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Abstract

Most Alzheimer’s disease (AD)-associated genetic variants do not change protein coding sequence and thus likely exert their effects
through regulatory mechanisms. RNA editing, the post-transcriptional modification of RNA bases, is a regulatory feature that is altered
in AD patients that differs across ancestral backgrounds. Editing QTLs (edQTLs) are DNA variants that influence the level of RNA
editing at a specific site. To study the relationship of DNA variants genome-wide, and particularly in AD-associated loci, with RNA
editing, we performed edQTL analyses in self-reported individuals of African American (AF) or White (EU) race with corresponding
global genetic ancestry averaging 82.2% African ancestry (AF) and 96.8% European global ancestry (EU) in the two groups, respectively.
We used whole-genome genotyping array and RNA sequencing data from peripheral blood of 216 AD cases and 212 age-matched,
cognitively intact controls. We identified 2144 edQTLs in AF and 3579 in EU, of which 1236 were found in both groups. Among
these, edQTLs in linkage disequilibrium (r2 > 0.5) with AD-associated genetic variants in the SORL1, SPI1 and HLA-DRB1 loci were
associated with sites that were differentially edited between AD cases and controls. While there is some shared RNA editing regulatory
architecture, most edQTLs had distinct effects on the rate of RNA editing in different ancestral populations suggesting a complex
architecture of RNA editing regulation. Altered RNA editing may be one possible mechanism for the functional effect of AD-associated
variants and may contribute to observed differences in the genetic etiology of AD between ancestries.

Introduction
Alzheimer’s disease (AD) is the most common form of
dementia (1), which places a large emotional and eco-
nomic burden on patients and society. AD is highly her-
itable with an estimated 74% of liability explained by
genetic factors (2,3). The most significant of genetic risk
loci is the ε4 allele of apolipoprotein E (APOE) on chromo-
some 19q13 (4–8), but more than 30 genetic loci have been
implicated in AD risk through large-scale genomic stud-
ies in diverse populations (9–14). These studies support
the notion that the genetic architecture of AD partially
overlaps but differs across ancestries, which is important
as individuals of African ancestry (AF) are at increased
risk for AD relative to individuals of European ances-
try (EU) (15). Among several genetic risk factors with
ancestry differences, one notable example is that the risk
of AD associated with the APOEε4 allele is significantly

higher when located on a European local ancestry hap-
lotype relative to an African haplotype (16–18). Further-
more, there are African ancestry-specific risk variants in
genes such as ABCA7 (12,19). Across ancestries, though,
genetic loci associated with AD fall within or near genes
that are enriched in molecular pathways including lipid
metabolism (e.g. APOE, ABCA7), immune regulation (e.g.
SORL1, TREM2) and endocytosis (e.g. BIN1), implicating
these biological processes in the disease pathogenesis
regardless of ancestry (9,11,13,14).

Despite the identification of associated variants,
their functional effects are mostly unknown. They
likely function by regulating gene expression (20),
and several studies have identified transcriptional
alterations in AD, including with expression differences
specific to ancestral background (21–28). Beyond gene
expression, gene function can also be impacted by
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post-transcriptional processes such as RNA editing.
RNA editing is a process most commonly mediated
by the ADAR family of enzymes by which individual
bases in double-stranded mRNA are altered (29), which
leads to downstream consequences including protein
coding changes, altered splice sites, and the creation or
disruption of microRNA (miRNA) binding sites (30,31).
Importantly, altered editing levels at specific sites have
been associated with various neurological disorders,
such as Aicardi–Goutieres syndrome, amyotrophic lat-
eral sclerosis, epilepsy, major depression, schizophrenia
and AD (32–35), implicating this process broadly in
maintaining appropriate neurological function. In AD
specifically, studies have shown deficiencies of editing in
hippocampal tissue in cases compared to controls at a
few specifically tested sites (36,37), most prominently
at the GluA2 QR site (37). Furthermore, we recently
described transcriptome-wide AD-associated changes
of RNA editing in a multi-ethnic cohort using RNA
sequencing (RNA-seq) from whole blood (35). We found
that genes that were differentially edited between AD
cases and controls in AF and EU populations were
enriched for biological processes related to immune
regulation, inflammation and endocytosis (35).

In contrast to a rich literature on the role of DNA
variants modulating gene expression across a variety of
tissues as expression quantitative trait loci (eQTLs) (38),
less work has been done to determine the role of DNA
sequence variation in modulating post-transcriptional
events such as RNA editing. Variation in DNA can influ-
ence the rate and location of editing through effects on
RNA secondary structure (39,40), through variation of
the sequence bound by ADAR enzymes (40) and likely
other mechanisms. The genetic variants associated with
the level of RNA editing at a specific site are known as
RNA editing quantitative trait loci (edQTLs). Importantly,
the role of disease-associated variants in modifying RNA
editing rates in the context of diseases, including AD,
is largely unknown. Furthermore, the effect of edQTLs
modulating RNA editing from individuals of different
ancestral backgrounds has been studied in lymphoblast
cell lines, indicating that widespread cis variation of RNA
editing may potentially contribute to phenotypic diver-
sity across human populations (39). However, the overall
role of ancestral background in edQTL effects remains to
be further elucidated.

To address the potential disease risk contribution and
ancestral differences in edQTLs, herein, we conducted
a genome-wide screen for edQTLs in whole blood from
AD cases and cognitively intact controls in AF and EU
populations. Since there is evidence of ancestry-specific
genetic risk factors in AD as well as ancestry-specific
RNA editing signatures, here we tested whether edQTLs
generalized across ethnicities or are population-specific.
We hypothesized that the differences in RNA editing
rates we previously observed between AD cases and con-
trols (35) may be partially explained by genetic factors
in the form of edQTLs. Furthermore, we tested whether

edQTLs in AD-associated regions functionally contribute
to the observed genetic signals. Our results bring to
light the functional genomic impact of variants in AD-
associated loci across ancestral backgrounds.

Results
Genome-wide edQTL identification
From our matched dataset of genotypes at 641 790 mark-
ers and RNA editing levels at 44985 individual sites in
whole blood, we identified 2144 unique edQTL-edited site
pairs in AF and 3579 in EU (FDR ≤ 0.01). Among them,
1236 edQTL-site pairs were significant in both ancestry
groups (Fig. 1B). There was greater strength of association
for single-nucleotide polymorphisms (SNPs) that were
closer to the RNA editing site (Fig. 1B).

edQTL effects across ancestries
We observed four categories of edQTL effects when com-
paring across ancestry groups. First, 1138 edQTLs had
shared effects across ethnicities: a SNP that was signif-
icantly associated with editing at the same site in both
populations and had the same direction of effect (Fig. 1C).
Among these edQTLs, only 85 (7.6%) were significantly
associated with percent European ancestry, suggesting
independent effects in each ancestry group. Second, we
identified 2531 edQTLs with ancestry-specific effects, of
which 535 were AF-specific and 1996 EU-specific. These
were SNPs that were only significantly associated with
editing in one population but not the other despite having
a minor allele frequency (MAF) of at least 0.05 in both
populations (Fig. 1D). Third, we found 720 edQTLs with
ancestry-specific alleles (373 in AF, 347 in EU). These
are SNPs that were significantly associated with editing
in only one population and were too rare in the other
population to measure effects (MAF < 0.05). Finally, we
identified 98 edQTLs, the rarest category, with reverse
effects: a SNP that was significantly associated with
editing in both populations but with a different direction
of effect (Fig. 1E).

edQTLs in AD-associated loci
Of the markers that were included in our genotyping
data, 796 markers in 21 loci were both within 200 kb of
an editing site and in linkage disequilibrium (LD) with
an EU AD-associated signal from Kunkle et al. (13) using
a minimum r2 of 0.5. We identified significant edQTLs
in four AD-associated loci: SORL1, SPI1, TREM2 and HLA-
DRB1 (Table 1, Supplementary Material, Table S3). These
included an association between rs11218343 (in an intron
of SORL1) and editing of an intronic site in SORL1, which
was significant in both AF and EU. SNPs in the HLA-DRB1
region were associated with editing levels at multiple
sites in both populations and included AF-specific, EU-
specific and shared edQTLs. Conversely, the intronic vari-
ant rs116887820 in SPI1, which is in LD with rs3740688 in
an adjacent intron of SPI1, was associated with editing at
a nearby site in the same intron as the edQTL in AF alone,
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Figure 1. Overview of edQTLs. (A) Venn diagram of edQTL-edited site pairs identified in African ancestry (AF) individuals and European ancestry (EU)
individuals. (B) Distance between SNP and edited site versus the –log of the P-value of the association between the genotype and editing level (y-axis)
with density plot showing frequency of significant edQTLs by distance (x-axis). Examples of edQTLs with shared (C), ancestry-specific (D) and reverse
effects (E) across ancestral populations.

while rs62397402, which lies upstream of CCND3 and is in
LD with rs75932628 in an exon of TREM2, was associated
with editing in an intron of CCND3 in EU alone.

In addition, 510 markers in eight gene regions were
within 200 kb of an editing site and in LD (r2 > 0.5) with
an AD-associated signal from a genome-wide association
study (GWAS) of an African-American cohort (14). Among
these, we discovered an edQTL in WDR70, which had an
effect in EU but not in AF (Table 1). No AF-specific edQTLs
were discovered in LD with one of the AF-specific GWAS
signals.

edQTLs associated with sites differentially edited
in AD versus controls
We also evaluated edQTLs that were associated with an
RNA editing site that was differentially edited between
AD cases and controls. In a previous study, we found
449 sites in 254 genes in AF and 723 sites in 371 genes
in EU that were differentially edited between AD cases
and controls (35). We identified 460 edQTLs for 148
of these differentially edited sites with between 1 and

37 SNPs mapped to each edited site outside the HLA
region and 209 SNPs mapping to the 4 sites within the
HLA region (Supplementary Material, Table S4). Using a
Fisher’s exact test, we found that differentially edited
sites were significantly more likely to be associated with
an edQTL than sites that were not differentially edited
between cases and controls (P-value < 2.2 × 10−16, odds
ratio = 7.23, 95% confidence interval: 5.97–8.72). Differ-
entially edited sites with associated edQTLs included
several AD-associated genes, including in SORL1, SPI1
and members of the HLA and SLC gene families. In
addition, we found evidence for genetic regulation of
RNA editing in genes involved in neuronal apoptosis and
phagocytosis, such as GAS6 and AOAH.

Of note, edQTLs associated with differentially edited
sites in HLA-DRB1, SORL1 and SPI1 were also in LD with
GWAS markers. A formal colocalization analysis found
strong evidence of the edQTL-GWAS pair influencing
both differential RNA editing and AD status in SORL1
(posterior probability = 0.89) and SPI1 (posterior proba-
bility = 0.91). In HLA-DRB1, the posterior probability was
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0.57 that both traits are associated and share a single
causal variant, while the probability was 0.43 that both
traits are associated but with different causal variants.

Among differentially edited sites with associated
edQTLs, we then sought to test whether the edQTLs
occurred at different genotype frequencies in cases
versus controls. We found 11 edQTLs associated with
differentially edited sites (four unique to AF, five unique
to EU and two shared) where the edQTL had significantly
different minor allele frequencies between AD cases and
controls (FDR < 0.05, Fisher’s exact) (Table 2). Of note,
rs2747454 in HLA-H was significantly associated with
editing at 6:29856483 in HLA-H in both ancestral groups
but only the EU cohort showed a significant difference
in the allele frequency of rs2747454 across cases and
controls and, in turn, a significant difference in the RNA
editing rate. Also notable, a site in SORL1 and a site in
HLA-DRB1 were both differentially edited in both AF and
EU, both had a corresponding edQTL with different allele
frequencies between cases and controls in both AF and
EU, and were both in LD with an AD-associated marker
(Fig. 2A).

In addition to edQTLs at different frequencies between
cases and controls, we also tested for edQTLs that have
a stronger effect size in cases compared to controls and
vice versa in an interaction analysis. We identified 40
differentially edited sites where the underlying edQTL
had a significantly increased effect in cases (26 in AF
alone, 11 in EU alone, 3 in both) and 26 sites with a
significantly decreased effect of the edQTL in cases (17
in AF alone, 9 in EU alone). One site with a significantly
increased edQTL effect in cases was located in an intron
of GAS6 (Fig. 2B). Overall, more than half of the edQTLs
that were associated with differentially edited sites either
appeared at significantly different frequencies in cases
versus controls or had a significant interaction effect
with case–control status.

Discussion
In this study, we found a total of 4487 genetic variants
that acted as edQTLs in whole blood. SNPs that were
close to the RNA editing site were more strongly
associated with editing rates than those further away,
which is consistent with findings from previous studies
of edQTLs (39,40) and with the hypothesis that edQTLs
can act by altering RNA secondary structure near the
editing target site. Among the identified edQTLs, 1138
edQTLs showed a significant effect in the same direction
in both the AF and EU populations, and percent global
ancestry did not appear to be strongly associated with the
vast majority of shared signals (92.4%). Of the remaining
edQTLs, 720 had a MAF > 0.05 in only one population,
and 2531 had MAF > 0.05 in both populations but showed
ancestry-specific effects. This is consistent with previous
studies that also observed substantial differences in
edQTLs across populations, most noticeably between
African and European ancestries (39). In an edQTL

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac075#supplementary-data
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Table 2. edQTLs with frequency differences between cases and controls that are associated with differentially edited sites, as
identified in Gardner et al. (35)

SNP Edited site Edited gene Ancestry edQTL slope edQTL 95% CI edQTL
P-value

edQTL FDR MAF Fisher FDR

rs7994900 13:114544790 GAS6 African 1.14057 0.9902, 1.291 7.02E−35 5.16E−29 0.233696 0.016582
rs1862514 19:7684449 XAB2 African 0.73301 0.4978, 0.9682 2.07E−09 1.14E−05 0.154891 0.041413
rs2747454 6:29856483 HLA-H European 0.445014 0.24, 0.65 1.43E−05 0.023978 0.256667 0.045863
rs4723537 7:36577129 AOAH African 0.493498 0.262, 0.725 1.97E−05 0.020752 0.328804 0.009453
rs74798237 4:119635931 - European −1.18637 −1.6945, −0.6782 3.60E−06 0.008451 0.026667 0.00903
rs200290730 4:120327079 LINC01061 European 0.876502 0.7099, 1.0431 6.21E−21 3.29E−16 0.336667 0.024092
rs3094055 6:31166315 HCG27 African 0.576924 0.3058, 0.8481 2.04E−05 0.021266 0.144022 0.005556
rs75388473 10:120867016 FAM45A European −1.03071 −1.531, −0.5305 3.44E−05 0.045278 0.026667 0.045113
rs35742971 15:32760892 - European 0.468504 0.2693, 0.6677 3.10E−06 0.007524 0.436667 0.036915
rs28366321 6:32487723 HLA-DRB5 African 0.511273 0.3002, 0.7224 1.71E−06 0.003133 0.133152 0.018226

European 0.824663 0.5911, 1.0582 2.12E−11 2.51E−07 0.136667 0.005158
rs11218343 11:121403448 SORL1 African −2.77498 −3.6555, −1.8944 1.44E−09 8.48E−06 0.002717 0.0025

European −2.40548 −3.1935, −1.6175 3.87E−09 2.58E−05 0.003333 0.012

Figure 2. edQTLs associated with differentially edited sites. (A) A bubble plot showing a characteristic example with average frequency of editing by
genotype for AD cases (red) and controls (blue), combined across both AF and EU populations. The size of the bubble is proportional to the genotype
frequency. (B) Genotype frequencies in cases and controls for rs9272105, shown in a. (C) Editing frequency in cases and controls for site at 6:32487723,
shown in A. (D) A characteristic example of an interaction effect between genotype and case–control status on frequency of editing. (E) Editing frequency
in cases and controls for site at 13:114544790, shown in D.

study of lymphoblastoid cell lines from four European
populations (CEU-Utah, FIN-Finland, GBR-Britain, TSI-
Italy) and one African population (YRI-Nigeria), nearly

half of the edQTLs identified in YRI cell lines were
unique to that population (39). Our study finds similar
differences, despite higher levels of admixture, further
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highlighting the need to conduct functional genomic
studies in genetically distinct populations. Further, our
study has a broader scope and uses whole blood samples
rather than cell lines. The use of whole blood versus cell
lines provided the additional benefit of larger and more
diverse sample sizes that are more representative of the
broader population and allow a deeper investigation of
RNA editing in the context of disease. In addition, whole
blood has the added benefit of easy accessibility for
potential future applications as a biomarker or expan-
sions into additional underrepresented populations.

Interestingly, some of the edQTLs we identified were in
LD with an AD-associated SNP reported in at least one of
two recent genome-wide association studies in a Euro-
pean cohort and an African-American cohort, respec-
tively (13,14). These included SNPs in SORL1, SPI1 and
HLA-DRB1 that were associated with differential edit-
ing. In particular, SORL1 influences differential sorting
of APP and regulation of amyloid-β production (41–43),
and alterations to the gene interfere with APP trafficking
by weakening the interaction of the SORL1 protein with
full-length APP (44). Transcriptome regulatory functions
may further disrupt SORL1 activity and contribute to dis-
ease pathogenesis. The HLA-DRB1 region was also heavily
enriched for edQTLs, which may be attributable to the
high levels of RNA editing in this region as RNA editing
is thought to impact the downstream processing of HLA
transcripts and to increase the variability and diversity
of HLAs (45,46). Interestingly, an edQTL in WDR70, a gene
region associated with AD in populations with African
ancestry, was significantly associated with editing in EU
but not AF. Notably, a lack of editing at a site may be
as influential as the presence of editing; for example,
blocking editing in GluR-B in mice leads to intractable
seizures (47). Thus, disrupted RNA editing is one possible
mechanism for the functional effect of AD-risk variants
and may contribute to observed differences in the genetic
etiology of AD between ancestral populations.

In addition to edQTLs in AD-associated regions, we
found edQTLs associated with 148 unique sites that were
differentially edited between AD cases and controls. Our
previous work showed that differential editing was not
necessarily associated with differential expression, but
many differentially edited sites were predicted to have
downstream consequences including disrupting miRNA
binding and inducing deleterious coding changes, includ-
ing in genes associated with AD-related pathways (35).
Of the edQTLs associated with differentially edited sites,
11 had significant differences in genotype frequencies
between cases and controls, indicating that differences
in genotype frequency may be driving downstream
differences in editing, including in some functional
candidate genes such as GAS6. GAS6 overexpression has
been shown to rescue cortical neurons from amyloid
beta-induced apoptosis (48) and to inhibit Toll-like
receptor-mediated inflammatory pathways in microglia
(49), but human omics data linking GAS6 to AD have
been limited. Another 66 differentially edited sites were

associated with edQTLs that had different effect sizes
in cases compared to controls. Previous evidence
suggests that the pathological changes of AD alter RNA
processing, including changes to the processing of non-
coding RNAs and mRNA translation associated with the
pathological features of AD (50,51) or increased process-
ing of SINE Alu RNAs in the human brain associated
with amyloid beta pathology (52). Consequently, it is
possible that the intracellular and pathological features
associated with the AD disease state may influence RNA
secondary structure and thus change the activity of
edQTLs, though further work is needed to assess this
hypothesis. While replication of the reported findings
is needed, this study suggests that analyses of RNA
editing and edQTLs may provide new tools for candidate
gene discovery and functional genomics work to provide
additional evidence for existing candidate genes.

While this study offers new insights into post-
transcriptional changes associated with AD, several
limitations apply. Notably, this study focused on dis-
covery and hypothesis generation, and thus further
work is needed to replicate the findings reported here
with particular emphasis on novel signals outside a
priori hypotheses loci. While great efforts were taken
to mitigate the differences in sex composition between
the AF and EU groups, additional work is needed to
explore the effects of biological sex on RNA editing
both in health and disease. This study emphasized the
importance of including ancestrally diverse populations
in genomic and transcriptomic studies, but additional
work should continue to expand the diversity of study
samples beyond those included here. Furthermore,
while several publications have suggested that the
pathological changes seen in AD are associated with
changes in RNA processing, the limits of our study do not
allow us to establish a causal relationship between AD
status and RNA editing, and a two-direction Mendelian
randomization test would be helpful in future studies to
further strengthen the link between AD, AD-risk alleles
and RNA processing.

This paper offers the first genome-wide view of
RNA editing regulation in AD and importantly in
individuals of non-European ancestry. As such, this work
complements ongoing large-scale efforts in genomics
and functional genomics in the Alzheimer community
including genome-wide association studies (13,14,17),
whole exome and genome sequencing studies (53–
55) and functional genomic studies including bulk
and single cell transcriptomics (28,27). Importantly,
these functional studies have identified differing gene
expression profiles in whole blood (27) and in specific
brain cell types (28) depending on ancestry supporting
this important extension of research. Future analysis of
RNA editing in larger datasets, including using whole-
genome sequencing data rather than genotyping arrays,
and expanding the ancestral backgrounds of individuals
will provide a more complete picture of the potential role
of RNA editing and its regulatory variants in AD.
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Overall, these findings indicate that a substantial por-
tion of AD-associated changes in RNA editing levels may
be mediated through underlying genetic architecture and
that altered editing may be a functional outcome of
some variants in AD-associated regions. Furthermore, we
found significant differences between edQTLs in AF and
EU, suggesting that ancestry-specific background effects
of edQTLs may contribute to observed differences in the
genetic etiology of AD across ethnicities.

Materials and Methods
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 partic-
ipant prior to their inclusion with oversight by the
University of Miami Institutional Review Board protocol
#20070307. Participants include 428 individuals (AF—
105 with AD, 105 cognitively intact; EU—111 with
AD, 107 cognitively intact) ascertained by the John P.
Hussman Institute for Human Genomics (HIHG) at
the University of Miami Miller School of Medicine
(Miami, FL), Wake Forest University (Winston-Salem,
NC) and Case Western Reserve University (Cleveland,
OH) (Supplementary Material, Table S1). Each of the
participants was ascertained using the protocol approved
by the proper institutional review boards (IRBs). Patients
were collected for this study over the course of 10 years,
with IRB protocols and amendments being approved at
each stage.

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 (12,56,57). The
cognitive status of controls was measured with either the
Mini-Mental State Examination (58) or the Modified Mini-
Mental State (59) combined with the Clinical Dementia
Rating Scale, which assesses functional decline (60).
All individuals included in this study resided in the
USA and self-identified their race and ethnicity using
the format of the 1990 US census (12). Specifically,
individuals in the AF cohort self-identified as ‘Black or
African American’ and individuals in the EU cohort self-
identified as ‘White’.

Genotyping
Genome-wide SNP genotyping was performed on the
Illumina Infinium Global Screening Array (Illumina, San
Diego, CA). Quality control procedures were performed
with PLINK v.2 (61). All samples had a call rate >95%
and sex concordance using X-chromosome markers were
consistent. All samples were confirmed to be unique and
unrelated by using identity by descent estimation. SNPs
with the call rate <97% were eliminated from further
analysis. Given the challenges of accurate imputation
in diverse and admixed populations (62), we limited our

study to only the genotyped SNPs to maximize the con-
fidence in our edQTL mapping.

Global genetic ancestry was determined using a
model-based clustering algorithm using genotyping
data implemented in the ADMIXTURE software (63).
Supervised ADMIXTURE analysis was performed at
K = 3 by including three reference populations (African,
Amerindian and European) from the Human Genome
Diversity Project as reference populations (64). Global
ancestry of AF individuals ranged from 99.4% African
and 0.6% European to 37.1% African and 61.2% European
ancestry with a mean of 82.2% (± 12.4%) African
ancestry, while EU individuals ranged from 33.4%
African and 66.2% European to 0% African and 99.8%
European with a mean of 96.8% (± 7.0%) European
ancestry (Supplementary Material, Fig. S1). Among the
218 individuals in the EU cohort, only 1 had African
ancestry between 10 and 20% and 1 had African ancestry
>20%. By contrast, of the 210 individuals in the AF cohort,
69 had European ancestry between 10 and 20% and 62
had European ancestry >20%. Only three individuals in
the AF cohort had European ancestry >50%.

Identification of editing sites
The RNA editing data used in this study were previously
described in Gardner et al. (35). Briefly, RNA was isolated
from whole blood collected in PAXgene RNA tubes (Pre-
AnalytiX, Hombrechtikon, Switzerland) utilizing automa-
tion on the QIAsymphony instrument (Qiagen, German-
town, MD), quantified on the 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA), prepped for sequencing
using the NuGEN Universal Plus mRNA-Seq with globin
and ribosomal depletion (NuGEN, San Carlos, CA), and
sequenced on paired end 100 bp reactions to generate
at least 40 million reads on the Illumina HiSeq3000.
Raw FASTQ reads were processed through an in-house
bioinformatics pipeline. We then used the REDItools Den-
ovo software package, version 1.0.4, to create tables of
every potential RNA editing site (65) and used standard
filtration criteria.

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, as
well as their downstream molecular effects, were previ-
ously reported in Gardner et al. These differentially edited
sites were identified using a logistic regression model
with case–control status as the outcome variable and the
RNA editing frequency as the independent variable, cor-
recting for covariates, in R software version 3.5.1 (https://
www.r-project.org/) (35).

Power analysis
Statistical power analysis was performed for sample size
estimation, based on data from a published edQTL study
by Park et al. (N = 445), comparing genotype to editing
frequency (39). With a Bonferroni-corrected alpha = 0.05,
power = 0.80, the number of SNPs tested = 641 790, an

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac075#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac075#supplementary-data
https://www.r-project.org/
https://www.r-project.org/
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estimated slope of 0.13 and MAF = 0.1, the projected sam-
ple size needed is approximately N = 189 for this simple
linear regression (Package ‘powerEQTL’ version 0.1.3, R
statistical software, version 3.5.1) (66). Thus, our pro-
posed sample size of 210 for AF and 218 for EU is ade-
quate for the main objective of this study and allows
for expected attrition and additional objectives of con-
trolling for possible mediating/moderating factors and
subgroup analysis.

Assessment of blood cell type heterogeneity
The blood cell type composition in AF and EU was
assessed using CIBERSORTx with default parameters
using the PMBC single cell RNAseq data as training
data (https://cibersortx.stanford.edu/, Access Date:
1/6/2022) (67,68). For each cell type, a logistic regression
with ancestry as the outcome variable and cell type
percentage as the independent variable, adjusting for
sex, age and batch, was used to test for differences
in cell type across ancestral groups. No statistically
significant differences were identified between groups
(Supplementary Material, Table S2).

RNA editing QTL mapping
We performed edQTL mapping for all edited sites using
a hurdle model (Package ‘pscl’ version 1.5.2, R statistical
software, version 3.5.1) (69). The hurdle model is a two-
part model for zero-inflated data. By using this model,
we were able to test for edQTLs that are associated with
not only the rate of RNA editing but also the probability of
editing at a specific site. The probability of editing at a site
refers to whether an individual has any edited transcripts
mapping to a specific site versus none, a binary outcome,
whereas the rate of RNA editing refers to the percent
of transcripts that are edited in individuals who have
any editing mapping to that site, a continuous outcome.
Additional covariates included in the model were age,
RNA sequencing batch, sample collection center, sex and
overall RNAseq read depth. We applied our edQTL anal-
ysis to both AF and EU samples separately to explore
how ancestral background influences RNA editing across
populations. Given the high degree of admixture in some
individuals in the AF cohort, we further investigated
the contribution of European ancestry to overlapping
or shared signals between the AF and EU cohorts by
testing these edQTLs for association with percent global
European ancestry within AF individuals using a hurdle
model as above with the addition of percent European
ancestry.

Our input data included genotyping data at 641790
markers using the Global Screening Array and 44 985
editing events previously generated from RNAseq data
(35). In keeping with parameters previously established
in a study of edQTLs across multiple populations, we
limited our tests to SNPs within 200 kb of an editing
site (39), since RNA editing is largely regulated in cis
as edQTLs often act through altering the hairpin loop
secondary structure of RNA (70), and edQTLs identified

outside of this region are less likely to be true posi-
tives (39). We then adjusted for multiple testing using
false discovery rate (FDR), and considered edQTLs with
FDR < 0.05 and a MAF > 0.05 to be statistically significant.
FDR was used because the power of the FDR method is
uniformly larger than Bonferroni methods, especially as
the number of hypothesis tests increases (71). Given the
hypothesis generating nature of this study, our goal was
to maximize the power of the discovery phase to identify
candidate for further evaluation.

Identification of edQTLs in AD-associated
regions
To identify edQTLs in AD-associated regions, we used the
top 25 associated markers from European (13) and the
top 13 signals from a African-American AD genome-wide
association studies (14) and identified LD blocks for each
signal with an r2 ≥0.5 using the LDlink R package (ver-
sion 1.0.1) (72). LD blocks were calculated independently
for African and European ancestry individuals, and for
each query allele, we used the larger LD block from the
ancestry-specific results.

Identification of differentially edited sites
influenced by genetic variants
We examined edQTLs that influence the rate of editing
at sites that we previously identified as differentially
edited between AD cases and controls in AF and EU
populations (35). We used a Fisher’s exact test to exam-
ine whether differentially edited sites were more likely
to be associated with an edQTL than non-differentially
edited sites. We then used a Fisher’s exact test to test
whether alleles appear in cases and controls at different
rates. Interaction effects between affection status and
genotype on editing levels were assessed using a hurdle
regression model using the same covariates as were used
for QTL mapping above. For both the Fisher’s exact test
and the interaction test, we required an FDR < 0.05 for
significance.

For edQTLs that were both in LD with a GWAS marker
and associated with a differentially edited site, we con-
ducted a formal colocalization analysis for the regions
of interest using the coloc.abf() function with default
parameters from the coloc package in R (version 5.1.0)
(73). A posterior probability >0.75 was considered strong
evidence that the variant in question was associated with
both AD status and differential RNA editing.

Supplementary Material
Supplementary Material is available at HMG online.
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