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Abstract

Little is known about the post-transcriptional mechanisms that modulate the genetic effects in the molecular pathways
underlying Alzheimer disease (AD), and even less is known about how these changes might differ across diverse
populations. RNA editing, the process that alters individual bases of RNA, may contribute to AD pathogenesis due to its roles
in neuronal development and immune regulation. Here, we pursued one of the first transcriptome-wide RNA editing studies
in AD by examining RNA sequencing data from individuals of both African-American (AA) and non-Hispanic White (NHW)
ethnicities. Whole transcriptome RNA sequencing and RNA editing analysis were performed on peripheral blood specimens
from 216 AD cases (105 AA, 111 NHW) and 212 gender matched controls (105 AA, 107 NHW). 449 positions in 254 genes and
723 positions in 371 genes were differentially edited in AA and NHW, respectively. While most differentially edited sites
localized to different genes in AA and NHW populations, these events converged on the same pathways across both
ethnicities, especially endocytic and inflammatory response pathways. Furthermore, these differentially edited sites were
preferentially predicted to disrupt miRNA binding and induce nonsynonymous coding changes in genes previously
associated with AD in molecular studies, including PAFAH1B2 and HNRNPA1. These findings suggest RNA editing is an
important post-transcriptional regulatory program in AD pathogenesis.
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Introduction

Alzheimer disease (AD) is a common neurodegenerative disease
characterized by progressive loss of cognitive functioning, par-
ticularly in the domains of short-term memory, language, orien-
tation, behavior and motor skills, and by pathological findings of
amyloid plaques and neurofibrillary tangles leading to atrophy
(1). AD is the most common form of dementia and the 6th leading
cause of death in the USA (2). It affects all racial and ethnic groups,
with African-American (AA) individuals at increased risk (3-6).

Late-onset AD (age at onset >=65) is highly heritable with
an estimated 74% of liability explained by genetic factors (7,8),
the most significant of which is the ¢4 allele of apolipoprotein E
(APOE) on Chromosome 19913 (9-13). More than 30 genetic loci
have been implicated in AD risk through large-scale genomic
studies (14-17), yet they explain no more than 50% of the her-
itability of AD (18). While these studies of AD have focused
primarily on non-Hispanic white (NHW) individuals, AA indi-
viduals are at increased risk for AD due to both environmen-
tal and hereditary factors (19). There is growing evidence that
the genetic architecture of AD differs across ethnicities. For
example, the risk of AD associated with the APOE¢4 allele is
significantly higher in NHW compared to AA individuals (20),
and there are AA specific risk variants in genes such as ABCA7
(17,21). Across both ethnicities, though, genetic loci associated
with AD fall within or near genes that are enriched in molec-
ular pathways including lipid metabolism (e.g. APOE, ABCA7),
immune regulation (e.g. SORL1, TREM2) and endocytosis (e.g. BIN1),
implicating these processes in disease pathogenesis (14,16).

The majority of AD-associated genetic variants are located
in non-coding regions, suggesting the importance of gene
transcription regulatory function (18), thus several studies
have attempted to identify transcriptional alterations in AD.
For example, in postmortem cortical tissue, differential gene
expression has been observed for several AD risk genes,
including ABCA7, BIN1, CD33, CLU, FRMD4A, PTK2B, TREM2 and
genes within the HLA and MS4A clusters (22-25). Studies in
glial cells have shown differences in gene expression in AD
patients versus controls in metabolic and immune-related
pathways, particularly acute phase response, cytokine, cell
adhesion and interferons (26,27). However, these studies have
focused exclusively on NHW samples, highlighting a need
for more transcriptomic studies in multi-ethnic populations.
Furthermore, little work has been done to characterize how
genes involved in AD-related biological processes are affected
by post-transcriptional regulatory events like RNA editing, a
process that alters not the quantity of RNA that is transcribed
in a cell but rather the specific sequence coded by those RNA
molecules.

RNA editing is necessary for life due to its role in biological
processes including neuronal functioning and immune regula-
tion (28-30). RNA editing is the enzyme-mediated process by
which individual bases in double-stranded mRNA are altered.
The most common (‘canonical’) type of RNA editing is the deam-
ination of adenosine (A) bases to inosine (I) by the Adenosine
Deaminase RNA Specific (ADAR) family of enzymes, and the
second is the deamination of cytidine (C) to uridine (U) by the
activation induced cytidine deaminase (AID)/apolipoprotein B
editing complex (APOBEC) cytidine deaminases (31-35). Editing
events can introduce coding changes, alter splice sites, create
or disrupt microRNA (miRNA)-binding sites, or alter other RNA
processing events (36,37). Ethnic variation in cis polymorphisms
influences the rate and location of editing through their effects
on RNA secondary structure (38,39).

Altered RNA editing levels at specific sites have been
associated with various neurological disorders, such as Aicardi-
Goutieres syndrome, amyotrophic lateral sclerosis, epilepsy,
major depression, schizophrenia and AD (40-42). The previous
studies of RNA editing in AD have shown altered editing in
autopsy-derived hippocampal tissue at specific sites (43-45),
most prominently at the GluA2 QR site (44). However, the scope
of these studies has largely been limited to pre-selected sites
within synaptic genes, and genome-wide studies of RNA editing
in AD are lacking. In addition, no work has been done to study
the role of RNA editing on immune effectors in the context of AD,
despite increasing evidence for the role of immunity in mediat-
ing disease pathogenesis, nor to study RNA editing in different
ethnicities.

Herein, we describe a screen for transcriptome-wide AD-
related changes of RNA editing in whole blood from both AA
and NHW populations. We chose to study whole blood for mul-
tiple reasons, including that immune and endocytic processes,
which are implicated in AD but poorly understood, are highly
active in blood (46,47). In addition, blood is more accessible
than brain while still reflecting many of the known regulatory
mechanisms that occur in brain (48). Since there is evidence of
racial- and ethnic-specific genetic risk factors in AD, here we
tested whether RNA editing in blood differs between AD cases
and controls and examine whether those differences general-
ized across ethnicities or are population-specific. We hypothe-
size that the specific loci with AD-associated editing changes
will differ between ethnicities and yet AD-specific differences
in RNA editing will converge on similar AD-related biological
processes.

Results
Identifying RNA-edited sites

A total of 44985 RNA editing events meeting our quality control
metrics of >10x coverage, minimum average Phred-scaled base
quality of 25, and minimum alignment quality of 20 were
detected across whole-blood RNAseq data from 105 AA cases,
111 NHW cases, 105 AA controls and 107 NHW controls. Of
those, 88% were of the canonical A-to-I (82%) or C-to-U (6%)
types (Supplementary Material, Fig. S1a). 83% of all identified
editing events and 94% of identified A-to-I events have been
reported previously within the RADAR and DARNED databases
(Supplementary Material, Fig. S1a). Editing events primarily
occurred in noncoding regions, especially introns and 3
untranslated regions (UTRs), and 86% were in Alu repeat regions
which are primate-specific repetitive elements that comprise
~10% of the human genome. (Supplementary Material, Fig. S1b).
Overall, the average frequency of editing was 0.28 (SD =0.10,
Supplementary Material, Fig. S1c).

Transcriptome-wide RNA editing analysis

There were no significant differences in the global number of
editing events when comparing all AD cases against all controls
nor when comparing AD cases and controls stratified by eth-
nicity. This was also true when examining only A-to-I events
alone (Supplementary Material, Fig. S2a). Similarly, there was no
significant difference between any of the four groups, AA cases,
AA controls, NHW cases and NHW controls, in the average type
of substitution or the genomic distribution of editing events
(Supplementary Material, Fig. S2b and c). There were no notable
differences in the expression of ADAR, the enzyme that mediates
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Figure 1. Differentially edited sites. (A, B) Sites that are differentially edited
between (A) AA and (B) NHW cases and controls. Increased editing at each site is
in green and decreased editing in red.

most RNA editing events, between AD cases and controls of
either race, consistent with previous studies (43,45).

Differentially edited sites

We identified specific sites that were differentially edited
between cases and controls using the logistic regression model.
AA and NHW samples were analyzed separately to account for
potential ethnic differences in overall editing and to identify
ethnicity-specific editing signatures. Across both ethnicities, we
detected differential editing in a total of 550 genes. In AA, a
total of 449 sites in 273 genes were differentially edited (Fig. 1a),
and, in NHW, 723 sites in 371 genes were differentially edited
(Fig. 1b). Ninety-four genes had at least one differentially edited
site in both AA and NHW. This overlap was significantly greater
than that expected if sites were randomly distributed across
the genome (P=7x107°). 82% of differentially edited sites
were of the canonical A-to-I type and most were noncoding
(Supplementary Material, Fig. S3).
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Editing in AD-associated genes

Of the 24 genes significantly associated with AD in the most
recent genome-wide association study (GWAS, 49), 11 contained
edited sites identified in our study (Supplementary Material,
Table S2). Sites that were differentially edited between AD cases
and controls in both ethnicities were located within two of
these AD-associated genes, SPI1 and SORL1. INPP5D and ADAM10
contained sites that were differentially edited in AA alone.

Functional annotation of differentially edited sites. Five of the 550
differentially edited genes included differentially edited sites
predicted to disrupt miRNA target sites (Table 1). Two of these
genes, PAFAH1B2 and HNRNPA1, each had two differentially
edited sites within each gene disrupting miRNA binding sites.
Only one of these five genes (CTC1) showed decreased editing
in AD cases, indicating greater miRNA-binding affinity relative
to controls, while the remaining four genes showed increased
editing at miRNA target sites in AD cases. Notably, CTC1 was also
the only gene in AA with differential editing predicted to affect
miRNA binding.

In addition, 11 differentially edited sites functionally affected
proteins by inducing single amino acid substitutions within
coding regions (Table 2). Of the 11 editing-induced amino acid
substitutions, 5 were predicted to be damaging to protein func-
tion by the SIFT prediction algorithm (50).

Pathway analysis. Gene ontology term enrichment for the
entire set of differentially edited genes across both ethnicities
showed that these differential editing events were enrichened
for biological processes involved in immune regulation, inflam-
mation and endocytosis (Fig. 2). Type-1 interferon signaling, the
NF-kappa B signaling cascade, and negative regulation of MAP
kinase (MAPK) cascade were particularly enriched. Regulation of
amyloid precursor protein catabolism was also enriched.

When looking at the genes uniquely edited in each ethnicity,
AA and NHW groups both showed significant enrichment for
immune and endocytic processes (Supplementary Material, Fig.
S4). However, the set of genes that were differentially edited
in only AA showed stronger enrichment for immune-related
terms than those in NHW (AA P=5.72 x 107%, NHW P=0.019).
The set of genes that was differentially edited in both groups
was likewise enriched for immune and endocytic terms, with
additional enrichment for protein metabolic processes. In all,
46% of all differentially edited genes in AA and NHW groups
were associated with either immune system process or vesicle-
mediated transport terms in gene ontology.

Furthermore, we conducted a gene-based association study
to identify genes that are significantly enriched with multiple
differentially edited sites. This set included 31 genes in AA,
including AD candidate gene INPP5D, and 12 genes in NHW
(Supplementary Material, Table S3). The 43 total enriched genes
also included two APOBEC complex genes. Similar to our sin-
gle site per gene analysis, these 43 significant genes by gene-
based analysis were enriched for gene ontology terms related
to immune responses, when the two ethnicities were evaluated
together or separately.

Discussion

We explored how RNA editing in AD contributes to the
regulation of AD-related processes in blood cells in both AA
and NHW populations. Differences between AD cases and
controls were identified at the site-specific and gene-specific
level in both AA and NHW, and those changes were enriched
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Table 1. Differentially edited sites disrupting miRNA binding sites

Race Position Feature Gene miRNA Mean Diff. P-value
NHW 1:52818232 3UTR CC2D1B miR-145-5p 0.130456 0.038833
NHW 11:117039192 3UTR PAFAH1B2 miR-505-3p.1 0.067959 0.045713
NHW 11:117039195* 3UTR PAFAH1B2 miR-505-3p.1 0.072055 0.03772
NHW 12:54679031 intron HNRNPA1 miR-582-5p 0.085919 0.009666
NHW 12:54679032 intron HNRNPA1 miR-582-5p 0.082697 0.019395
NHW 22:39260256 3UTR CBX6 miR-129-5p 0.097871 0.040377
AA 17:8129592* 3UTR CTC1 miR-28-3p —0.10383 0.028583
A positive mean difference (Mean Diff.) indicates increased editing in cases, and a negative mean difference indicates decreased editing in cases.

*denotes changes affecting the seed region of the miRNA binding site.

Table 2. Differentially edited sites where edits result in nonsynonymous coding changes

Race Position Gene Change Prediction Mean Diff. P-value
NHW 11:93463255 CEP295 E>K Damaging 0.089847 0.024796
NHW 16:89754057 CDK10 S>G Tolerated —0.01237 0.030494
NHW 1:117944875 MAN1A2 E>K Tolerated 0.126331 0.036984
NHW 22:46688132 TTC38 N>S Damaging 0.030061 0.043901
AA 17:45786136 TBKBP1 Q>P Tolerated —0.02873 0.00488
AA 13:20222592 MPHOSPH8 E>K Tolerated 0.011837 0.010106
AA 16:2011667 NDUFB10 T>P Damaging —0.00519 0.018482
AA 17:43219954 ACBD4 T>A Damaging —0.03817 0.019082
AA 17:7751162 KDM6B L>P Damaging —0.03452 0.043542

Predictions were made using the SIFT algorithm. A positive mean difference (Mean Diff.) indicates increased editing in cases, and a negative mean difference indicates

decreased editing in cases.

in genes involved in immune regulatory, inflammatory and
endocytic processes across both ethnicities. Notably, SORL1
and SPI1 were differentially edited in both AA and NHW and
have previously been associated with AD in both ethnicities
by GWAS (51,52). Differential editing was observed in two
additional AD-associated genes, INPP5D and ADAM10, in AA
alone. Other differentially edited genes were enriched for key AD
pathways such as interferon signaling, NF-kappa B pathways,
the MAPK cascade, regulation of endocytosis and amyloid
precursor protein catabolism (46,47,53,54). In fact, nearly half
of all differentially edited genes in AA and NHW whole blood
were associated with either immune system process or vesicle-
mediated transport gene ontology terms. Lipid metabolism
was not enriched in our dataset, despite its role in AD, but
differentially edited sites were found within several genes in
lipid metabolism pathways including ACBD4, which contained
a differentially edited site resulting in a deleterious coding
change. Interestingly, while a number of differentially edited
sites localized to different genes in AA and NHW, the differential
editing events converged on the same pathways across both
ethnicities. These different editing sites supports the notion
that AA and NHW may have different underlying risk factors,
in addition to previously identified differences in heritable risk
factors (17,20,21), which lead to the same pathological changes.

Several differentially edited sites are predicted to disrupt
miRNA binding or to induce deleterious coding changes, includ-
ing in genes associated with AD-related pathways. Of particular
note, PAFAH1B2 and HNRNPA1 each contained two separate dif-
ferentially edited sites predicted to increase disruption of miRNA
binding in cases, and strikingly both genes have previously been
linked to AD-phenotypes in molecular studies (55-57). The only
gene in AA with differential editing predicted to affect miRNA
binding was CTC1. CTC1 codes a telomere maintenance protein
whose function is known to be influenced by ethnicity and to

contribute to the longer leukocyte telomere length observed in
those of African ancestry versus those of European ancestry (58—
60). CTC1 has also been implicated in neurological functioning
and disease in previous studies, including a transcriptomic study
of AD (61).

Other differentially edited sites resulted in deleterious
nonsynonymous coding changes in genes associated with lipid-
metabolism (ACBD4) (62,63), the NADH dehydrogenase complex
(NDUFB10) (64,65) and inflammation (KDM6B, TTC38) (62,66,67).
KDM6B specifically influences neurodegenerative diseases,
including the immune pathogenesis of Parkinson’s disease
(68), and is involved in modulating the NF-kappa B and MAPK
pathways (67,69). This coding site in KDM6B was differentially
edited in AA alone, highlighting the need for multiethnic studies
to identify novel disease gene candidates. Our findings indicate
that altered RNA editing in AD has functional consequences
affecting known AD-related genes in key AD pathways.

Here we have demonstrated that AD-associated changes of
RNA editing in whole blood affect genes enriched in pathways
including endocytosis, inflammation and immune regulation
in both AA and NHW. AD-associated RNA editing changes at
specific sites provide evidence of a post-transcriptional program
contributing to the underlying complexity of AD pathophysi-
ology and suggest that post-transcriptional dysregulation may
contribute broadly to the pathogenesis of AD. As such, post-
transcriptional modifications of RNA may provide a tool with
which to identify new potential therapeutic targets in AD, and
AD-associated RNA editing signatures in blood raise the possibil-
ity of creating new biomarkers for disease-associated processes.
Furthermore, we found that the specific loci of differential edit-
ing between AD cases and cognitively intact controls varied by
ethnicity, including in genes that are known to be influenced
by ethnicity such as CTC1. Despite involving different genes,
these events converged on the same pathways. This indicates
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Figure 2. Functional annotation clusters (‘biological process’, BP) of differentially edited genes (DAVID). Enriched clusters and characteristic examples of their GO Terms
are shown, together with their enrichment scores, in the colored boxes. Clusters of enriched pathways that are similar in function were identified using a minimum
enrichment score of 2.0, corresponding with an aggregated P < 0.01. Columns next to terms shows total number of genes in pathway (BP) and the number of genes for
each enrichment term that were differentially edited in AA, NHW and both. Bars show the negative log of Benjamini-Hochberg corrected P-values.

that these populations have different underlying risk factors
contributing to the same pathological processes, a key find-
ing for the development of therapeutics and biomarkers that
are effective across populations. Overall, this study is the first
multi-ethnic study of RNA editing in AD as well as the first
study to demonstrate that RNA editing affects key genes and
pathways in AD in whole blood, and the results presented here
have important implications for the role of post-transcriptional
modifications in modulating pathogenic processes in AD.

Methods and Materials
Sample collection

All participants in this study provided informed consent or the
immediate next of kin or legal representative provided written
consent on the behalf of the participant prior to their inclusion
with oversight by the University of Miami Institutional Review
Board protocol #20070307. Participants include 428 individuals
(AA—105 with AD, 105 cognitively intact; NHW—111 with AD, 107
cognitively intact) ascertained by the John P. Hussman Institute
for Human Genomics at the University of Miami Miller School

of Medicine (Miami, FL), North Carolina A&T State University
(Greensboro, NC) and Case Western Reserve University (Cleve-
land, OH) (Supplementary Material, Table S1).

All participants underwent rigorous phenotyping; diagnostic
criteria followed the previously described criteria of the National
Institute of Neurological and Communicative Disorders and
Stroke—Alzheimer’s Disease and Related Disorders Association
(17,70,71). The cognitive status of controls was measured with
either the Mini-Mental State Examination (72) or with the
modified Mini-Mental State (73) combined with the clinical
dementia rating scale, which assesses functional decline (74).
Individuals self-identified their race and ethnicity; genetic
ancestry was confirmed using EIGENSTRAT analysis of existing
genome-wide genotyping data.

RNA extraction and sequencing

RNA was isolated from whole blood collected in PAXgene
RNA tubes (PreAnalytiX, Hombrechtikon, Switzerland) utilizing
automation on the QIAsymphony instrument (Qiagen, German-
town, MD) and quantified on the 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA). RNA was required to have an
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RNA integrity score (RIN)>5. 500 ng of total RNA was prepped
for sequencing using the NuGEN Universal Plus mRNA-Seq
with globin and ribosomal depletion (NuGEN, San Carlos, CA).
Libraries were sequenced on paired end 100 bp reactions to
generate at least 40 million reads on the Illumina HiSeq3000
(Mumina, San Diego, CA). Raw FASTQ reads were processed
through an in house bioinformatics pipeline including quality
and adapter trimming with TrimGalore version 0.4.2 (https://
github.com/FelixKrueger/TrimGalore), alignment with the STAR
aligner 2.5.0a (75) to the human genome hg19/GRCh37, and base
quality recalibration. PCR duplicates were removed with Picard
1.103 (http://broadinstitute.github.io/picard).

Identification of RNA editing sites with REDItools

We used the REDItools Denovo software package, version 1.0.4,
to create tables of every potential RNA editing site (76). To be
included in the analysis, edited sites were required to pass
the following QC measures: minimum depth of coverage 10x,
minimum base quality of 25, no overlap with known SNPs in the
dbSNP138 database (77), mean mapping quality greater than 20
and REDItools confidence in editing call with P <0.05. Annota-
tion of each editing site in the selected files was achieved by
using the hg19 build of the Human RefSeq database (62), the
UCSC RepeatMask table (78) and the DARNED (79) and RADAR
(80) editing databases (access date for RefSeq and RepeatMask:
7/18/2017; access date for DARNED and RADAR: 7/20/2017). Sites
were removed if they were located in a region of low sequence
complexity or simple repeat as defined by the UCSC RepeatMask
table. To eliminate artefacts and rare SNPs, novel sites were
removed if intronic within 4 bp of an intron/exon boundary,
if the average editing frequency across the population was less
than 0.1 or if the edit was present in <5% of subjects (81).

Global analysis

Global editing frequency is a single value calculated by dividing
the total number of edited reads by the total number of reads
across all edited positions. A two-tailed student’s t-test was used
to compare mean global editing frequencies between cases and
controls with a significance level of 0.05. An ANOVA test with a
significance level of 0.05 was used to test for differences in global
editing frequencies between the four groups, AA cases, AA con-
trols, NHW cases and NHW controls. Because A-to-I edits are the
most common and are considered ‘canonical’ edits, we tested
for differences in the editing frequency at A-to-I events alone, in
addition to testing editing frequency across all detected sites.

Identification of differentially edited sites

Editing frequency at an individual site is given by the number
of edited reads divided by the total number of reads mapped
to that specific site. Individual sites that were differentially
edited between cases and controls were identified using a logis-
tic regression model in R software version 3.3.1 (https://www.
r-project.org/). For each edited site, this model included case
control status as the outcome variable, editing percentage as an
independent variable and age of exam, sex, collection center,
sequencing batch and overall coverage (number of sites with
reads mapped to those sites for each sample) as covariate vari-
ables. AA and NHW were analyzed separately. Because RNA
editing in coding regions is more tightly regulated than in non-

codingregions, we applied different criteria for these two groups.
Differentially edited sites in coding regions were required to have
amarginal P < 0.05 and an absolute difference in mean frequency
of editing between cases and controls greater than 0.05 to select
for sites that were more likely to have a substantial functional
effect, in line with established protocols (82). We relaxed our
parameters to include marginally differentially edited sites in
non-coding regions, which had P <0.05 and an absolute mean
difference in editing frequency of 0.01 between cases and con-
trols. Genes identified in Kunkle et al. (49), were used to identify
sites within AD-associated genes.

To determine if the overlap of differentially edited sites
between AA and NHW was significantly more than expected
by chance, given total number of sites (Nit) and observed
number of significant sites in each ethnicity (Nsigaa, Nsignaw),
we conducted a simulation study. Briefly, we randomly sampled
Nsigaa and Nsigygw sites from Ny sites, and computed the
number of overlapping sites. This procedure was repeated
100000 times to obtain the distribution of the number of
overlapping sites expected by chance (the null distribution).
The P-value was estimated by the number of times the observed
number of overlaps was greater than the number of overlaps in
null distribution.

Gene ontology enrichment analysis

We analyzed the set of genes with at least one differentially
edited site against the set of genes that are expressed in blood for
gene ontology term enrichment using the DAVID GO biological
process enrichment analysis tool. Significance was determined
using Benjamini-Hochberg corrected P <0.1 (83). The DAVID
functional annotation-clustering tool was used to identify clus-
ters of pathways with an enrichment score greater than 2.0, cor-
responding with an aggregated P < 0.01. Pathway analysis results
in DAVID were further confirmed using the GOSeq software
(84), which accounts for gene length differences in the genes
(longer genes are more likely to include significantly differen-
tially edited sites, simply because they have more sites). In both
tests, GTEx genes with transcripts per million > 1 in whole blood
were used as the background genes (85). Pathway analysis was
conducted on all differentially edited genes and then again,
separately, on genes that were differentially edited in AA only,
in NHW only or in both.

Gene-based analysis

We conducted a gene-based association test using VEGAS2v02
(86). The nearest SNP was used as a proxy for each editing event
for mapping to the appropriate gene. Genes with a P < 0.05 were
evaluated using DAVID, as described above, to identify pathways
enriched with significant genes.

Protein and miRNA predictions

We predicted the effects of editing events in coding regions using
SIFT (50). Differentially edited sites within miRNA binding sites
were identified using TargetScan 7.1 (87). Disruptive events were
predicted using ImiRP, a tool which allows users to selectively
mutate positions and predict the effect on miRNA binding (88).
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