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Abstract

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by progressive deterioration of cognitive
function. Pathogenesis of AD is incompletely understood; evidence suggests a role for epigenetic regulation, in particular the
cytosine modifications 5-methylcytosine and 5-hydroxymethylcytosine (ShmcC). ShmcC is enriched in the nervous system and
displays neurodevelopment and age-related changes. To determine the role of 5ShmC in AD, we performed genome-wide
analyses of 5ShmC in DNA from prefrontal cortex of post-mortem AD patients, and RNA-Seq to correlate changes in ShmC
with transcriptional changes. We identified 325 genes containing differentially hydroxymethylated loci (DhMLs) in both
discovery and replication datasets. These are enriched for pathways involved in neuron projection development and
neurogenesis. Of these, 140 showed changes in gene expression. Proteins encoded by these genes form direct protein-protein
interactions with AD-associated genes, expanding the network of genes implicated in AD. We identified AD-associated single
nucleotide polymorphisms (SNPs) located within or near DhMLs, suggesting these SNPs may identify regions of epigenetic
gene regulation that play a role in AD pathogenesis. Finally, using an existing AD fly model, we showed some of these genes
modulate AD-associated toxicity. Our data implicate neuronal projection development and neurogenesis pathways as

TThe authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
Received: December 8, 2015. Revised: March 3, 2016. Accepted: April 4, 2016

© The Author 2016. Published by Oxford University Press.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

2437


http://www.oxfordjournals.org/

2438 | Human Molecular Genetics, 2016, Vol. 25, No. 12

potential targets in AD. By incorporating epigenomic and transcriptomic data with genome-wide association studies data,
with verification in the Drosophila model, we can expand the known network of genes involved in disease pathogenesis and

identify epigenetic modifiers of Alzheimer’s disease.

Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease and the leading cause of dementia (1). The essential
clinical feature of AD is a progressive decline in memory and
other cognitive abilities (2). The neuropathological hallmarks of
AD are extracellular amyloid plaques, intracellular neurofibril-
lary tangles and selective neuronal loss in vulnerable regions of
the brain (2). Neurons located in medial temporal lobe and areas
of the temporal, parietal and frontal neocortex are particularly
vulnerable. Genetic, biochemical, and neuropathological studies
implicate the aggregation of beta-amyloid (Ap, the main compo-
nent of amyloid plaques) as a central process of AD pathogene-
sis (3). The majority of AD cases begin after the age of 65 and are
known as late-onset or sporadic AD (4). While the risk of spo-
radic AD has been associated with Apolipoprotein E (APOE) and
a growing number of single nucleotide polymorphisms (SNPs)
in more than 20 loci identified by genome-wide association
studies (GWAS), the exact causes of sporadic AD remain un-
known (5). While late-onset AD is largely (~70%) heritable, with
the best-characterized risk allele for AD, APOE4, accounting for
a small proportion (~4%) of heritability, it has been suggested
that the remaining risk may be due to alterations in epigenetic
processes (6-9).

Cytosine modifications are one of the three widely recog-
nized epigenetic marks (8,9). Methylation of the fifth position of
cytosine (5-methylcytosine; 5mC) is the best characterized and
is known to be involved in the regulation of gene expression
(10). Recently, the importance of 5-hydroxymethylcytosine
(ShmC) was recognized when two independent research teams
demonstrated the presence of 5ShmC in mouse Purkinje neurons
and embryonic stem cells (11,12). ShmC is generated by conver-
sion of 5mC by the ten-eleven translocation (TET) protein family
and is recognized by specific 5ShmC-binding proteins (13,14)

While 5mC levels are similar among cell types, the overall
level of 5ShmC varies between different tissues and cell types
(15,16). Specifically, 5ShmC is highly enriched in the central neu-
ral system (CNS), with levels ~10-fold higher than those in em-
bryonic stem cells (17). Our group and others have characterized
specific distributions of 5hmC across the genome in the CNS
and shown developmental- and age-related changes (16,18-23).
Taken together, the high levels of ShmC in the CNS, the identifi-
cation of specific 5ShmC binding proteins, and the specific distri-
bution of ShmC within the genome suggest that the patterns of
ShmC acquired throughout neuronal development are critical
for proper neurodevelopment and neurological function in the
adult brain. Thus, dysregulation of ShmC due to aging or envi-
ronmental stressors may play a role in age-related neurodegen-
erative diseases, such as AD (7,24-26). While many studies have
examined alterations in 5mC in post-mortem AD brain tissue,
few have explored the role of 5hmC (9,25,27-32). Thus, we
sought to map genome-wide changes in 5hmC in late-onset AD
and compare these changes to gene expression measured in
these same samples. The analyses reported here demonstrate
that combining epigenomic, transcriptomic and GWAS data can
reveal valuable information about disease pathways. This study
implicates pathways involved in neuron projection develop-
ment and neurogenesis pathways as potential targets in AD.

Results

Identification and characterization of differentially
hydroxymethylated loci

To identify differentially hydroxymethylated regions, we iso-
lated genomic DNA from prefrontal cortical tissues from pa-
tients with significant Alzheimer’s pathology according to
established criteria, and control patients of similar age with no
history of neurological illness and no significant neuropathol-
ogy from a discovery set and a replication set (Supplementary
Material, Table S1) (33). We generated genome-wide 5ShmC pro-
files using a previously established chemical labeling and affin-
ity purification method, followed by high-throughput
sequencing (18). High-throughput sequencing resulted in a
range from 8.2 to 25.6 million non-duplicated reads. Unique,
non-duplicated reads with no more than two mismatches in
the first 25bp were aligned to the human genome (hg19) (34).
Genome-wide patterns of 5ShmC were evaluated by counting
mapped reads per 10-kb bin, normalized to sequencing cover-
age, demonstrating a global increase in 5ShmC in AD compared
to control (Fig. 1A). Differentially hydroxymethylated loci
(DhMLs) were identified separately within each dataset with the
software diffReps, using the specified settings (window = 1000,
step=100, fragment=300) (35). Unlike peak callers, diffReps
uses a sliding window-based approach to detect differential
modification sites, natively handles multiple samples, and pro-
vides quantitative and statistical information about the size
and significance of these differences (35). In the discovery set,
7601 DhMLs were identified (5431 showing hyper-hydroxyme-
thylation in AD and 2170 showing hypo-hydroxymethylation in
AD) (Fig. 1B, Supplementary Material, Table S2). Fewer DhMLs
were identified in the replication set, likely due to the smaller
number of samples; 2351 DhMLs were identified in this set (1962
hyper-hydroxymethylated and 389 hypo-hydroxymethylation
in AD) (Fig. 1B, Supplementary Material, Table S3).

Next, we annotated each set of DhMLs to the genome (hgl19)
using Homer (36). Homer assigns each specified region to geno-
mic features. This analysis showed that, in both datasets, ~60%
of the DhMLs are located within genes (Fig. 1B, Supplementary
Material, Tables S4 and S5). A more detailed breakdown of these
features is shown in Figure 1C. DhMLs are enriched in intragenic
regions and depleted in intergenic regions. Thus, we focused
the remainder of our analysis on DhMLs located in intragenic
regions. Homer annotated these intragenic DhMLs to 2653 genes
in the discovery set and 1288 genes in the replication set. Of
these genes, 325 were identified in both datasets, and we used
these for further analysis (Fig. 1D, Supplementary Material,
Table S6).

False discovery rates are provided in diffReps as a
Benjamini-Hochberg correction (37). For the default P-value cut-
off (P < 1E-4) using the negative binomial test, the false discov-
ery rate for diffReps is 0.2 Applying more stringent cutoff of 0.1
reduced the number of identified DhMLs by 10 for the discovery
set and 4 for the replication set. A further reduction to 0.05, re-
duce the number of identified DhMLs a further 12 and 18 DhMLs
from the discovery and replication sets, respectively. In addi-
tion, by focusing the analysis on genes identified in two
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Figure 1. Identification and characterization of DhMLs. (A) Scatterplot of normalized genome-wide ShmC reads within each 10-kb bin. Reads were normalized to cover-
age. Color of each point shows the number of bins with the given number of reads. (B) Characteristics of DhMLs from each dataset identified with diffReps.
(C) Annotation of DhMLs by Homer shows enrichment and depletion of DhMLs by genomic feature. (D) Genes containing DhMLs were identified by Homer annotation
for each dataset, and 325 genes were identified in both datasets. (E) The number of gene ontology terms assigned to significantly enriched gene ontology term groups
for DhML-containing genes identified by ClueGO. Asterisks indicate that the displayed term is the most significant gene ontology term in a related group of gene ontol-
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Table 1. Genes associated with most significantly enriched GO terms

GO Terms

Genes

Group leading term
Neurogenesis

ABLIM1, AGRN, ANK1, AP2A2, ARHGAP35, ARHGAP39, ARHGEF12, ASIC2, ATPS8A2, ATXN2,

BIN1, BMP7, CACNA1A, CACNA1S, CACNB2, CACNB4, CAMK1D, CDH4, CLASP1, COL4A2,
COL5A1, COL9A3, CTNNA1, CTNNA2, CUX1, DCLK1, DSCAML1, EPHAS, EPHB2, FZR1, GLI2,
GPR56, KIRREL3, KNDC1, LDB2, LLGL1, LYN, MAGI2, MAPK1, MOB2, MYO10, NCK2, NFIB,
NGF, NRXN3, PAK2, PARD3, PCNT, PRDM16, PTPRG, PTPRM, RAPGEF1, RBFOX2, SLIT1,
SLIT3, SPTAN1, SPTBN1, SYNDIG1, TCF12, TCF7L2, TIAM1, TRAF3, VAV2, WNT9A, YWHAE,

ZHX2
Enzyme-linked receptor protein signaling

ADRBK1, ADRBK1, AFAP1L2, AGRN, AP2A2, ARHGEF12, ARHGEF18, BIN1, BMP7, CAMK1D,

CDH13, COL4A2, DUSP22, EPHAS, EPHB2, FGFRL1, GATA5, GNG7, INPP5D, INSR, ITPR2, ITSN1,
KALRN, LYN, MAGI2, MAPK1, MVB12B, MYOF, NCK2, NEDD4L, NGF, NOS1, NQO1, OBSCN,
PARD3, PCSK6, PDZD2, PRDM16, PRKAG2, PRKCB, PRKCZ, PTPRG, PTPRT, RAPGEF1, RPTOR,
SOGA1, SPTBN1, TCF7L2, TIAM1, TNFRSFS, VAV2, YWHAE, ZBTB16

Synapse organization

AGRN, ASIC2, AP2A2, APBA2, ARF1, EPHB2, CACNA1A, CACNA1S, CACNB2, CACNB4,

CTNNA2, LDB2A2, CTNND2, DLGAP2, NRXN3, FZR1, GNG7, ITSN1, KCNAB1, KCNIP1,
LLGL1, MAPK1, NGF, NOS1, NQO1, SYNDIG1, PRKCB, PRKCZ, SEPT9, SHANK2, SLIT1, SLIT3,

SYN3
Regulation of vesicle-mediated transport

ARF1, ATXN2, BIN1, CACNA1A, CAMK1D, CD300A, CDH13, HIP1, LLGL1, LYN, MAGI2, MAPK1,

NEDD4L, RPH3AL, SEPT9

Small GTPase-mediated signal transduction

ABHD12, AGRN, ARF1, ARHGAP35, ARHGAP39, ARHGEF12, ARHGEF18, ASAP2, ATPSB1,

BCAR3, BIN1, CACNB4, CDH13, DNMT3A, GNG7, GPR56, ICAM1, IMPA2, INSR, IQSEC3,
ITSN1, KALRN, KNDC1, LLGL1, MACF1, MACROD1, MAPK1, MTHFR, MYO10, NGF, NOS1,
OBSCN, PARK2, PDE10A, PDE6B, PDZD2, PGAMS, PLCG2, PRKAG2, PTPRN2, RAB31, RAB40B,
RAB6B, RAD51B, RAP1GAP2, RAPGEF1, RAPGEFS5, RASA3, RASGEF1A, RGS10, RREB1, SEPTO,
SHMTT1, SIPA1L3, SLC25A25, SOGA1, SPATA13, TBC1D14, TIAM1, TRAF3, USP8, UVRAG,

VAV2, WRN
Ungrouped GO terms
Establishment or maintenance of cell polarity
Cerebellar cortex morphogenesis
Somatic stem cell maintenance
Dendrite morphogenesis
B cell receptor signaling pathway
Negative regulation of type B pancreatic cell
apoptotic process

ERC2, NGF, TCF7L2

ANK1, CLASP1, CTNNA1, FRMD4B, LLGL1, MACF1, MAP4, MAP7, PARD3, PRKCZ, TRAF3
ATXN2, CACNA1A, GLI2, KNDC1, LDB2, PCNT

BMP7, LDB2, LRP5, PRDM16, TCF7L2, ZHX2

CACNA1A, CTNNA2, CUX1, DCLK1, EPHB2, KNDC1, LLGL1, RBFOX2

CD300A, LYN, MAPK1, NFATC2, PLCG2, PRKCB

independent sets, we increase the likelihood that the regions
identified for further analysis are not false positives.

Gene ontology analysis

We performed a gene ontology enrichment analysis with
ClueGO, a gene ontology analysis plug-in for Cytoscape, a soft-
ware platform for network analysis, that visualizes non-redun-
dant gene ontology terms for large gene clusters and presents
the data as a functionally grouped network that groups en-
riched gene ontology terms based on the similarity of associated
genes within those terms (38-40). We used the gene ontology
terms in the Biological Process ontology, with the total number
of genes associated with all terms in this source used as refer-
ence. This analysis revealed that the most highly enriched net-
work of gene ontology terms included biological processes
related to neuron projection development and neurogenesis
(Fig. 1E and F). Other enriched groups include enzyme-linked re-
ceptor protein signaling, synapse organization and regulation of
vesicle-mediated transport. For clarity, only the group leading
term (most significant term in each group) is indicated on the
figure. The individual terms and genes within these groups are
listed in Supplementary Material, Table S7 and genes associated
with the most enriched terms are shown in Table 1. Enriched
terms that were not grouped with related terms include: the

establishment of cell polarity, cerebellar cortex morphogenesis
and dendrite morphogenesis (Fig. 1F). Together, these terms
represent pathways involved in neuronal morphology and syn-
aptic function.

AD-associated SNPs located in or near DhMLs

In addition to identifying DhMLs associated with changes in
gene expression, we also determined whether any disease-asso-
ciated SNPs were located in or near DhMLs. We used SNPs from
the International Genomics of Alzheimer’s Project (IGAP)
to identify AD-associated SNPs that are located within 50kb
of regions of altered hydroxymethylation (41). We chose 50kb
upstream and downstream of each SNPs to cover a range likely
to be on the same haplotype block. We performed this analy-
sis for the discovery and replication datasets separately,
and then we identified genes that were contained in both data-
sets. We considered all DhMLs for this analysis, both intergenic
and intragenic. In the University of Kentucky dataset, there
were 277 AD-associated SNPs, representing 33 genes, within
50kb of DhMLs (Supplementary Material, Table S8); in the
Emory University dataset, there were 85 SNPs representing
16 genes (Supplementary Material, Table S9). Of these, 49 SNPs
and 9 genes were shared (Table 1). These genes are listed
in Table 2, along with the number of disease-associated
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Gene Gene name Chr No. of SNP P-value Function
symbol SNPs
BIN1 Bridging integrator 1 2 20 1535114168 3.72E-16 Adapter protein involved with syn-
aptic vesicle endocytosis
INPP5D Inositol polyphosphate- 2 1 1510933431 6.62E-06 Nuclear inositol phosphate signal-
5-phosphatase ing processes
CELF1 CUGBP, elav-like family 11 8 1566749409 3.24E-06 mRNA alternative splicing
member 1
MADD MAP-kinase activating 11 2 157944584 3.05E-06 Apoptosis
death domain
MYBPC3 Myosin binding protein C, 11 3 152071305 2.24E-06 Myosin-associated protein
cardiac
NDUFS3 NADH dehydrogenase (ubi- 11 3 1571475924 1.44E-06 Core subunit of mitochondrial
quinone) Fe-S protein 3 complex I
PTPMT1 Protein tyrosine phospha- 11 5 1512798346 5.20E-06 Dephosphorylates mitochondrial
tase, mitochondrial 1 lipids
SPI1 Spi-1 proto-oncogene 11 5 153740686 3.20E-06 Transcription factor involved in
myeloid and B-lymphoid cell
development
FCF1 FCF1 RRNA-processing 14 2 rs12883118 3.58E-07 pre-rRNA processing and 40S ribo-
protein somal subunit assembly

Genes annotated to AD-associated SNPs were within 50kb of DhMLs from both the Discovery set and Replication set are shown. The number of AD-associated SNPs

identified within these regions associated with each gene is indicated. The SNP with highest significance according to IGAP is reported.

SNPs identified in this analysis and the most significant of
those SNPs as reported by IGAP. To visualize this, we used
the WashU Epigenome Browser to map the DhMLs and
that the identified DhMLs are located in areas of known
epigenetic modifiers that are also associated with AD by GWAS
(Fig. 2) (42). The diagrams of each identified genomic region in
Figure 2 show the location of each DhML and each SNP in rela-
tion to block of linkage disequilibrium in the relevant genomic
interval, as well as known areas of epigenetic regulation
(ChromHMM and RRBS tracks). This analysis suggests that dis-
ease associated SNPs may tag regions of epigenetic regulation
that may be important for disease pathogenesis and may help
uncover the functional consequences of these disease-associ-
ated variants.

Proteins encoded by genes with altered
5-hydroxymethylation form a protein-protein
interaction network with an AD-disease network

To determine whether the 325 DhML-containing genes are func-
tionally related to previously discovered AD-associated loci, we
generated a protein-protein interaction (PPI) network with
DAPPLE (43). DAPPLE uses PPI information from the database
InWeb to identify direct and indirect (up to 1 non-specified pro-
tein) interactions between proteins in the supplied dataset (44).
First, we assembled a list of monogenic AD-related genes (APP
(amyloid precursor protein), Presenilin 1 and Presenilin 2), as
well as AD-susceptibility loci (APOE and genes identified by the
IGAP), and generated a PPI network with DAPPLE. We then
added the 325 DhML-containing genes and performed PPI analy-
sis with DAPPLE (Fig. 3). This network includes 35 of 114 AD
genes and 106 of 325 DhML-containing genes. A network with
this degree of connectivity with this number of genes is unlikely
to occur by chance (P=0.001). Adding DhML-containing genes
to this network provides a new degree of interconnectivity in

the AD-susceptibility network, providing connections between
unconnected groups of proteins. The network module most ex-
panded by incorporating ShmC data is the AB production-re-
lated module surrounding APP. Thus, this analysis
demonstrates that incorporating genome-wide 5ShmC data can
identify new genes in the network of genes involved in AD
pathogenesis.

Genes with altered 5ShmC show changes in gene
expression

To assess whether these changes in hydroxymethylation af-
fected gene expression, we also analyzed the RNA-Seq data that
we published previously (45). After alignment to the transcrip-
tome by TopHat and the genome by Bowtie, differential expres-
sion was determined by CuffLinks (34,46,47). Of the 325
genes, 140 also showed significant changes in expression
(Supplementary Material, Tables S10 and S11). Analysis with
GeneOverlap, an R package that tests the significance of overlap
between two sets of genes, indicates that genes with alterations
in 5ShmC are 3 times more likely to also show changes in expres-
sion (P=4.2 x 10~?") (48). There is no consistent pattern in our
data of increased or decreased S5ShmC influencing the direction
of gene expression changes. Many of the identified genes con-
tain multiple DhMLs in different locations, sometimes in oppos-
ing directions (Supplementary Material, Table S13). Further
studies in human cells would be required to elucidate mecha-
nism by which these epigenetic modifiers regulate gene expres-
sion. In addition, we overlaid the RNA-Seq results on the PPI
network in Figure 3 and found that 38 of these 140 genes are a
part of this network.

ShmC has been proposed to play a role in RNA splicing,
since there are tissue-specific distributions of 5ShmC at exon-
intron boundaries (23). Thus, we identified genes containing
DhMLs that also show significant changes in splicing as
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INPP5D and (D) FCF1. Shown in each panel are, from top to bottom: 1) ChromHMM analysis and 2) RRBS results from a Roadmap Epigenomics Project reference sample
(neuronal nuclei of frontal cortex from post-mortem brain tissue of an 81-year-old male). The legend for colors of the ChromHMM track is shown at the bottom of the
figure. 3) The DhMLs identified in this analysis. Blue represents loss of ShmC in AD; red represents a gain. Shading represents the fold change (with darker colors repre-
senting larger changes). 4) AD-associated SNPs located within 50kb of the identified DhMLs. 4) Blocks of linkage disequilibrium for the CEU population generated by

the HapMap project. 5) The RefSeq gene or genes located in the visualized regions.

detected by RNA-Seq. Three genes showed significant differ-
ences in splicing: intersectin 2 (ITSN2), ecto-NOX disulfide-
thiol exchanger 1 and protein tyrosine phosphatase receptor

u (PTPRM). ITSN2 is an SH3 domain-containing protein in-
volved in clathrin-mediated endocytosis. Members of the
ecto-NOX family are involved in plasma membrane electron

transport. PTPRM is involved in cell migration, and more spe-
cifically with neurite outgrowth in neurons (Supplementary
Material, Table S10).

To determine if these 140 genes are involved in common
pathways, we again performed gene ontology analysis with
ClueGO on this subset of genes (38) (Fig. 4, Supplementary
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Material, Table S11). As expected, the significantly enriched
gene ontology terms represent a subset of terms from the analy-
sis of the previous gene set (Figs 1E and 4A). The most signifi-
cantly enriched gene ontology term groups are the
establishment or maintenance of cell polarity and synapse or-
ganization, with other enriched terms including axonogenesis,
axon extension, somatic stem cell maintenance and cerebellar
cortex morphogenesis. The specific genes in each of these
groups is shown in Figure 4B.

Drosophila orthologs of DhML-containing genes modify
Tau-induced neurotoxicity

To verify that DhML-containing genes are functionally relevant
to AD pathogenesis, we tested Drosophila orthologs of these
genes for their ability to modify Tau-induced neurotoxicity.
There are several Drosophila experimental models relevant to
AD, including transgenic systems based on the neurotoxicity of
both AB and Tau (49,50). For functional screening, we selected
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the Tau transgenic model because it has been successfully em-
ployed for rapid genetic screening (51), and there is growing
consensus that Tau is a downstream mediator of Af toxicity in
AD (52,53). Expression of human Tau in the fly nervous system
recapitulates several features of AD, including age-dependent
neurodegeneration, decreased lifespan and abnormally phos-
phorylated and misfolded Tau (49). Importantly, wild-type and
mutant forms of human Tau demonstrate similar mechanisms
of toxicity when expressed in the Drosophila nervous system
and show consistent interactions with known genetic modifiers
(49,54). Therefore, the fly model selected for our study is rele-
vant to understanding the mechanisms of Tau toxicity in AD.
Expression of human wild-type or mutant Tau in the fly eye
using gmr-GAL4 drivers causes a moderately reduced eye size
and roughened surface, a phenotype that is amenable to rapid
screening for second-site genetic modifiers. Specifically, by scor-
ing for lines that either exacerbate or rescue the eye phenotype,
genes can be characterized as enhancers or suppressors of Tau

toxicity, respectively. Drosophila orthologs of 15 candidate genes
that associated with the DhMLs close to AD-associated SNPs
were investigated in the fly model of Tau-mediated neurotoxic-
ity. Three suppressors and six enhancers were identified by
evaluating eye phenotype. Overexpression of bru-2 (CELF1) and
Set (TSPYL5) and a loss-of-function allele of ema (CLEC16A) res-
cued reduced eye size from 50% to 70-80% of normal size in flies
expressing wild-type Tau. Reciprocally, overexpression of hu-
man CUGBP1 (CELF1), Amph (BIN1) and Rbp (BZRAP1) and reduced
expression of aret (another Drosophila ortholog of CELF1) or msn
(MINK1) further disrupted eye morphology, with smaller eye
size and more frequent appearance of loss-of-pigmentation, ret-
inal collapse and necrosis. On its own, dysregulation of these
genes showed no effect on eye morphology, except for human
CUGBP1, with an induced rough eye phenotype. Parallel experi-
ments in flies expressing mutant Tau (V337M and R406W)
showed consistent results (Table 3; Fig. 5A and B) while the mis-
expression of Tau (R406W), one of the most toxic forms of Tau,
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Table 3. Modifiers of Tau toxicity in Drosophila
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Human gene Drosophila ortholog Loss-of-function allele

Overexpression allele Modification on Tau toxicity

Eye evaluation Climbing assay
CELF1 (CUGBP1) aret aretBC01366 Enhancer Enhancer
bru-2 bru-26>819 Suppressor Suppressor
UAS-CUGBP1 Enhancer Enhancer
BIN1 Amph UAS-Amph.A Enhancer Enhancer
(reduced viability)
MINK1 msn msn/F03219 Enhancer Enhancer
msn'M02084 Enhancer Lethal
BZRAP1 Rbp RbpMB02027 Enhancer Enhancer
CLEC16A ema emq!MC03234 Suppressor Lethal
TSPYL5 Set SetEY09821 Suppressor Suppressor

ANK1, Ankryin 1; DIP2A, Disco interacting protein 2 homolog A.

in the fly eye decreased viability with much less progeny flies.
We next tested whether these genes could modulate the Tau-
induced motor deficits reported previously (51). Similarly, the
modulation of tested alleles on the climbing deficits caused by
the expression of Tau is consistent with our analyses of eye
phenotype, except for two alleles that led to the lethality of both
Tau and control flies, without the emergence of adult progeny
flies (Table 3 and Fig. 5C).

Among these modifiers, we found that the loss-of-function
allele of aret enhanced the Tau-induced rough eye phenotype
and deficits in climbing ability, which is consistent with previ-
ous findings (51). Furthermore, the overexpression of Amph en-
hanced Tau-dependent neurodegeneration, and overexpression
of both Tau and Amph was lethal in most flies. Sixteen crosses
were conducted, and only 21 female and 11 male progeny flies
were collected. In the climbing assay, overexpression of Amph
causes defects in its own climbing ability and exacerbates the
Tau-induced deficit (Fig. 5). This is consistent with a previous
report that reduced expression of Amph suppresses Tau-medi-
ated neurotoxicity in the eye phenotype, notal bristle number
and mushroom body morphology (55).

Discussion

In our current analysis, we identified AD DhMLs in two indepen-
dent datasets. These DhMLs are enriched in intragenic regions,
with 325 genes that contain DhMLs in both datasets. Most of
these 325 DhML-containing genes have never before been impli-
cated in AD pathogenesis. Only 11 of these intragenic DhMLs
are located in or near genes at AD susceptibility loci identified
by GWAS. The most highly enriched gene ontology terms
for these 325 genes are for biological processes involved in
neuron projection development and neurogenesis (Fig. 1F,
Supplementary Material, Table S7). Additional enriched groups
include enzyme-linked receptor protein signaling, synapse or-
ganization and regulation of vesicle-mediated transport;
ungrouped enriched terms include the establishment of cell po-
larity, cerebellar cortex morphogenesis and dendrite morpho-
genesis (Fig. 1E and Table 1). The 140 genes of these 325 that
also show changes in gene expression are enriched for a subset
of these gene ontology terms: the establishment or mainte-
nance of cell polarity, synapse organization, axonogenesis,
axon extension, somatic stem cell maintenance and cerebellar
cortex morphogenesis (Fig. 4). Together, these enriched gene
ontology terms represent pathways involved in the develop-
ment and maintenance of neuronal morphology and synaptic

function, highlighting the potential importance of these path-
ways in AD and suggesting a need for further study of the roles
in AD pathogenesis of specific DhML-containing genes with
changes in expression in these gene ontology groups (Fig. 4B).

Of the proteins encoded by the 325 DhML-containing genes,
106 interact with a PPI network of 35 proteins encoded by
known AD genes and expand this AD susceptibility network; 43
of these also show changes in expression (Fig. 3). Specifically,
the AB production-related module is the most expanded part of
the network. Thus, our analysis has identified genes not previ-
ously implicated in AD pathogenesis that interact with a net-
work of genes known to be involved in AD, demonstrating that
these 106 genes, with priority on the 43 that showed changes in
expression, are candidates for further in-depth study of their
role in AD pathogenesis. Interestingly, two recent analyses of
differential methylation in AD identified genes with altered
methylation that are correlated with neuropathology in AD
(31,32). Our analysis identified two genes (Ankryin 1 and Disco
interacting protein 2 homolog A) that were also uncovered by
these methylation analyses. That we identified overlapping but
distinct sets of genes indicates it is important to explore both
5mC and 5hmC changes in AD. The success of this analysis of
ShmC and the analyses of 5mC by other groups in AD suggests
that the incorporation of genome-wide epigenetic data is a use-
ful addition to identify mechanisms of disease pathology
(31,32). This analysis also identified 49 AD susceptibility SNPs
identified by GWAS in nine loci within 50kb upstream and
downstream of DhMLs (Table 2) (41). For most of these loci, the
functional variants are not known (5,56). Our analysis suggests
that these SNPs are tagging regions of epigenetic regulation im-
portance in AD. Together, these results suggest that the func-
tional variants within these risk loci may affect gene expression
and disease risk by altering cytosine modifications within that
locus.

Disease-related changes can occur at multiple levels, includ-
ing DNA, RNA and protein. DNA methylation or hydroxymethy-
lation may contribute to disease risk through pathways other
than gene expression, for example, by affecting DNA and/or
chromatin stability, or by interacting with other as yet unknown
pathways. As such, a model system is ideal to investigate the
overall functional consequence of molecular dysfunction at multi-
ple levels. Drosophila has emerged as a useful model in genetic
studies of AD due to the striking functional and structural simi-
larities (known as orthologs) between humans and Drosophila
(57-59). For instance, nearly 70% of disease-causing genes in hu-
mans have orthologs in Drosophila, including the APP ortholog
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Figure 5. Identification of epigenetic modifiers of Tau-mediated neurotoxicity using an AD fly model. (A) Eye phenotype of 5-day-old flies expressing both Tau (wild-
type or mutant) and modifiers. (B) Percentage bar chart of eye phenotypes. Data show percentage of flies divided into four grades (I, II, IIl and IV) on the basis of eye phe-
notypes. (C) Comparison of climbing ability of 5-day-old and 10-day-old Tau WT flies with the presence or absence of modifiers. Data show mean climbing time = SEM
(Student’s t-test or Mann-Whitney test (** =P < 0.0001, ™ =P < 0.01, *=P < 0.05, ns = no significant difference). Details of all the indicated genotypes in this figure are de-

scribed in Supplementary Material.

(59,60). Moreover, fly orthologs associated with known AD genes
exhibit functional conservation (61). In this study, we used a
Drosophila AD model to rapidly test the roles of fly orthologs of
DhML-containing genes also associated with AD by GWAS to de-
termine if altered expression of these genes can modify pro-
cesses involved in AD pathogenesis. We confirmed that these
AD-associated genes with altered 5-hydroxymethylation modify

Tau-mediated neurotoxicity in Drosophila (Fig. 5). These results
support the power of combining genome-wide profiling and the
fly model to identify additional factors contributing to human
diseases.

Other studies have explored global changes in ShmC, mak-
ing this is the first study to our knowledge to map genome-wide
changes in 5hmC in AD (25,29,62-64). Although the sample size
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is small and we did not use a single base resolution method, we
identified a large amount of overlap of genes with differential 5-
hydroxymethylation between our discovery and replication
sets, suggesting that these genes represent some shared AD pa-
thology. In addition, the inclusion of one male in the replication
set raises some concerns due to the gender differences in cyto-
sine modification patterns and in AD pathogenesis. However,
we repeated the analysis while excluding the male sample and
identified 136 of the 325 DhML-containing genes and 62 of 140
DhML-containing genes. Therefore, we included the male in the
analysis to maintain sample numbers (Supplementary Material,
Table S4). Importantly, our findings also overlap with recent epi-
genome-wide association studies of 5mC and GWAS-associated
SNPs, supporting that this method identifies regions that are
relevant for disease and justifies incorporating 5hmcC into stud-
ies of single-base resolution analysis of cytosine modifications
in larger cohorts (31,32). This analysis of alterations of ShmC in
AD has expanded the network of known genes involved in AD.
The gene ontology enrichment results highlight the importance
of pathways involved in neuronal morphology and synaptic
function in AD pathogenesis, identifying these genes as candi-
dates for further study in cellular and animal models for their
role in AD pathogenesis. These genes can be prioritized based
on our results, with highest priority given to the 43 genes that
contain DhMLs, show changes in expression, and encode pro-
teins involved in the AD susceptibility PPI network. We also
found 11 previously identified AD susceptibility loci in or near
DhMLs, suggesting that variants within these loci may affect
disease risk via epigenetic regulation of gene expression.
Finally, this report also demonstrates that incorporating an
analysis of 5-hmC is a useful strategy for future studies to yield
a more complete picture of pathways that contribute to AD
pathogenesis and suggest possible new targets for AD
treatments.

Materials and Methods

Case materials

Human post-mortem frozen tissue from frontal cortex were
provided from clinically and pathologically well-characterized
cases at the University of Kentucky Alzheimer’s Disease
Research Center and from the Emory University Alzheimer’s
Disease Research Center. Subjects and neuropathologic evalua-
tions were conducted as described previously (65,66). All proce-
dures (including informed consent for each patient) was
performed in accordance with the Institutional Review Boards
for the respective institutions. For details on the characteristics
of the samples and the individuals from whom the samples
were obtained, see Supplementary Material. AD diagnoses were
made in accordance with established criteria (NIA-AA) (67).
Controls had no history of neurological illness.

Genomic DNA preparation

Genomic DNA was isolated from brain samples with standard
protocols. Tissues were homogenized on ice and then treated
with proteinase K (0.667 pg/ul) in digestion buffer (100 mM
Tris-HCl (pH 8.5), 5mM EDTA, 0.2% SDS (vol/vol), 200 mM NaCl)
overnight at 55°C. On the second day, an equal volume of phe-
nol:chloroform:isoamyl alcohol (25:24:1, saturated with 10 mM
Tris (pH 8.0) and 1 mM EDTA, P-3803, Sigma) was added, mixed
completely, centrifuged for 5min at 20 817g, and precipitated
with an equal volume of isopropanol. Genomic DNA was
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recovered in 10 mM Tris-HCI (pH 8.0) and sonicated to ~500bp
by Misonix 3000 (microtip, 4 pulses of 27s each, 1-min rest on
ice, output 2).

5hmC-specific enrichment

5-hmC enrichment was performed as previously described (18).
5-hmC labeling reactions were performed in a 100-pl solution
containing 50 mM HEPES buffer (pH 7.9), 25 mM MgCl,, 300 ng/ul
sonicated genomic DNA (100-500bp), 250 pM UDP-6-N5-Glu and
2.25 pM wild-type B-glucosyltransferase. Reactions were incu-
bated for 1h at 37°C. DNA substrates were purified via Qiagen
DNA purification kit or by phenol-chloroform precipitation and
reconstituted in Hy0. Click chemistry was performed by adding
150 uM dibenzocyclooctyne-modified biotin into the DNA solu-
tion and incubating for 2h at 37°C. Samples were purified by
Pierce Monomeric Avidin Kit (Thermo) following the manufac-
turer’s recommendations. After elution, biotin-5-N3-gmC-con-
taining DNA was concentrated with 10 K Amicon Ultra 0.5-ml
Centrifugal Filters (Millipore) and purified using a Qiagen DNA
purification kit.

Sequencing of ShmC-enriched DNA

Libraries were generated following the Illumina protocol for
‘Preparing Samples for ChIP Sequencing of DNA’ (Part 111257047
Rev. A). We used 25 ng of input genomic DNA or 5ShmC-captured
DNA to initiate the protocol. DNA fragments of ~150-300bp
were gel-purified after the adaptor ligation step. Polymerase
chain reaction-amplified DNA libraries were quantified on an
Agilent 2100 Bioanalyzer and diluted to 6-8 pM for cluster gener-
ation and sequencing. We performed 38-cycle single-end se-
quencing Generation using Version 4 Cluster Generation and
Sequencing Kits (Part 15002739 and 15005236, respectively) and
Version 7.0 recipes. Image processing and sequence extraction
were done using the standard Illumina pipeline.

Sequence alignment and binning

FASTQ files were aligned to the human genome (hgl9) with
Bowtie, retaining only unique non-duplicate genomic matches
with no more than two mismatches in the first 25bp (34).
Unique, non-duplicate reads were counted in 10 000-bp bins
and normalized to the total number of non-duplicate reads.

Identification and annotation of DhMLs

DhMLs were identified with the software diffReps using unique
non-duplicate reads with the specified settings (window = 1000,
step = 100, fragment = 300) (35). Annotation of these regions was
carried out with Homer (36). Cytoscape and the ClueGO plugin
were used to carry out gene ontology analysis (38-40). DAPPLE
was used to generate PPI networks (43). GeneOverlap was used
to test the overlap between sets of genes (48).

RNA-Seq data acquisition

The RNA-Seq data were reported previously (45). The samples
with high-quality RNA samples (RIN 7.8-8.8) were used for fur-
ther analyses.
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RNA-Seq sequencing alignment and analysis

Paired-end reads were mapped to University of California Santa
Cruz human reference genome hgl9 using Illumina iGenomes
pre-built indexes (https://ccb.jhu.edu/software/tophat/igenomes.
shtml, last accessed April 13, 2016), TopHat (v2.0.3), and Bowtie
(34,46). The Cufflinks suite of tools was used to assemble tran-
scripts and determine differential expression of transcripts (47).
IGAP is a large two-stage study based upon (GWAS) on indi-
viduals of European ancestry. In stage 1, IGAP used genotyped
and imputed data on 7 055 881 (SNPs) to meta-analyze four pre-
viously published GWAS datasets consisting of 17 008 AD cases
and 37 154 controls (The European Alzheimer’s Disease
Initiative, EADI, the Alzheimer Disease Genetics Consortium,
ADGC, The Cohorts for Heart and Aging Research in Genomic
Epidemiology consortium, CHARGE and the Genetic and
Environmental Risk in AD consortium, GERAD). In stage 2 11 632
SNPs were genotyped and tested for association in an indepen-
dent set of 8572 AD cases and 11 312 controls. Finally, a meta-
analysis was performed combining results from stages 1 and 2.

Drosophila strains and culture conditions

The transgenic Drosophila lines expressing human wild-type
and mutant Tau (V337M and R406W) were described previously
(49). UAS-CUGBP1 was constructed and reported previously (68).
The gmr-GAL4, elav-GAL4 (C155), wild-type w*'*® strain and
Drosophila lines of the orthologs of candidate modifiers were ob-
tained from the Bloomington Drosophila Stock Center. Fly cul-
tures and crosses were carried out using standard fly medium
under controlled temperature conditions at 25°C.

Scoring eye phenotype

Targeted expression of either human wild-type or mutant Tau
(V337M and R406) in the fly eye presents highly uniform eye de-
generation of reduced eye size, accompanied by rough eye sur-
face. Crosses between Tau and candidate genes were performed
to investigate modifiers with enhancement or suppression ef-
fects in view of eye phenotype under light microscopy. In no
cases could the modifier rescue the disrupted eye morphology
to normal; thus, we defined reduced eye size with rough surface
as the basic eye phenotype. Upon the basic phenotype, eyes
were examined and given 1 point for the presence of each of the
additional phenotypes: loss of pigmentation, retinal collapse
and necrosis. A higher point stands for a more severe pheno-
type. The observed eye phenotypes are categorized into differ-
ent phenotypic groups according to points of severity: Grade I
(mild, basic phenotype), II (moderate, 1 point), III (severe, 2
points) and IV (extremely severe, 3 points). For each genotype,
over 200 5-day-old male flies were examined. For LM images,
whole flies were analyzed using an OLYMPUS DP72 microscope.

Climbing assay

Groups of ten 5-day-old or 10-day-old male flies were trans-
ferred into 1.25-cm-diameter and 28-cm-height plastic tubes
with 1h incubation at room temperature to wake from anesthe-
sia and acclimatize to the new environment. The arrival time of
the fifth fly at the 15-cm finish line was collected and analyzed.
Three trials were repeated for each group. For each genotype,
over 15 groups of male flies were examined, except for co-ex-
pression of wild-type Tau and Amph with reduced viability. For
statistical analyses, comparisons were made using Student’s

t-test or Mann-Whitney test (**=P<0.0001, *=P<0.01,
*=P <0.05, ns =no significant difference).

Accession Numbers

The Gene Expression Omnibus accession number for ShmcC data
reported in this paper is GSE72782. Raw RNA-Seq files have been
deposited in the National Center for Biotechnology Information
Sequence Read Archive database, www.ncbi.nlm.nih.gov/sra
(accession no. SRA060572).

Supplementary Material

Supplementary Material is available at HMG online.
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