APP;Tip60 vs. APP) decrease in the number of peaks with increased binding
225 (5400 in APP vs w8 to 2718 in APP;Tip60 vs. APP), and a decrease in the median of
226 logzFoldChange with increase in HDAC?2 binding.
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228  Figure 4: Increased Tip60 protects against enhanced HDAC2 enrichment in APP larval
229  heads. (A) Log2 fold changes of differentially bound peaks (padj < 0.05) of HDAC2 and Tip60
230 in APP vs. w1118 and APP;Tip60 vs. APP. APP-induced changes (APP vs. w1118) were
231 prominent in both HDAC2 and Tip60 samples, while Tip60-induced changes (APP;Tip60 vs.
232 APP) were prominent only in HDAC2 samples. (B & C) The upSet plot represents the
233 distribution and intersection of differentially bound peaks between APP vs. w1118 and
234  APP;Tip60 vs. APP from HDAC2 (B) and Tip60 (C) samples. Rows represent the number of
235  peaks in each comparison (APP vs. w1118 and APP;Tip60 vs. APP), and columns represent the
236 number of peaks per interaction. The red and blue bars represent the increased and decreased
237  binding of HDAC?2 or Tip60, respectively. The black filled dots indicate the association between
238  rows. The red and blue columns represent peaks unique to a given comparison, while the purple
239  columns represent the peaks rescued by Tip60 expression.

240 We next analyzed the distribution and intersection of altered peaks in larval heads between
241  genotypes APP vs. w!'® and APP;Tip60 vs. APP for HDAC2 (Fig. 4B) and Tip60 (Fig. 4C).

11
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242  Remarkably, for HDAC?2 binding, approximately 48% (5759/11971) of the total number of peaks
243  altered in APP larval head (APP vs w!!!8) were restored by an increase in Tip60 levels
244  (APP;Tip60 vs. APP). Thus, we refer to these peaks as "Tip60 reprogrammed HDAC?2 peaks".
245  The Tip60 reprogramming effect was primarily observed for HDAC2 binding, visualized with
246  both profile plots (Fig. 5 E i & F i) and heatmaps (Fig. 5 E ii & F ii). As 60% of the identified
247  Tip60 and HDAC?2 peaks were enriched along the gene body, we visualized the ChiP-Seq read
248  densities of the significantly altered peak enrichment + /- 0.5 kilobase from the center region of
249  the gene body (Fig. 5 and Supplemental Fig. 4). In APP larval heads, (Fig. 5A-D), the increase in
250  binding of HDAC2 (Fig. 5B) and decrease in binding of Tip60 (Fig. 5C) highly predominates
251  over the decrease in binding of HDAC2 (Fig. 5A) and increase in binding of Tip60 (Fig. 5D).
252  Further, increased Tip60 levels protected against alterations in the HDAC2 and Tip60 binding
253  pattern in the APP larval heads (Supplemental Fig. 4A-D). Taken together, these results suggest
254  that Tip60 exerts its neuroprotective action at least in part via protection against inappropriate

255  repressor HDAC2 genome-wide enrichment along neuronal gene bodies.
256

257

12


https://doi.org/10.1101/2021.02.27.433179

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.27.433179; this version posted February 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

HDAC2 HDAC2
A B E i wms APP;Tip60
$ APP vs.W''®_Down . APP vs.W''8_Up APP vs.W'"¢_Up &
29 APP;Tip60 vs. APP_Down
18 5 .
> >
=16 = 6
7] v o, >
C 14 c = g
[ (] (%} 6
O 1.2 © . c]C.)
'8 1.0 g aoly &
&J 0.8 g:" 2 ?u) 3 4
gg | e,
0.4 ¥ R
-0.5 center 0.5Kb -0.5 center 0.5Kb 1 E
0.5 center 0.5Kb H
TI 60 0.5 e 05Kb 05  center 05kb 0.5 center 0.5Kb
gene distance (bp)  gene distance (bp)  gene distance (bp)
1ms8 1m8
C. APPvs. W' Down D, APP vs.W'"'®_Up i i Wit APP__ APPTip60 _
. . Sl o ”
- APP vs.W'''®_Down & 5_; -
451 ’ APP;Tip60 vs. APP_Up = A
3‘4»0 3‘ 1.6 35 =
235 2 E [
@ 141 >\3vo - .
T304 o =t —
o o 121 @ 25 |
(S 2.5 1 © S H -
) D 10/ 5 20 & z
e 2.0 oc s 20
0.8 g 15 :
154 ’ t] 15
0.5 center 0.5Kb 0.5 center oskp| & 104~ N U
\_/_——'—\_"
05 -
-0.5 cen‘lel 0.5kb E - g s
1ms Ti S
W — W —— APP APP,T|p6O 05  center 05Kb 05 center 05Kb 0.5  center 0.5kb
258 gene distance (bp)  gene distance (bp)  gene distance (bp)

259  Figure 5: Tip60 expression protected against alterations in the HDAC2 binding pattern
260 along the gene body in APP larval heads. (A & B) Profile plots representing decreased (A) and
261 increased (B) binding of HDAC2 in APP larval heads. (C & D) Profile plots representing the
262  decreased (C) and increased (D) binding of Tip60 in APP larval heads. Profile plots also
263 represent the significant increase in HDAC2 binding (B) and decrease in Tip60 binding (C) in
264  APP larval heads. (E i. & F i.) Profile plots representing the rescue effect (reversal in APP-
265 induced binding pattern) of Tip60 expression on HDAC2 binding. (E ii. & F ii.) The
266 corresponding heatmaps represent the Tip60 rescue effect. Sequencing data centered + /- 0.5
267  kilobase from the center region of the gene body.

268  Tip60/HDAC?2 co-regulated genes functionally modulate AD neurodegeneration in vivo and

269  are conserved in the human AD brain.

270 We observed that Tip60 and HDAC2 are recruited to genes in a binding enrichment pattern
271  that is disrupted during early AD neurodegeneration, predominantly by HDAC2 binding over
272 Tip60. To identify genes associated with Tip60 and HDAC2 that are misregulated under early
273 AD-associated APP conditions, we compared all differentially expressed genes from our RNA-
274  seq analysis (APP vs. w118 and APP vs. APP;Tip60) with the protein-encoding genes bound by
275  Tip60 in control w8 larval heads and the protein-encoding genes bound by HDAC?2 binding in
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276 APP larval heads (Supplemental Fig. 5A). Remarkably, this analysis revealed that 77% (or 3137
277  genes) of the total number of genes identified were identical direct target genes for both HDAC?2
278  and Tip60. These results indicate that Tip60 and HDAC2 co-regulate an identical set of genes
279  and that this control is altered during early AD conditions at least in part by enhanced HDAC?2
280  hbinding that may also displace Tip60 binding. Comparison of the top twenty (20) biological
281  processes, enriched in gene ontology analysis, each for Tip60 and HDAC2 protein-encoding
282  genes revealed that 17 of these biological processes are identical, further confirming that Tip60
283 and HDAC?2 co-regulate overlapping biological processes (Supplemental Fig. 5B & 5C). These
284  processes included axon guidance, associative learning, and neuron differentiation, underscoring
285 the importance of the co-regulatory function of Tip60 and HDAC2 in neural function and

286  cognition.

287 We next asked whether these genes are functionally involved in modifying AD-associated
288  neurodegeneration, in vivo. To address this question in an unbiased fashion, we selected 50 genes
289  from the top 20 enriched biological processes that were present in both Tip60 and HDAC2 GO
290  analysis (Supplemental Table 5). To assess whether these 50 genes could functionally modulate
291  AD neurodegeneration in vivo we used the well-characterized Drosophila eye screen that
292  enabled us to assess a gene ability to functionally modulate human tau-driven AD-associated
293  neurodegeneration. To this end, the GMR-Gal4 driver was used to drive the expression of the
294  mutant form of human tau V337M in all retinal cell types. Expression of h-tauV337M in the
295  retina causes a moderately rough eye phenotype at 25°C, characterized by fused and disordered
296  ommatidia with missing mechanosensory bristles (Blard et al., 2007). We determined whether
297 RNAi-mediated knockdown of the genes of interest was able to modify this Tau-induced
298  phenotype by comparing the rough eye phenotype of the Gal4-GMR Tau control flies to the
299  surface of the control Gal4-GMR Tau crossed with RNAI flies. We found that out of 38 genes
300 we were able to obtain RNAI fly lines for, 14 genes showed either enhancement or suppressing
301 of the GMR Tau rough eye phenotype. The functions of these 14 genes include diverse roles in
302 neuronal function and neurodegenerative disease and are referred to here as “Tip60/HDAC2 AD
303  genes”: Shroom, oc, nwk, nmo, Syn, Appl, Dop1R1, RhoGAP100F, NetB, flw, trx, Thor, DI, &
304 CG7275. The results of the GMR Tau eye screen functionally triaged our mass data sets from
305  both ChIP and RNA sequencing to further streamline mechanistic analysis underlying Tip60 and
306 HDAC?2 co-regulation of genes functionally involved in early AD-associated neurodegeneration.
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307 We found that increased Tip60 protects against inappropriate genome-wide enhanced
308 HDAC2 enrichment along the neuronal gene bodies during early AD linked neurodegeneration
309 in APP larval heads. To expand these findings at high resolution, we mapped binding enrichment
310 of both Tip60 and HDAC2 in APP, APP;Tip60, and w!!® larval heads along the 14
311  Tip60/HDAC2 AD gene loci we had identified (Fig. 6 and Supplemental Fig. 6). These genes
312  regulate roles in synaptic plasticity and neuronal developmental processes that include synaptic
313  vesicle function (Syn & nwk), axonal outgrowth (NetB), neuronal signaling pathways (hmo, flw,
314 DoplR1, DI, Appl, & RhoGAP100F), gene regulation (trx & Thor), actin filament formation and
315  stabilization (Shroom), and neurodevelopment process (oc) (Larkin et al., 2020). Tip60 and
316  HDAC?2 not only both bind within each of these genes in all fly genotypes analyzed (APP,
317  APP;Tip60, w!'®®) but remarkably, at almost identical genomic coordinates, suggesting that
318  Tip60 and HDAC?2 are co-recruited to the same docking sites within gene loci. Further, the same
319  trend of inappropriate enhanced HDAC2 enrichment in APP vs. w8 control that was protected
320  against upon increased Tip60 levels (APP;Tip60 vs. APP) was observed at almost all of these
321  genomic coordinates (Supplemental Table 6). Taken together our results support a model by
322 which Tip60 and HDAC2 co-regulate neuronal target genes via recruitment to overlapping

323  binding sites within gene bodies.
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325  Figure 6: Tip60 and HDAC2 bind at similar genomic coordinates and co-regulate synaptic
326  plasticity and neuronal developmental process-related genes. (A-F) Genome browser track
327 view of Tip60 and HDAC2 peaks in three genotypes (w1118, APP, and APP;Tip60) at the
328  Shroom (A), nwk (B), Syn (C), oc (D), nmo (E), and Appl (F) loci. Below the tracks, the gene
329 features panel has loci marked: representing the transcription factor (Adf1, brk, Bteb2, lola, luna,
330 Mad, opa, and Spl) binding sites. The blue bars below the gene features panel depicts the
331 regions bound by Tip60 and HDAC?2. These genes with significantly enriched peaks exhibit a
332 prominent phenotypical difference in eye screen.

333 Tip60 and HDAC?2 both can interact with transcription factors (TFs) that aid in their gene
334  recruitment and regulatory functions (Aghdassi et al., 2012; Frank et al., 2003; Hlubek et al.,
335  2001; Tea, Chihara, & Luo, 2010; Yang, Inouye, Zeng, Bearss, & Seto, 1996) that we speculate
336  are disrupted in early AD stages. Thus, we asked whether there are conserved TF motif binding
337  sites within genes altered for both expression and Tip60 and HDAC?2 binding during early AD
338 stages. To address this question, genes selected for this analysis were triaged by comparing
339  ChIP-Seq and RNA-Seq data sets for AD-associated alterations (APP vs. w'!®) to select for

340 down-regulated genes with reduced Tip60 and enhanced HDAC2 binding and up-regulated
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341  genes with enhanced Tip60 and reduced HDAC2 binding. Only those gene alterations that were
342  protected against by increased Tip60 levels were selected for motif analysis. The selected genes
343 were termed as up-regulated rescue (UpRegRes) list and a down-regulated rescue
344  (DownRegRes) list (Supplemental Fig. 7). GO analysis of these genes revealed that the top
345  biological processes were enriched for functions in learning & memory, axon guidance &
346  extension, neurogenesis & neuron development, and gene silencing & chromatin modification
347  (Supplemental Table 7), further underscoring the importance of Tip60 and HDAC?2 in neuronal
348  functions disrupted in AD. Motif enrichment analysis was performed to identify the TFs
349  controlling the rescue genes’ transcription. With HDAC2 encompassing the rescue list, Tip60
350 bound coordinates altered by APP expression were also included for motif discovery
351 (Supplemental Table 8). The analysis revealed eight TFs with neuronal functions and gene
352 control (Fig. 7A) and motif regions within the Tip60/HDAC2 AD genes (Fig. 7B). Remarkably,
353 many of these TFs are located either within or close to the identified Tip60 and HDAC2 co-
354  peaks (Fig. 6 and Supplemental Fig. 6). Notably, 9 of the 14 Tip60/HDAC2 AD genes have Mad
355  binding sites. Our results suggest that recruitment of Tip60 and HDAC?2 by common TFs within
356 gene bodies may be a general mechanism by which these chromatin regulators co-regulate

357  neuronal gene expression.
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359  Figure 7: Transcription factor (TF) motifs significantly enriched within the rescue gene list
360 and the associated Tip60/HDAC2 AD genes. TF motifs were identified using the MEME-Chip
361 platform (CentriMo). (A) Consensus sequences and their corresponding TFs bound and the
362  associated Tip60/HDAC2 AD genes. (B) Plot representing the association of Tip60/HDAC2 AD
363  genes and the TFs.

364 Finally, we asked whether the Tip60/HDAC2 binding alterations and gene dysregulation
365 we observed in APP larval heads were also reflected at the protein level. To address this, we
366  used mass spectrometry (MS) analysis of proteins isolated from the larval brains of w8, APP,
367 and APP;Tip60 genotypes to identify significantly differentially regulated proteins [abs(FC) >
368 1.5 & g-value <= 0.1] with APP (APP vs. w!'%®) and Tip60 (APP;Tip60 vs. APP) expression
369  (Supplemental Table 9). Analysis of the ~1100 most enriched proteins, identified by MS,
370  revealed that 74 of these proteins were altered in their levels in the APP larval brain and 67 of
371 these in Tip60 expressed brains (Supplemental Fig. 8). Gene ontology analysis revealed that
372  these proteins regulate methylation [histone (Artl & Art4) & mRNA (Art4)], axon guidance &
373  transport (Dys), nucleocytoplasmic shuttling (Ntf-2), and glutamate (Galphas) & cholinergic
374  (Dys) pathways (Supplemental Table 10). Comparison of proteomics and next-generation
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375  sequencing (RNA-seq & ChlP-seq) data reveal that 23% (17/74) of these altered proteins are
376  directly encoded by Tip60/HDAC?2 co-regulated genes misregulated in the APP larval brain and
377  11% (7/67) in the Tip60 expressed brains. (Fig. 8 and Supplemental Table 11). These results
378  suggest that early AD-associated alterations in epigenetic gene regulation persist to the protein

379 level.
A. APP vs. W18 B. APP:Tip60 vs. APP
Proteomics - RNA-Seq Proteomics RNA-Seq
(Larva) 13 (Larva & Adult) (Larva) & (Larva & Adult)
36 2996 39 1449
17 7
8 : 2797 17 1292
3777 4775
ChlIP-Seq ChlIP-Seq
380 (HDAC2 & Tip60) (HDAC2 & Tip60)

381  Figure 8: RNA-seq, ChlP-seq, and mass spectrometry data convey the integrative and
382 independent gene expression regulation induced by APP and Tip60 expression. (A & B)
383  Venn diagram of differentially regulated genes in the third instar larval and adult heads (RNA-
384  seq), genes with differentially binding of Tip60 and HDAC?2 in the third instar larval heads
385 (ChIP-seq), and differentially regulated proteins in the third instar larval heads (mass
386  spectrometry) from (A) APP vs. w1118 comparison and (B) APP;Tip60 vs. APP comparison.

387 Tip60/HDAC?2 co-regulation of neuronal genes is disrupted in hippocampus of AD patients.

388 Neuronal gene co-regulation by antagonizing epigenetic enzymes in the human brain has
389  not been investigated previously. A subset of Tip60 and HDAC?2 co-regulated direct target genes
390 we identified from our Drosophila ChIP-Seq and RNA-Seq analysis that also modify Tau
391  pathology have human orthologs. To confirm human AD disease relevance, we asked whether
392  these same human orthologs are also co-targets of Tip60 and HDAC?2 in the human hippocampus
393  and are epigenetically misregulated in the hippocampus from AD patients as we observed in the
394  AD-associated APP fly model. To address these questions, we performed ChIP analysis using
395 chromatin prepared from age-matched human healthy control and AD hippocampus. We
396 quantified enrichment of Tip60 and HDAC2 within gene bodies using real-time PCR.
397 Remarkably, all 14 genes tested were found to be direct gene targets for both Tip60 and HDAC?2
398 in the human hippocampus (Fig. 9). Further, ChIP analysis using chromatin from AD patients
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399 revealed that Tip60 enrichment was significantly decreased at 12 of the 14 genes (Fig. 9A).
400  Further, HDAC enrichment was also altered with an increase at 7 of the 14 genes tested and a
401  decrease at 5 of the 14 genes tested (Fig. 9B). Remarkably, five of these genes (Fchsd2, otx1,
402  sydel, ppplcb, shroom2, dcafl3, and nlk) showed opposite trends in Tip60/HDAC?2 binding in
403  the human AD hippocampus, similar to what we observed in AD larval heads. Our findings
404  reveal that Tip60O/HDAC2 co-regulatory mechanisms underlying neuronal gene expression that
405  are disrupted during early AD stages in the fly brain and protected against by increased Tip60 are
406  conserved in the hippocampus of human AD patients.
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408  Figure 9. Human homologs of co-Tip60/HDAC?2 Drosophila neural gene targets exhibit
409 conserved Tip60 and HDAC2 binding patterns in normal versus AD patient hippocampi.
410  Chromatin was isolated from healthy control and AD hippocampus (n=3 brains per condition).
411  Histograms represent ChIP enrichment using antibodies to (A) Tip60 and (B) and HDAC2. All
412  data are from three independent experiments. Statistical significance was calculated using
413 unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
414  indicate SEM. (See Figure X-1 for primer sequences) (C) Table depicting Drosophila and human
415  homolog gene names and conserved gene functions.

416  DISCUSSION

417 Here we report the first genome-wide HAT versus HDAC profiling study assessing
418  epigenetic alterations initiated during early stages of AD-associated neurodegeneration modeled
419  in the Drosophila APP larval brain. A key finding from our analysis revealed that both Tip60
420 and HDAC?2 binding is not exclusively restricted to promoter regions but also enriched
421  predominantly along the gene bodies, suggesting these enzymes may act to both initiate and then

422  maintain gene regulatory control in a poised state (Greer et al., 2015; L. Wang et al., 2017; Z.
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423  Wang et al., 2009). Additionally, since gene-body bound TFs also regulate RNA splicing by
424  binding to pre-mRNAs to recruit HATs that increase histone acetylation to facilitate RNA
425  Polymerase elongation and exon exclusion or HDACs that reduce histone acetylation to slow
426  RNA Polymerase elongation and exon inclusion, Tip60 and HDAC2 might also function to
427  regulate RNA splicing of target genes (Greer et al., 2015; Rambout, Dequiedt, & Maquat, 2018).
428  Further, we observed robust alterations in binding enrichment for both HDAC2 and Tip60 in the
429  AD larval brain well before amyloid plaque accumulation and lethality, indicating that chromatin
430 remodeling changes are an initial event in neurodegenerative progression and not a consequence.
431  Notably, our analysis showed a predominant increase in binding of HDAC2 (Fig. 5B) and a
432 decrease in binding of Tip60 (Fig. 5C) within central gene bodies of their target loci. These
433 findings expand prior studies showing enhanced HDAC2 recruitment to a focused subset of
434  synaptic genes in AD fly (Panikker et al., 2018) and mouse models (Graff et al., 2012) by
435  revealing for the first time that an increase in HDAC2 binding is a broad genome-wide AD-
436  associated phenomenon that occurs significantly within gene bodies resulting in their
437  dysregulation. A similar complimentary trend in a marked reduction in genome-wide H4K16
438  acetylation in the human AD brain (Nativio, Donahue, Berson, Lan, Amlie-Wolf, Tuzer, Toledo,
439  Gosai, Gregory, Torres, et al., 2018), which notably is the preferential acetylation target for
440  Tip60, has recently been reported. Thus, our results indicate that some histone acetylation
441  changes (X. Lu, Wang, Yu, Yu, & Yu, 2015; Nativio, Donahue, Berson, Lan, Amlie-Wolf,
442  Tuzer, Toledo, Gosai, Gregory, Torres, et al., 2018; Stilling & Fischer, 2011) functionally
443  contributing to AD may be initiated at the level of altered Tip60 and HDAC2 antagonistic

444  enzyme recruitment within the central gene body regions.

445 Another significant finding originating from our work is that Tip60 and HDAC2 co-
446  regulate a similar set of genes that function in cognition linked neural processes disrupted early
447  in AD progression. Comparison of enriched HDAC2 gene targets in the APP larval heads with
448  Tip60 gene targets in the w'!'® larval heads revealed that, remarkably, 77% of these genes are
449  identical and misregulated in the AD fly brain (Supplemental Fig. SA). Further, gene ontology
450 analysis of Tip60 versus HDAC2 target genes revealed that 17 of the top 20 most enriched
451  biological processes identified for each enzyme also overlapped and included functions like
452  axonal guidance, associative learning, and neuron differentiation: underscoring their importance

453  in cognitive function and relevance to AD (Supplemental Fig. 5B & 5C). Thus, while other
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454  groups have proposed that HAT and HDAC enzymatic activities may both be present in close
455  proximity to each other on gene regulatory regions (Peserico & Simone, 2011; Yamagoe et al.,
456  2003) we are the first to report co-docking of Tip60/HDAC?2 on chromatin targets that mediates
457  a co-regulatory function for neural genes at a genome-wide level. Finally, we find that almost
458  one-fourth of the proteins altered in the APP larval brain (17/74) are encoded by dysregulated
459  Tip60/HDAC2 co-target genes (Fig. 8A), indicating that such early AD-associated
460  Tip60/HDAC?2 epigenetic alterations persists at the RNA and the protein level.

461 How might Tip60 and HDAC2 be co-recruited to similar genomic loci within neural
462  genes? It is well-documented that both HATs and HDACs interact with the same TF that
463  facilitates their recruitment to gene loci to promote chromatin remodeling and transcriptional
464  control. For instance, NF-kB interacts with and is acetylated by p300/CBP and deacetylated by
465 HDACI/HDAC?2 to increase and decrease target gene expression, respectively (Chen & Greene,
466  2004). However, whether HATs and HDACs can bind simultaneously to the same gene by being
467  recruited by either different TFs in close proximity within a given gene locus or by the same TF
468  remains to-be elucidated. Here, in our motif Enrichment Analysis of Tip60 and HDAC2 ChIP-
469  Seq peaks, we identify eight TFs with known neuronal functions and gene control (Fig. 7) that
470  are located either within or in proximity to the Tip60 and HDAC2 co-peaks we identified within
471  AD-associated neural gene loci (Fig. 6 and Supplemental Fig. 6). These findings indicate that
472  these TFs are involved in the co-recruitment of Tip60 and HDAC2 to common gene regulatory
473  regions. Most notably, Mad binds to 9 of the 14 AD-associated genes we analyzed and,
474  remarkably, is present at the identical coordinates within co-Tip60 and HDAC2 peaks within
475  Appl (B amyloid protein precursor-like), shroom, oc, synapsin and delta genes (Fig. 6, Supp. Fig.
476  6). Accordingly, in prior studies, Mad has been shown to interact with both Tip60 and HDAC2
477  1in other systems to activate and repress gene expression, respectively (Frank et al., 2003; Laherty
478 et al., 1997). Our results support a model by which Mad, along with other TFs within a given
479  gene body, serve as docking sites for recruitment of both HDAC2 and Tip60 either separately
480 and within proximity to one another or simultaneously, thus keeping genes poised for rapid
481 activation or repression. We speculate that these scenarios are not mutually exclusive of one
482  another and, importantly, may explain the rapid histone acetylation changes within activity-
483  dependent neural genes that drive their swiftly fluctuating transcriptional responses (Karnay &

484  Elefant, 2017; Katan-Khaykovich & Struhl, 2002; Peserico & Simone, 2011). Intriguingly, some
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485  of the TFs we identify have been previously implicated in AD. For example, Spl dysregulation
486  identified in the AD frontal cortex has been proposed to alter its regulation of APP and Tau
487  target genes (Citron, Dennis, Zeitlin, & Echeverria, 2008), while human SMAD (human ortholog
488  of fly Mad) activity is also reduced in the AD brain, causing dysregulation of downstream

489  signaling pathway mediated gene expression (Ueberham et al., 2014).
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491  Figure 10. Model for Tip60 and HDAC2 co-mediated neuronal gene control. Our results
492  support a model by which transcription factors (TFs) within a given neuronal gene body serve as
493  docking sites for recruitment of both HDAC2 and Tip60 either simultaneously to the same TF,
494  separately to multiple TFs within close proximity to one another or competitively to a given TF.
495  We speculate that these scenarios are not mutually exclusive of one another and may explain the
496  rapid histone acetylation changes within activity-dependent neural genes that drive their swiftly
497  fluctuating transcriptional responses. Early disruption of Tip60/HDAC homeostasis in AD
498  causes enhanced HDAC2 recruitment with concomitant gene disruption. Increasing Tip60
499  protects against altered HAT/HDAC homeostasis in the brain to maintain appropriate neuronal
500 gene expression profiles and neural health.

501 In the present study, a pivotal discovery with clinical relevance is that increased Tip60

502 levels protect against altered HDAC2 binding and restoration of appropriate gene expression in
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503 the larval brains. Essentially, such Tip60 mediated neuroprotection against epigenetic gene
504  dysregulation is a genome-wide phenomenon as evidenced by our observation that 5400 genes
505  display inappropriate enhanced HDAC2 binding and that increased Tip60 protects against such
506 increases for 74% (3981/5400) of these affected genes in the AD larval brain (Figure 4B).
507 Interestingly, we observed such inappropriate enhanced HDAC2 binding significantly in the
508 gene body's central region (Figure 5). Further, high-resolution mapping of Tip60 and HDAC?2
509 peaks within AD-associated neuronal genes reveal that enhanced HDAC2 and reduced Tip60
510 binding in the APP larval head occurs within several Tip60/HDAC2 co-docking sites, with such
511 inappropriate enhanced HDAC2 enrichment reduced with increased Tip60 levels (Fig. 6,
512  Supplemental Fig. 6, and Fig. SE). Similar trends in altered Tip60/HDAC2 co-regulation of
513  human orthologs of these genes were observed in the human AD hippocampus (Fig. 9),
514  highlighting human relevance and the remarkable conservation in Tip60/HDAC2 epigenetic
515 mechanisms between AD flies and human patients. Together, our findings support a model that
516 increased HDAC?2 in the AD larval and human brain (Graff et al., 2012) displaces genome-wide
517  Tip60 recruitment within gene bodies that may be initiated at co-Tip60/HDAC2 docking sites,
518 causing harmful changes in gene expression that persist and worsen during disease progression.
519 Tip60 may mediate its neuroprotective role in epigenetic gene control by either reducing
520 HDAC?2 levels, a phenomenon which we previously demonstrated to occur at the transcriptional
521 level (Panikker et al., 2018) and/or by displacing inappropriate enhanced HDAC2 binding levels

522  to restore Tip60 mediated gene regulation.

523 Our study proposes a mechanism involving aberrant Tip60 and HDAC2 co-recruitment to
524  genes genome-wide to explain how histone acetylation changes are initiated in AD, providing
525 informative directions for chromatin-mediated therapeutic avenues. For example, HDAC
526  inhibitors (HDACi) lack target specificity and act to increase global acetylation (Fischer,
527  Sananbenesi, Mungenast, & Tsai, 2010; Haberland, Montgomery, & Olson, 2009; Johnson et al.,
528  2013), reducing their applicability as safe cognition promoting therapeutics, thus promoting
529  exploration into more specific HAT activators that can potentially reset AD associated site
530 specific histone aceytlation disruption. Our findings underscore this concept by showing that
531  HDAC?2 has reduced gene target specificity compared with Tip60, as evidenced by the far more
532 HDAC2 genome-wide target genes altered in the APP larval brain (Fig. 4A) when compared to
533  Tip60. Nevertheless, increased Tip60 specifically protects against altered HDAC2 binding at
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534  most genes in the APP larval heads (Fig. 4B) and at many of the co-Tip60/HDAC?2 docking sites
535  with TF binding motifs (Fig. 6, Supplemental Fig. 6, and Fig. 7), highlighting the relevance for
536  Tip60 and/or Tip60O/HDAC?2 interacting TFs as more specific therapeutic targets. Further, these
537 Tip60/HDAC?2 binding alterations, at specific gene loci, before AP accumulation is detectable,
538  support these sites as potentially valuable early AD biomarker "hot spots" that are easy to track.
539  Recently, we reported that disruption of Tip60 and HDAC?2 balance in the brain is a common
540 event in other neurodegenerative diseases modeled in Drosophila: HD, ALS, and PD (Beaver et
541  al.,, 2020). Further studies may reveal a therapeutic potential for targeting Tip60 in these
542  disorders as well. Together, our findings warrant future epigenetic therapeutic studies intended to
543  restore Tip60 mediated histone acetylation homeostasis for earlier and more selective treatment

544  for AD and potentially other neurodegenerative disorders.
545 MATERIALS AND METHODS
546  Fly stocks

547 Fly strains and crosses. All fly lines were raised under standard conditions at 22°C on
548  standard yeasted Drosophila media (Applied Scientific Jazz Mix Drosophila Food; Thermo
549  Fisher Scientific, MA, USA). The pan-neuronal driver elav C155 and the transgenic UAS lines
550 carrying human APP 695 isoform (UAS-APP) were obtained from Bloomington Drosophila
551  Stock. Generation and characterization of double-transgenic UAS APP;Tip60 WT fly lines are
552 described in Pirooznia et al. (2012). The w8 line served as the genetic background control. All
553  experimental crosses were performed at normal physiological temperature of 25°C with 12 hour
554  light/dark cycles.

555  Immunofluorescence, imaging, and quantification

556 For anti-Af42 immunofluorescence samples were prepared as described in Zhang et al.,
557  (2020). Briefly, larval or adult brains were dissected in PBS, fixed in fixation buffer containing
558  0.7% paraformaldehyde and 0.9% lysine for 1 h at room temperature, washed three times in PBS
559  containing 0.5% Triton X-100 (PBST) for 15 min each time at room temperature, and blocked
560 for 1 h at room temperature in PBST containing 5% normal goat serum, and incubated with
561  primary anti-Ap42 (1:100, #05-831-1, Millipore, MA, USA) antibody in blocking solution

562  overnight at 4°C. Samples were washed three times in PBST for 15 min each time at room
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563  temperature and incubated with goat anti-mouse Alexa Fluor 488 (1:300, #A28175, Invitrogen,
564 CA, USA) and propidium iodide (PI, a final concentration of 1.5 uM) for 2 h at room
565  temperature. After washing three times in PBST for 15 min each time, samples were mounted in
566 VECTASHIELD antifade mounting media (Vector Laboratories, CA, USA).

567 For imaging, samples were analyzed as described in Zhang et al., (2020). Confocal
568  microscopy was performed using a ZEISS microscope (LSM 700, ZEISS, NY, USA). The optical
569 intervals were 5.94 um z-sections for 100x magnifications and 0.79 um z-sections for 200x
570  magnifications. The optical intervals were determined by the optimized pinhole diameters which
571 are 33.3 um at 1 Airy Unit (AU) for 100x magnification and 25.1 pum at 1 AU for 200x
572  magnification. Consecutive z-stacks through the entire Kn were used for quantification.
573  Consecutive subsets of the z-stacks approximately at the level of center Kn were used for the
574  final projection and display. The quantification of AP plaques and apoptosis in different
575  genotypes was measured under 200x magnification using Image J software.

576  RNA isolation

577 Total RNA was isolated from third-instar larval brains or seven-day-old adult heads using
578 the QIAGEN RNeasy Mini Kit (#74106, QIAGEN, MD, USA) following the manufacturer’s
579  protocol. The quality, quantity, and purity of RNA were determined using a Nanodrop
580  spectrophotometer (Thermo Fisher Scientific, MA, USA) and 2100 Bioanalyzer (Agilent
581  Technologies, CA, USA). RNA samples with an RNA integrity number (RIN) > 8.0 were used
582  for sequencing.

583  RNA-Seq library preparation, sequencing, and analysis

584 100 ng of total RNA was used to prepare libraries using TruSeq Stranded Total RNA kit
585  (Illumina, CA, USA) according to the manufacturer’s instructions. The final libraries at the
586  concentration of 4 nM were sequenced on NextSeq 500 platform (Illumina, CA, USA) using 75
587 bp paired-end sequencing. Raw FASTQ sequencing reads were aligned to the Drosophila
588 melanogaster genome (Ensembl version BDGP6) using RNA-Seq by Expectation-Maximization
589 (RSEM) (B. Li & Dewey, 2011). Total read counts were obtained using RSEM’s calculate-
590 expression function. Principal component analysis (PCA) and heatmap clustering (Euclidean
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591  distance) were performed to cluster the samples and identify the batch effects and sample

592  heterogeneity. All the plots were constructed using R/Bioconductor.
593  Differential gene expression analysis

594 Differential gene expression between any two genotypes was tested using the DESeq2: a
595 statistical tool that employs shrinkage estimates to compute fold changes (Love, Huber, &
596  Anders, 2014). Raw RNA-Seq read counts from biological replicates of each genotype were used
597 as the input for DESeq2. For both larval and adult data, all three genotypes (w8, APP, and
598  APP;Tip60) were analyzed together using a single model matrix, and the desired pairwise
599  comparisons were then extracted. Only genes that displayed log2FoldChange of < -0.583 and >
600  0.583 in their expression levels, with an adjusted p-value < 0.05, were used for the UpSet plot
601  (Conway, Lex, & Gehlenborg, 2017) and gene ontology (GO) analysis (FlyEnrichr) (Kuleshov et
602 al., 2016). Among the ontologies in GO analysis, GO Biological Process GeneRIF was included
603  in our downstream analysis. Heatmaps were generated using the ComplexHeatmap package (Gu,
604  Eils, & Schlesner, 2016). The TissueEnrich package is used to calculate enrichment of tissue-

605  specific genes in a set of input genes (Jain & Tuteja, 2019).
606  Chromatin immunoprecipitation (ChIP)

607 Chromatin was extracted and sheared from ~200 third-instar larval heads per replicate. To
608  obtain larval heads, the first 1/3 of the larvae (anterior head region) was isolated. Remaining fat
609  bodies were carefully dissected and discarded. All larval heads were inspected visually to ensure
610 that the entire CNS was intact. Using the GAL4-inducible system to target gene expression
611  exclusively in the nervous system of the larvae ensures virtually no variability in gene expression
612 in the samples used. For IPs, we used truChIP Chromatin Shearing Kit (Covaris Inc., MA, USA)
613  following the manufacturer’s instructions. Briefly, protein—-DNA cross-links were made at RT for
614 5 min with 1% formaldehyde and tissue was pulverized using the CryoPrep (Covaris Inc., MA,
615 USA). Cells were lysed and nuclei were prepared using Covaris lysis buffer. Sonication of DNA
616  was performed using a Covaris E220 Ultrasonicator for 15 min. The sheared chromatin was
617  immunoprecipitated using the EZ-Magna ChIP A Chromatin Immunoprecipitation Kit
618  (Millipore, MA, USA) following the manufacturer's instructions. Sheering quality and chromatin

619  quantity was determined using Agilent Bioanalyzer DNA 1000 kit (Agilent Technologies, CA,
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620  USA). Briefly, ChIP was performed with 30 pg of sheared chromatin using anti-Rpd3 (ab1767,
621  Abcam, MA, USA), anti-Tip60 (ab23886, Abcam, MA, USA). The eluted material from the
622  immunoprecipitation along with an input sample was then purified using a QlAquick PCR
623  purification kit (QIAGEN, MD, USA).

624  ChlP-Seq library preparation, sequencing, and analysis

625 ChlP-Seq libraries were prepared from the ChiP-enriched DNA samples using the Accel-
626  NGS 2SPlus DNA Library Kit (Swift Biosciences, MI, USA), following the 350 base pair insert
627 guide of the protocol. After library preparation, all libraries were normalized and sequenced
628  using the standard Illumina loading protocol on the Illumina NextSeq 500 Sequencer (lllumina,
629 CA, USA). Sequence read fragments were aligned to the Drosophila melanogaster BDGP6
630 genome using the BWA-MEM aligner (H. J. a. p. a. Li, 2013). Samtools was used to filter the
631  resulting alignments to remove reads with mapping quality below 30 and any remaining
632  duplicate reads, and then to merge replicate BAM files for each factor and condition (H. Li et al.,
633  2009). Peak calling was performed on the reads that passed filters for each replicate in addition
634  to the merged alignments using macs2 with default settings (Zhang et al., 2008). The resulting
635  peaks were annotated for genomic features using the HOMER annotatePeaks.pl tool (Heinz et
636 al., 2010). Replicate peak calls were used to estimate the irreproducibility discovery rate (IDR)
637  and create consensus peak sets with IDR < 0.05 (Q. Li, Brown, Huang, & Bickel, 2011). Regions
638  of interest were defined by intersecting the consensus peak sets with Ensembl BDGP6.22
639  annotation release 98. The featureCounts tool from the subread software package was used to
640  generate read counts for each region of interest (Liao, Smyth, & Shi, 2014). PCA and heatmap
641  clustering (Euclidean distance) were performed to cluster the samples and identify the batch

642  effects and sample heterogeneity. All the plots were constructed using R/Bioconductor.
643  Differential binding analysis

644 Differential binding of peaks (region of interests) between any two genotypes was tested
645 using the DESeq2 (Love et al., 2014). Raw read counts, for each region of interest, from
646  Dbiological replicates of each genotype were used as the input for DESeq2. For Tip60 and
647 HDAC2 samples, all three genotypes (w8 APP, and APP;Tip60) were analyzed together using
648  asingle model matrix, and the desired pairwise comparisons were then extracted. Peaks with an

28


https://doi.org/10.1101/2021.02.27.433179

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.27.433179; this version posted February 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

649  adjusted p-value < 0.05 were used for the UpSet plot analysis (Conway et al., 2017). Genes
650  associated with these peaks were further for GO analysis (FlyEnrichr) (Kuleshov et al., 2016).
651  Among the ontologies in GO analysis, GO Biological Process GeneRIF was included in our

652  downstream analysis.
653  Visualization of ChIP-seq data

654 The merged BAM files for each genotype were converted to BPM normalized BigWig files
655 using bamCompare. computeMatrix was used to calculate scores per genome regions
656  (Differentially bound regions from DESeq2) and prepared an intermediate file that can be used
657  with plotHeatmap and plotProfiles (Ramirez et al., 2016). The reference point for the plotting
658  was the center of the region with a window of + /- 0.5 kilobase. For ChlP-Seq track generation,
659  BigWig files were used with Integrated Genomics Viewer (IGV_Linux_2.8.6) (Robinson et al.,
660  2011). The BED files used for IGV contain genomic coordinates of the significantly enriched
661  peaks of genes resulted from the eye-screen (Supplemental Table 6).

662  Motif enrichment analysis

663 We performed DNA motif enrichment analysis, central motif enrichment analysis or
664  CentriMo (Bailey & Machanick, 2012), to detect the positional enrichment of previously
665  characterized TF binding motifs in the Tip60 and HDAC2 bound sequences (Supplemental Fig.
666 7). The Combined Drosophila Databases (TF motifs) provided in the web version of the
667  CentriMo were used as the input for CentriMo. The default options were used for the analysis,
668  and the statistical significance of discovered motifs was estimated using P values and E-values

669  derived from a one-tailed binomial test (Supplemental Table 8).
670  Protein isolation, identification, and analysis

671 Protein was extracted from dissected third-instar larval brains of three genotypes (w8,
672  APP, and APP;Tip60) and was sent to Bioproximity LLC for proteomic profiling. Samples were
673  subjected to enzymatic digestion with sequencing-grade trypsin. The digested peptides were
674  cleaned-up by solid-phase extraction (SPE) protocol. Each digestion mixture was analyzed by
675 UPLC-MS/MS (Ultra performance liquid chromatography-tandem mass spectrometer). LC was
676  performed on an Easy-nLC 1200 system (Thermo Fisher Scientific, MA, USA) fitted with a
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677 heated, 25 cm Easy-Spray column. The LC was interfaced to a quadrupole-Orbitrap mass
678  spectrometer (Q-Exactive HF-X, Thermo Fisher Scientific, MA, USA). TMGF (Mascot Generic
679  Format) files were searched using X!Tandem and Open Mass Spectrometry Search Algorithm
680 (OMSSA). Protein intensity values were calculated using OpenMS to measure the area under the
681  curve of identified peptides. The Perseus software platform was used for protein quantification,
682  cross-comparisons between genotypes, and multiple-hypothesis testing (Benjamini-Hochberg
683  FDR: t-test p-value adjusted to account for multiple testing) (Tyanova et al., 2016). Proteins with
684 (<0.05and |FC|> 1.5, determined as significantly changed proteins, were used for downstream
685  analysis. Protein-protein interaction networks among the significantly changed proteins were
686  visualized using STRING on the Cytoscape platform (Cytoscape v3.7.2) (Shannon et al., 2003).
687  Functional enrichment analysis was performed using FlyEnrichr (Kuleshov et al., 2016) and GO

688  Biological Process GeneRIF was included in our downstream analysis.
689  ChIPgPCR (Human)

690 For all human studies, human hippocampal samples were obtained from National Disease
691  Research Interchange, with informed consent by all donors. Control brains included three males
692  with an age range of 70 —85 years. AD brains were from one male and two females with an age

693  range of 73-87 years.

694 Chromatin was extracted and sheared from ~120 mg human hippocampus using truChlP
695  Chromatin Shearing Kit (Covaris Inc., MA, USA) following the manufacturer’s instructions.
696  Briefly, protein-DNA crosslinks were made at RT for 5 min with 1% formaldehyde and tissue
697  was pulverized using the CryoPrep (Covaris Inc., MA, USA). Cells were lysed and nuclei were
698  prepared using Covaris lysis buffer. Sonication of DNA was performed using a Covaris E220
699  Ultrasonicator for 13 min. The sheared chromatin was immunoprecipitated using the EZ-Magna
700  ChIPA Chromatin Immunoprecipitation Kit (Millipore, MA, USA) following the manufacturer’s
701  instructions. Briefly, ChlP was performed with 50ug of sheared chromatin using anti-Tip60
702  (ab23886, Abcam, MA, USA), anti-HDAC?2 (ab12169, Abcam, MA, USA), and Normal Mouse
703  1gG Polyclonal Antibody control (Millipore, MA, USA). Eluted material from the
704  immunoprecipitation was purified using a QIAquick PCR purification kit (QIAGEN, MD, USA)
705  and used directly for real-time PCR.
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706  gRT-PCRs were performed in a 20 uL reaction volume containing cDNA, 1 M Power SYBR
707  Green PCR Master Mix (Applied Biosystems, CA, USA), and 10 M forward and reverse primers
708  (Supplemental Table 12). Primer sets were designed by NCBI/Primer-BLAST
709  (www.ncbi.nlm.nih.gov/tools/primer-blast/). RT-qPCR was performed using an ABI 7500 Real-
710  Time PCR system (Applied Biosystems, CA, USA) following the manufacturer’s instructions.
711 Fold enrichment for all the respective genes was calculated relative to the non-specific Mouse

712 1gG Polyclonal Antibody control.
713  Statistical analysis

714 Statistical analysis of RNA-Seq, ChlP-Seq, and mass spectrometry (MS) data differences
715  between two groups were considered statistically significant with q<0.05 (FDR <0.05,
716  controlled by Benjamini-Hochberg). For ChIP-seq analysis, sample sizes were w® =3;
717  APP=2; APP;Tip60 = 2. For RNA-seq analysis, the sample size for third-instar larva was w8
718 =2; APP=2; APP;Tip60=2 and for seven-day-old adult flies was w!'® =3; APP=3;
719  APP;Tip60 = 3. For MS analysis, sample sizes were w8 =3; APP =2; APP;Tip60 = 2.

720  Model figure created using BioRender.com
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