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Abstract
The hexanucleotide repeat expansion GGG​GCC​ (G4C2)n in the C9orf72 gene is the most common genetic abnormality asso-
ciated with amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Recent findings suggest that dysfunc-
tion of nuclear-cytoplasmic trafficking could affect the transport of RNA binding proteins in C9orf72 ALS/FTD. Here, we 
provide evidence that the RNA editing enzyme adenosine deaminase acting on RNA 2 (ADAR2) is mislocalized in C9orf72 
repeat expansion mediated ALS/FTD. ADAR2 is responsible for adenosine (A) to inosine (I) editing of double-stranded 
RNA, and its function has been shown to be essential for survival. Here we show the mislocalization of ADAR2 in human 
induced pluripotent stem cell-derived motor neurons (hiPSC-MNs) from C9orf72 patients, in mice expressing (G4C2)149, and 
in C9orf72 ALS/FTD patient postmortem tissue. As a consequence of this mislocalization we observe alterations in RNA 
editing in our model systems and across multiple brain regions. Analysis of editing at 408,580 known RNA editing sites 
indicates that there are vast RNA A to I editing aberrations in C9orf72-mediated ALS/FTD. These RNA editing aberrations 
are found in many cellular pathways, such as the ALS pathway and the crucial EIF2 signaling pathway. Our findings suggest 
that the mislocalization of ADAR2 in C9orf72 mediated ALS/FTD is responsible for the alteration of RNA processing events 
that may impact vast cellular functions, including the integrated stress response (ISR) and protein translation.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal, neurodegen-
erative disorder caused by progressive loss of both upper 
and lower motor neurons, leading to muscle atrophy and 
eventually death due to respiratory failure [65]. A GGG​GCC​ 
(G4C2) hexanucleotide repeat expansion (HRE) in the first 
intron of the C9orf72 gene represents the most common 
genetic abnormality in ALS, as well as in frontotemporal 
dementia (FTD), to date [19, 53]. Extensive research on the 
role of the (G4C2)n repeat expansion in the C9orf72 gene 
has led to the proposal of three alternative-but not mutually 
exclusive-pathogenic mechanisms: (1) protein loss-of-func-
tion [4, 8, 11, 17, 27, 58, 62, 66, 70], (2) toxic RNA gain-of-
function [2, 21, 40, 41, 47, 54, 73], and (3) toxicity caused 
by repeat-associated non-AUG initiated (RAN) translation, 
which leads to the accumulation of dipeptide repeat proteins 
(DPRs) [3, 26, 37, 44, 46, 48, 63, 69, 71, 75, 76].
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A more recent hypothesis suggests deficits in nucleocy-
toplasmic trafficking of mRNAs and/or proteins are caused 
by the repeat expansion in the C9orf72 gene [9, 10, 24, 37, 
70, 73]. Specifically, defects in nuclear protein import and 
nuclear mRNA export were observed in different models of 
C9orf72 disease, spanning human postmortem patient tissue, 
human induced pluripotent stem cell-differentiated neurons 
(hiPSC-neurons), drosophila, and yeast [10, 29]. In addition, 
several nuclear pore complex protein members were identi-
fied as genetic modifiers of C9orf72 disease pathogenesis 
[24, 37], or displayed aggregation at the nuclear membrane 
[73]. These findings strengthen the critical role of nucleocy-
toplasmic trafficking in neurodegenerative diseases and may 
explain why altered RNA metabolism is one of the major 
deficits described in C9orf72 disease pathogenesis.

Here, we show the nucleocytoplasmic mislocalization of 
the RNA binding protein, adenosine deaminase acting on 
RNA 2 (ADAR2), which we hypothesize leads to aberrant 
RNA processing in C9orf72 mediated ALS/FTD. ADAR2 
is a member of the ADAR protein family, which deaminates 
adenosine in double-stranded RNA transcripts, thus cata-
lytically converting a single nucleotide from an adenosine 
to an inosine (A-to-I) [5, 18, 38, 45]. ADAR2 is localized 
exclusively to the nucleus, and has been proposed to accu-
mulate in the nucleus during neuronal development [6]. The 
catalytic conversion alters the hydrogen bonding capacity 
of the edited nucleotide and leads to recognition by cellular 
machinery as guanosine. ADAR1 and ADAR2 (commonly 
referred to as ADAR and ADARB1, respectively) are the 
two catalytically active proteins in the ADAR family and are 
highly regulated. Knockout of these proteins leads to epilep-
tic-like seizures and death in mice, emphasizing its critical 
roles in normal brain development [34, 35, 67, 68]. ADAR3 
(alternate nomenclature is ADARB2), while highly brain 
specific, is thought to be catalytically inactive and its role 
remains mostly unknown [13] (see also Online Resource 1).

Although RNA editing deficits are believed to play an 
important role in neurodegeneration, there have been rela-
tively few studies investigating A to I editing in disease. 
Previously, studying RNA editing was difficult and relied 
on the serendipitous discovery of A to I editing sites [42, 
61]. The increasing ease and availability of RNA sequenc-
ing allow for more robust characterization of A to I RNA 
editing using a more quantitative method. These RNA-
seq based approaches look for mismatched pairing in the 
transcriptome to the genome allowing for analysis of every 
RNA editing site in the transcriptome [61]. Utilizing these 
methods, there have been millions of A to I RNA editing 
sites reported, suggesting it may be one of the most com-
mon post-transcriptional modifications [23, 42, 61]. While 
the function of a few of these RNA editing events are well 
characterized such as the GluA2 Q/R site, the A-E sites of 
the 5HT-2C serotonin receptor, or the Kv1.1 potassium 

channel, the large majority of RNA editing events have an 
unknown impact on cellular function [42, 72]. Nevertheless, 
dysregulation of crucial post-transcriptional modifications of 
editing target genes have been associated with sporadic ALS, 
Alzheimer’s disease, Huntington’s disease, Parkinson’s dis-
ease, epilepsy, stroke, as well as many types of cancer [12, 
42, 56, 57]. Interestingly, a recent study showed widespread 
RNA editing changes in postmortem autopsy brain tissue 
from persons with autism spectrum disease (ASD), as well 
as brains from individuals with Fragile X syndrome, sup-
porting the broad hypothesis that RNA editing dysregulation 
will uncover novel mechanisms of neurological, neurodegen-
erative and/or neuropsychiatric diseases.

To thoroughly assess the cytoplasmic mislocalization 
of ADAR2 in C9orf72 ALS/FTD, we examined varying 
brain regions of human postmortem C9orf72 patient tissue, 
C9orf72 patient-derived hiPSCs differentiated into motor 
neurons (hiPSC-MNs), and wild type (WT) mice express-
ing (G4C2)149 by means of somatic brain transgenesis using 
adeno-associated virus (AAV) vectors [16]. Fluorescent 
immunolabeling of ADAR2 protein revealed aberrant 
ADAR2 staining in the neuronal cytoplasm of C9orf72 
ALS/FTD patient postmortem spinal cord and motor cortex 
tissue, C9orf72 ALS/FTD hiPSC-MNs, and different brain 
regions of AAV9-(G4C2)149-transduced WT mice. Interest-
ingly, ADAR2 showed no alterations in gene expression lev-
els in C9orf72 ALS/FTD, in comparison to what had been 
found in sporadic ALS spinal cord motor neurons [33]. To 
study the functional consequence of the mislocalization 
of ADAR2, we utilized RNA sequencing of patient tissue 
and differentiated hiPSC-MNs to analyze the whole tran-
scriptome for RNA A to I editing changes. We uncovered 
widespread RNA editing aberrations (hypo- and hyperedit-
ing) in varying brain regions of C9orf72 ALS/FTD patient 
tissue as well as C9orf72 patient hiPSC-MNs. These RNA 
alterations were assigned to 1,526 genes, including genes 
involved in ALS related transcripts and the EIF2 signaling 
pathway. These data provide new insights into the contribu-
tion of RNA A to I editing in neurodegeneration caused by 
the C9orf72 repeat expansion. In addition, these data dem-
onstrate functional consequences of C9orf72 HRE-mediated 
nucleocytoplasmic trafficking defects, supporting the critical 
role of functional trafficking of RNA processing proteins 
between the cytoplasm and nucleus.

Methods

AAV9‑(G4C2) over expressing mouse tissue

AAV9-(G4C2)2 and AAV9-(G4C2)149 injected mouse brain 
sections were generously provided by Dr. Leonard Petru-
celli. Mice were generated as previously described [16, 



51Acta Neuropathologica (2019) 138:49–65	

1 3

74]. All procedures using mice were performed in accord-
ance with the National Institutes of Health Guide for Care 
and Use of Experimental Animals and approved by the 
Mayo Clinic Institutional Animal Care and Use Commit-
tee (Mayo Clinic protocol numbers A42014 and A47214).

Cloning of full length‑ADAR2 and ΔNLS‑ADAR2 
constructs

ADAR2-pEZ-Lv111 (GeneCopoeia #U73197-pEZ-EX-
Y2482-Lv111) lentiviral clone was used as a starting 
point for the generation of FL-ADAR2, ΔNLS-ADAR2, 
and empty vector plasmids. The original clone was lin-
earized by NheI-HF and XbaI (NEB- R3131S, R0145S) 
double digest, gel purified (Zymo Research-D4008) 
and ligated (NEB-M2200S) to create empty vector. FL-
ADAR2 and ΔNLS-ADAR2 plasmids were created using 
the NEBuilder HiFi DNA Assembly Cloning Kit (NEB-
E2621S), with ADAR2-pEZ-Lv111 destination vector 
linearized with XbaI and Bsu36I (NEB-R0524S) and gel 
purified. Fragments were amplified via PCR (Thermo Sci-
entific-F549S) using ADAR2-pEZ-Lv111 as a template for 
the following primer combinations: FL-ADAR2, 5′-ACC​
TCC​ATA​GAA​GAT​TCT​AGA​GCC​ACC​ATG​GAT​ATA​
GAA​GAC​GAA​GAG​AAT​ATG​AGT​TCC​-3′ and 5′-GGG​
AAA​CTG​GAC​AAA​ATA​CCT​CAG​-3′; ΔNLS-ADAR2 
fragment 1,5′-ACC​TCC​ATA​GAA​GAT​TCT​AGA​GCC​
ACC​ATG​GAT​ATA​GAA​GAC​GAA​GAG​AAT​ATG​AGT​
TCC​-3′ and 5′-AGA​ACG​GGC​CCT​GGT​GTG​CTG​GTG​
CTA​CCA​CCA​CCC​AGG-3′, and fragment 2,5′-ACA​CCA​
GGG​CCC​GTTCT-3′ and 5′-GGG​AAA​CTG​GAC​AAA​ATA​
CCT​CAG​-3′. Prior to HiFI assembly, PCR products were 
spin-column purified (Promega-A9282).

Human induced pluripotent stem cell‑derived motor 
neuron RNA sequencing

Four C9orf72 ALS/FTD and three control hiPSC motor neu-
ron lines were lysed using QIAshredder (QIAGEN-79654) 
and RNA was isolated with RNeasy Mini Kit (QIA-
GEN-74104). Isolated RNA was quantified using Quant-iT 
Ribogreen RNA Assay (ThermoFisher-R11490). Double-
stranded cDNA libraries were synthesized from 10  ng 
total RNA with RIN value of 6 or better using SMARTer 
Stranded Total RNA-Seq Kit v2-Pico Input (Takara Bio-
634413). Libraries were combined into equimolar pools and 
sequenced on an Illumina paired-end flowcell (Illumina-
PE-401-3001) with a 1% v/v Phix v3 spike-in (Illumina-
FC-110-3001) on Illumina’s HiSeq 2500 with TruSeq v3 
chemistry (Illumina-FC-401-3002). The first and second 
reads were 82 base pairs in length.

Human tissue RNA sequencing

All human tissue RNA sequencing was performed by Target 
ALS (http://www.targe​tals.org/) in collaboration with the 
New York Genome Center. All sequencing data including 
methods and quality controls are publicly available at: https​
://metro​nome.nygen​ome.org/Targe​tALS/.

Immunocytochemistry

Cells were fixed using 4% paraformaldehyde (PFA; EMS-
15714-S) for 30 min at room temperature, permeabilized 
with 0.1% Triton X-100 then blocked with 1% Bovine Serum 
Albumin (BSA; Sigma-05470) and 10% Normal Goat Serum 
(NGS; Vector-S1000) for 1 h. Cells were incubated with 
primary antibodies overnight at 4 °C in phosphate buffered 
saline (PBS) containing 1% BSA and 10% NGS. Primary 
Antibodies included anti-MAP2 (Synaptic Systems-188 
009) 1:1000 and anti-ADAR2 (Sigma-HPA018277) 1:500. 
Next, cells were washed in PBS three times for 5 min each 
and incubated with Alexa Fluor 555 (Intivrogen-A21429) 
1:750 and Alexa Fluor 633 (Invitrogen-A21105) 1:200 in 
PBS with 1% BSA and 10% NGS for 2 h at room tempera-
ture. Cells were then washed with PBS three times for 5 min 
each and mounted using prolong antifade gold with DAPI 
(Life Technologies-P36930). Cells were imaged on a Zeiss 
LSM800 laser scanning confocal microscope using Plan 
Apochromat 63× oil immersion objectives. Z-Stack images 
were acquired using identical laser settings and normalized 
within a given experiment.

Immunohistochemistry

Mouse AAV9-(G4C2)2 and AAV9-(G4C2)149 as well as 
C9orf72 ALS/FTD and non-ALS control patient post mor-
tem spinal cord, motor cortex, and frontal cortex were paraf-
fin embedded and sectioned into 10 µm sections. Sections 
were heated to 60 °C for 30 min and de-paraffinized in three 
separate 10 min Clearrite (Thermo-6901) washes. Sec-
tions were dehydrated in subsequent 95% and 100% ethanol 
washes and rehydrated in dH2O. Antigen retrieval was then 
performed in Dako epitope retrieval solution pH 9.0 (Dako-
S2368) for 35 min in a steamed chamber. Next cool run-
ning dH2O was rinsed over the tissue for 10 min to remove 
epitope retrieval solution. Sectioned tissue was blocked at 
room temperature for 1 h in Dako blocking solution (Dako-
X0909). Sections were then incubated in antibody dilutant 
(Dako-S3022) solution containing, anti-ADAR2 (sigma-
HPA018277) 1:500 primary antibody for 16 h at 4 °C in 
humified chamber. Mouse and human sections were washed 
three times for 5 min each in PBS then incubated in Dako 
antibody dilutant with 1:750 Alexa Fluor 555 (Intivrogen-
A21429) secondary antibody for 1 h at room temperature. 

http://www.targetals.org/
https://metronome.nygenome.org/TargetALS/
https://metronome.nygenome.org/TargetALS/
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The tissue sections were then washed three times in PBS 
for 5 min and blocked in Dako blocking solution for 1 h at 
room temperature. This was followed by incubation in Dako 
antibody dilutant solution containing anti-MAP2 (Synap-
tic Systems-188 009) 1:1000 primary antibody for 16 h at 
4 °C in humified chamber. Next sections were washed three 
times for 5 min each in PBS and incubated in Dako antibody 
dilutant with Alexa Fluor 633 (Invitrogen-A21105) 1:200 
secondary antibody for 1 h at room temperature. The tissue 
sections were then washed three times in PBS for 5 min and 
mounted using prolong antifade gold with DAPI (Life Tech-
nologies-P36930). Tissue sections were imaged on a Zeiss 
LSM800 laser scanning confocal microscope using Plan 
Apochromat 63× oil immersion objectives. Z-Stack images 
were acquired using identical laser settings and normalized 
within a given experiment. Basic clinical and demographic 
data from human postmortem tissue utilized is available in 
Online Resource 2.

Image analysis

Images were processed using Imaris software. The nucleo-
cytoplasmic ratio of ADAR2 was calculated as previously 
described [73]. Briefly, the cytoplasm via MAP2 (Synaptic 
Systems-188 009) labeling and the nucleus via DAPI (Life 
Technologies-P36930) labeling were designated as distinct 
regions of interest at each Z-plane in an image. Pixel inten-
sity per µm3 was used to generate nucleocytoplasmic ratios. 
ADAR2 Nucleocytoplasmic Ratios were calculated for 200 
C9orf72 ALS/FTD and control hiPSC-MNs. t-Tests were 
performed in graphpad prism v 7.04 to determine signifi-
cance (p < 0.05), n = 200 neurons per group.

Induced pluripotent stem cell differentiation

C9orf72 ALS/FTD and healthy control hiPSC colo-
nies were grown and cultured in 10 cm Matrigel (Corn-
ing-356235) coated dishes with mTeSR1 (Stem Cell 
Technologies-85850) media supplemented with ROCK 
inhibitor (Stem Cell Technologies-72304). Partially differ-
entiated, or spontaneously differentiated cells were manu-
ally removed before differentiation began. Neuralization was 
induced over 2 days using WiCell Medium (DMEM/F12, 
knockout serum replacement, 1% l-glutamine, 1% NEAA, 
110 µM 2-mercaptoethanol + 0.5 µM LDN-193189 (Stem-
gent-04-0074-02) + 10 µM SB431542 (Stemgent-04-001-05) 
for Bone Morphogenetic Protein and SMAD pathway inhibi-
tion. During caudalization cells were cultured in equal parts 
WiCell and neural induction medium (NIM:DMEM/F12, 
1% l-glutamine, 1% NEAA, 1% N2, 1% Pen/Strep and 2 µg/
mL heparin) + 0.5 µM LDN, 10 µM SB and 0.5 µM reti-
noic acid (RA:Sigma-R2625). Ventralization was induced 
by culturing cells for 7 days in NIM + 0.5 µM RA, 200 ng/

mL purmorphamine (EMD Millipore-540220) + 10  ng/
mL Brain-Derived Neurotrophic Factor (BDNF: Stem Cell 
Technologies-78005) + 0.4 µg/mL Ascorbic Acid (ASAC: 
MP-Biomedical-194586). Next, during the neural pro-
genitor stage the cells were cultured in equal parts NIM 
and neural differentiation media (NDM; Neurobasal, 1% 
l-glutamine, 1% NEAA, 1% N2, 1% Pen/Strep) + 0.5 µM 
RA + 200 ng/mL purmorphamine + 0.4 µg/mL ASAC + 2% 
B27 (Gibco-17504044) + 10 ng/mL BDNF + 10 ng/mL Glial 
cell line-Derived Neurotrophic Factor (GDNF: Stem Cell 
Technologies-79058) + 10 ng/mL Insulin-like Growth Fac-
tor 1 (IGF-1: Stem Cell Technologies-78022) + 10 ng/mL 
Ciliary Neurotrophic Factor (CNTF: Stem Cell Technolo-
gies-78010) for 6 days. For the remainder of the differentia-
tion, cells were cultured and maintained in NDM + 0.5 µM 
RA + 200 ng/mL purmorphamine + 0.4 µg/mL ASAC + 2% 
B27 + 10 ng/mL BDNF + 10 ng/mL GDNF + 10 ng/mL 
IGF + 10 ng/mL CNTF. At 32 days in vitro (DIV) cells were 
treated with 20 nM Cytosine β-D-arabinofuranoside (Sigma-
C1768) for 48 h to remove glial progenitors and enrich for 
hiPSC neurons. For immunofluorescence experiments, DIV 
40 neurons were co-cultured on top of a confluent monolayer 
of mouse astrocytes. Cells were kept alive until DIV 60–65 
and then fixed for immunofluorescence. For RNA sequenc-
ing experiments, cells were not plated on mouse astrocytes 
to enrich for hiPSC neuronal RNA. Basic clinical and demo-
graphic data from hiPSC lines utilized is available in Online 
Resource 2.

Lentivirus production and HEK cell transduction

FL-ADAR2, ΔNLS-ADAR2 and, empty vector control plas-
mids were each combined with the packaging, pMD2.G, 
and envelope, psPAX2, plasmids (gifts from Didier Trono; 
Addgene-12259), and were transformed into One Shot Stbl3 
Chemically Competent E. coli (Invitrogen-C737303). Plas-
mid DNA was prepared using Qiagen’s Maxi Kit recom-
mendations for low-copy plasmid (Qiagen-12162). Plasmid 
concentration for transfection applications was measured 
with NanoDrop (Thermo Scientific-ND2000). Prior to trans-
fection, HEK 293T cells were plated on 15 cm poly-l-ly-
sine (Sigma-355482) coated dishes, seeded at a density of 
10 × 106 cells, and grown to confluency in DMEM (Gibco-
11995-065) + 10% FBS (Hyclone-SH3007003IH). Lentiviral 
vectors were generated via transient cotransfection of HEK 
293T cells using a second generation, three-plasmid system. 
Transfer vector plasmid (8 μg), envelope plasmid (16 μg), 
and packaging plasmid (4 μg) DNA were mixed together in 
1 mL OptiMEM (Gibco-11058021) prior to the addition of 
linear polyethylenimine (PEI: Polysciences, Inc-23966-1) at 
a ratio of 3:1 (PEI:DNA) [52]. Media was changed 5 h after 
transfection and lentivirus harvested 24, 48, and 72 h later 
using the Lenti-X Concentrator (Clontech-631231) protocol. 
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HEK293 cells were transduced for 48 h and expression was 
quantified using SDS-PAGE followed western blot analysis 
with anti-ADAR2 (sigma-HPA018277) 1:500 primary anti-
body for 16 h rocking at 4 °C.

Postmortem human tissue

De-identified postmortem control and C9orf72 ALS/
FTD and AD patient spinal cord, motor cortex, or frontal 
cortex were obtained from the Target ALS human post-
mortem Tissue core, Dr. Elliott Mufson, Barrow Neuro-
logical Institute and from Dr. Janice Robertson, University 
of Toronto, Canada. ALS cases were diagnosed using the 
Revised El Escorial Criteria, and patient consents were 
obtained in accordance with institutional ethical review 
boards. Control and ALS cases were processed using the 
same procedures and were genotyped for common ALS 
genes. Basic clinical and demographic data of postmortem 
human tissue is available in Online Resource 2.

siRNA treatments

Day 65 hiPSC differentiated motor neurons were target 
for specific knockdown for ADAR1, ADAR2, or both 
ADAR 1 and 2 using a pool of 4 siRNAs (Accell, Dharma-
con). siRNA treatments were kept on the cells for 5 days 
before the neurons were lysed with a QIAshredder (QIA-
GEN-79654) and RNA was isolated with an RNeasy Mini 
Kit (QIAGEN-74104).

RNA editing analysis and statistics

Calculation of the 408,580 RNA editing ratios was per-
formed as previously described [61]. Briefly, editing lev-
els at each site were quantified by dividing the number of 
guanosine reads by the sum of guanosine and adenosine 
reads. To limit false representation of editing sites due to 
low read counts, we only included editing calculations for 
sites that had at least 20× coverage in tissue and 5× coverage 
in cells. In addition, at least half of the total samples in both 
C9orf72 ALS/FTD samples and non-ALS control samples 
had to have coverage at each site. The total number of sites 
that fit these criteria were: 28,891 sites in the cerebellum, 
32,801 sites in the frontal cortex, 26,022 sites in the motor 
cortex, 39,425 sites in the lumbar spinal cord, and 6777 
sites in hiPSC motor neurons had the quality and coverage 
to meet these criteria (Online Resource 3). We then calcu-
lated RNA editing ratios at each of these sites in C9orf72 
ALS/FTD and non-ALS controls. As described previously 
fishers exact test was performed in base R v. 3.5.1 to each 
site that met our criteria [64]. We performed Bonferroni 
corrections to adjust for false discovery rate. Most editing 
sites did not have a significant p value after adjustment (see 

Online Resource 3). To have enough sites for analysis, and 
to explore the effects of ADAR2 mislocalization on editing, 
we utilized editing sites with unadjusted p value < 0.05 for 
downstream analysis. We utilized the R package biomaRt v. 
2.36.1 to align the RNA editing sites with the human tran-
scriptome (GRCh37) to call their gene names. The canonical 
pathways related to RNA editing aberrations were generated 
through the use of IPA (QIAGEN Inc., https​://www.qiage​
nbioi​nform​atics​.com/produ​cts/ingen​uity-pathw​ay-analy​sis). 
Basic Clinical and demographic data on samples utilized for 
RNA editing analysis are available in Online Resource 2.

RNA sequencing analysis

FASTQ files from hiPSC motor neuron RNA sequencing and 
the NYGC were aligned to the human genome (GRCh37) 
using STAR v. 2.5.3a. Raw gene counts were determined 
from BAM files using FeatureCounts v. 1.5.3. Transcripts 
per Million (TPMs) were calculated from aligned BAM 
files using Salmon v. 0.8.0. Using these TPMs, we calcu-
lated the average gene expression for GluA1-4 and ADAR1-
3 in C9orf72 ALS/FTD and non-ALS hiPSC samples and 
performed t-tests to determine significance (p < 0.05). We 
calculated fold changes in disease compared to control to 
understand gene expression changes.

Results

Nucleocytoplasmic mislocalization of ADAR2 
in C9orf72 HRE‑mediated ALS/FTD in vitro 
and in vivo

We and others have previously shown that the C9orf72 
HRE leads to nucleocytoplasmic trafficking deficits, which 
greatly affects the localization of RNA binding proteins 
such as TDP-43 [73]. ADAR2 contains a nuclear locali-
zation sequence (NLS) and is located within the nucleus 
under physiological conditions where it can interact with 
and edit pre-mRNA [42]. We first examined C9orf72 
ALS/FTD patient postmortem spinal cord tissue sam-
ples for ADAR2 mislocalization using standard immu-
nohistochemistry techniques. As predicted, ADAR2 was 
detected predominantly in the nucleus in the anterior horn 
of non-ALS control spinal cord (Fig. 1a–c). However, the 
anterior horn of C9orf72 ALS/FTD patient spinal cord 
exhibited strong cytoplasmic accumulations and aggrega-
tions of ADAR2 (Fig. 1d–f; see also Online Resource 4a, 
b). Quantification of ADAR2 localization in MAP2 posi-
tive neurons revealed that 15.3% of control MNs showed a 
cytoplasmic presence of ADAR2, while 42.3% (p = 0.039, 
t-test) of C9orf72 spinal motor neurons have aberrant 
ADAR2 protein expression patterns (Fig.  1g). Due to 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
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skein-like inclusions of ADAR2, we wondered if there was 
co-occurrence of mislocalization with TDP-43. Indeed, 
while low in occurrence, a significant number of neurons 
exhibited ADAR2 cytoplasmic accumulation together 
with TDP-43 pathology in C9orf72 ALS/FTD patient spi-
nal cord (Online Resource 5a–i). Additionally, ADAR2 
cytoplasmic accumulations can be occasionally detected 
in the dendrites of motor neurons in C9orf72 ALS/FTD 
patient spinal cord (Online Resource 4c–e). ADAR2 was 
also found to be significantly mislocalized in the motor 
cortex of C9orf72 ALS/FTD postmortem patient tissue 
where 55.1% (p = 0.001, t-test) of MAP2 positive neurons 
exhibit cytoplasmic accumulation of ADAR2 (Fig. 1h–n; 
see also Online Resource 6). C9orf72 ALS/FTD fron-
tal cortex did not exhibit significant mislocalization of 

ADAR2, but 24.0% (p = 0.1, t-test) of MAP2 positive 
neurons did display cytoplasmic accumulation of ADAR2 
(Online Resource 7).

To further our understanding of the localization of 
ADAR2, we wondered whether the nucleocytoplasmic mis-
localization of ADAR2 is also found in C9orf72 patient-
derived hiPSC-MNs. We immunolabeled hiPSC-MNs on 
day 55 of differentiation for ADAR2 and similar to healthy 
control spinal cord, ADAR2 is found predominantly in 
the nucleus of hiPSC-MNs from healthy control subjects 
(Fig. 2a–d), while C9orf72 hiPSC-MNs showed significant 
cytoplasmic accumulation of ADAR2, similar to what we 
discovered in C9orf72 ALS/FTD patient tissue (Fig. 2e–i; 
see also Online Resource 8). Quantification of the fluores-
cence intensities of the two compartments using Imaris 

Fig. 1   ADAR2 is mislocalized in C9orf72 ALS/FTD patient spinal 
cord and motor cortex. a–c MAP2 positive neuron showing normal 
ADAR2 localization from the anterior horn of a non-neurological 
control spinal cord. d–f MAP2 positive neuron with aberrant ADAR2 
accumulation in the cytoplasm from the anterior horn of C9orf72 
ALS/FTD patient spinal cord. g Percent of total MAP2 positive 
spinal motor neurons that exhibit ADAR2 cytoplasmic accumula-

tion (*p = 0.039, t-test). h–j MAP2 positive neuron showing normal 
ADAR2 localization from the motor cortex of a non-neurological 
control patient. k–m MAP2 positive neuron showing mislocalized 
ADAR2 in the cytoplasm from the motor cortex of a C9orf72 ALS/
FTD patient. n Percent of total MAP2 positive neurons in C9orf72 
ALS/FTD motor cortex that exhibit ADAR2 cytoplasmic accumula-
tion (**p = 0.001, t-test)
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image analysis reveals a significant decrease in the nucleo-
cytoplasmic ratio of ADAR2 in C9orf72 ALS/FTD hiPSC-
MNs (Fig. 2i; p < 0.0001).

Next, we looked for ADAR2 mislocalization in an in vivo 
model of C9orf72 ALS/FTD disease. The C9orf72 ALS/
FTD mouse model utilizing an AAV9 overexpression of 
a (G4C2)2 and (G4C2)149 repeat expansion was generously 
provided by Dr. Leonard Petrucelli [16, 74]. At 6 months of 
age, (G4C2)2 control mice showed distinct nuclear ADAR2 
expression in frontal cortex (Fig.  3a, d), motor cortex 
(Fig. 3e, h), and hippocampus (Fig. 3i, l) with little evidence 
of cytoplasmic accumulation. However, (G4C2)149 overex-
pressing mice exhibited significant cytoplasmic accumula-
tions of ADAR2 in motor cortex (Fig. 3q, t, y; p = 0.0064) 
and hippocampus (Fig.  3u, x, aa; p = 0.045) as well as 
increased cytoplasmic ADAR2 accumulations in frontal 
cortex (Fig. 3m, p, z; p = 0.06).

Since the discovery of nucleocytoplasmic trafficking 
defects in C9orf72 ALS/FTD, other neurodegenerative dis-
eases were found to exhibit similar dysfunction, including 
Huntington’s disease [25, 28], Alzheimer’s disease (AD) 
and tau-mediated FTD [22, 50]. We, therefore, examined 
select non-ALS postmortem brain tissue from AD patients 
with varying degrees of dementia. We identified cytoplas-
mic ADAR2 accumulations in the frontal cortex of 20.3% 
(p = 0.49) of neurons in patients with mild cognitive impair-
ment and in 21.5% (p = 0.43) of neurons in patients with 
mild AD. When we stained postmortem tissue from severe 
AD patients, a significant number of neurons showed dis-
tinct cytoplasmic ADAR2 localization (39.66%; p = 0.04) 
(see Online resource 9).

These results support the notion that ADAR2 mislocali-
zation is a downstream event of nucleocytoplasmic traffick-
ing defects observed in C9orf72 ALS/FTD, but also other 

neurodegenerative diseases characterized by nuclear pore 
defects. What triggers these trafficking deficits likely differs 
among these diseases and is still largely unknown.

ADAR2 expression levels are unchanged in C9orf72 
ALS/FTD patient postmortem tissue and hiPSC 
motor neurons

Previous studies in sporadic ALS showed decreased 
ADAR2 expression in laser captured spinal motor neurons 
of ALS patients [32]. We, therefore, analyzed existing RNA 
sequencing data for changes in gene expression of all mem-
bers of the ADAR family. The New York Genome Center 
(NYGC), in collaboration with the Target ALS consortium 
has performed RNA sequencing on postmortem brain and 
spinal cord tissue samples of ALS patients irrespective of 
etiology and has made these data publicly available for 
researchers worldwide. Using normalized RNA transcript 
per million from these data sets, we compared gene expres-
sion fold changes of ADAR1-3 in spinal cord, motor cor-
tex, frontal cortex and cerebellum between C9orf72 ALS/
FTD patients and healthy controls (Online Resource 10). 
Interestingly, ADAR1 expresses slightly higher in C9orf72 
ALS/FTD cerebellum (Fold Change (FC) = 1.14, p = 0.01, 
t-test). No changes were observed for any other members 
of the ADAR family (ADAR1-3) in any of the other ana-
lyzed brain regions. This discrepancy to the prior studies 
described above could be due to reduced specificity in the 
bulk RNA sequencing approach. To look at individual 
motor neurons, we performed RNA sequencing on C9orf72 
ALS/FTD patient-derived hiPSC motor neurons, which 
do show significant ADAR2 mislocalization as shown in 
Fig. 2. RNA sequencing from these cells confirmed the 
results obtained from human postmortem spinal cord tissues 

Fig. 2   ADAR2 is mislocalized in C9orf72 ALS/FTD patient-derived 
hiPSC motor neurons. a–d ADAR2 localized primarily in the nucleus 
of a healthy control MAP2-positive hiPSC-MN. e–h Aberrant 
ADAR2 accumulation in the cytoplasm of a MAP2 positive hiPSC-

MN from a C9orf72 ALS/FTD patient. i Nucleocytoplasmic ratio 
of ADAR2 in control hiPSC motor neurons and C9orf72 ALS/FTD 
derived motor neurons (***p < 0.005, t-test)
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showing no gene expression changes in the three ADAR 
genes (ADAR1; FC = 1.30, p = 0.980; ADAR2, FC = 0.85, 
p = 0.9622; ADAR3, FC = 1.20, p = 0.883, t-tests). Given 
the critical function of ADAR2 editing on AMPA recep-
tor subunit GluA2 and its relevance in sporadic ALS, as 
well as the recent findings of increased levels of GRIA1 in 

C9orf72 ALS/FTD hiPSC-MNs [55, 58], we also exam-
ined gene expression levels of all AMPA receptor subunits 
(GluA1-4/GRIA1-4). No gene expression level changes were 
observed in the AMPA receptor subunits across all brain 
regions including spinal cord and hiPSC motor neurons 
(Online Resource 10).

Fig. 3   ADAR2 is mislocalized in mice expressing (G4C2)149. ADAR2 
staining is nuclear in the a–d frontal cortex, e–h motor cortex, and 
i–l hippocampus in 6  month old control mice expressing a (G4C2)2 
hexanucleotide repeat. Cytoplasmic accumulations of ADAR2 are 
found in the m–p frontal cortex, q–t motor cortex, and u–x hip-

pocampus in 6 month old disease mice expressing a (G4C2)149 hexa-
nucleotide repeat. Quantification of total MAP2 positive neurons that 
showed cytoplasmic ADAR2 accumulation in the y motor cortex 
(p  =  0.0064), z frontal cortex (p  =  0.06), and aa hippocampus (p  
=  0.045, t test)
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RNA A to I editing aberrations in C9orf72 ALS/FTD

Our data provide evidence that the RNA editing protein 
ADAR2 is mislocalized in C9orf72 ALS/FTD patient tissues 
and C9orf72 disease models, both in vitro and in vivo. To 
characterize alteration in ADAR2 function as a result of its 
cytoplasmic accumulation in C9orf72 ALS/FTD, we interro-
gated the RNA sequencing data sets for transcriptome-wide 
changes in RNA A to I editing. We utilized a mammalian 
RNA editing reference atlas consisting of 408,580 A to I 
editing sites across the entire transcriptome as previously 
described [61]. We applied cutoffs to prevent artifacts due to 
low sequencing read counts and required that each site had 
at least 20× coverage in at least half the non-ALS control 
samples and half the C9orf72 ALS/FTD samples. After this 
filtering, we identified 28,891, 32,800, 26,021 and 39,435 
known A to I editing sites in the cerebellum, frontal cor-
tex, motor cortex and lumbar spinal cord, respectively, and 
6777 sites in hiPSC motor neurons (Online Resource 3). 
Comparison of A to I editing ratios at these editing sites 
yielded 11,466 aberrantly editing RNA editing sites span-
ning 1458 genes (Online Resource 3). A to I editing sites 

in C9orf72 ALS/FTD postmortem tissue were compared to 
non-ALS control tissue and were determined to be differen-
tially edited as previously described [64] using fishers-exact 
test (p < 0.05). We used Bonferroni corrections to adjust for 
false discovery rate. Most editing sites did not have a sig-
nificant p-value after adjustment (see Online Resource 3). 
To have enough sites for analysis, and to explore the effects 
of ADAR2 mislocalization on editing, we utilized editing 
sites with unadjusted p value < 0.05 for downstream analy-
sis. With these criteria, C9orf72 ALS/FTD spinal cord tis-
sue alone exhibited 3814 RNA editing aberrations across 
902 genes (Fig. 4a–c, Online Resource 3). Additionally, we 
detected 2792, 2680 and 2180 A to I editing aberrations in 
cerebellum, frontal cortex and motor cortex, respectively 
(Fig. 4d–f, Online Resources 3, 11). We did not observe 
total changes in RNA editing in any of the individual brain 
regions analyzed (spinal cord: Ctrl 6.1%; C9 6.04%; motor 
cortex: Ctrl 6.26%, C9 6.02%; frontal cortex: Ctrl 5.92%, 
C9 5.92%; cerebellum: Ctrl 7.20, C9 7.50). We performed 
unsupervised hierarchical clustering on RNA editing analy-
sis, which resulted in the segregation of C9orf72 ALS/FTD 
spinal cord (Fig. 4a, red) and non-ALS control spinal cord 

Fig. 4   Widespread adenosine to inosine RNA editing aberrations in 
C9orf72 ALS/FTD. a Unsupervised hierarchical clustering distin-
guishes between C9orf72 ALS/FTD and control groups based on 
editing ratios. b Volcano plot depicting widespread RNA editing 
aberrations in C9orf72 ALS/FTD postmortem tissue where 3814 A 

to I editing sites are significantly (p < 0.05, Fisher’s exact test) mis-
edited in C9orf72 ALS/FTD spinal cord. List of most highly mis-
edited genes that exhibit increased editing (blue) and decreased edit-
ing (red) relative to controls in C9orf72 ALS/FTD c spinal cord, d 
motor cortex, e frontal cortex, and f cerebellum



58	 Acta Neuropathologica (2019) 138:49–65

1 3

tissue (Fig. 4a, blue). These data suggest similar RNA edit-
ing profiles in different patient samples of C9orf72 ALS/
FTD spinal cord postmortem tissue. These editing altera-
tions are prone to both hyper- and hypo-editing alterations 
(Fig. 4b). To highlight the most dysregulated editing sites 
we provided tables listing absolute changes of the most dys-
regulated genes in C9orf72 ALS/FTD spinal cord (Fig. 4c), 
motor cortex (Fig. 4d), frontal cortex (Fig. 4e), and cerebel-
lum (Fig. 4f). Additionally, we have observed robust RNA 
editing alterations in C9orf72 ALS/FTD hiPSC-MNs where 
5540 differentially edited sites impact 1612 genes (Online 
Resource 12). A complete list of differentially edited sites 
and genes, including absolute and relative A to I RNA edit-
ing changes, is provided in Online Resource 3. To catego-
rize the editing aberration sites, we utilized the genomic 
locations of each differentially edited A to I site in C9orf72 
ALS/FTD disease tissue and classified the editing aberra-
tions using the ensemble CRCh37 Variant Effect Predictor 
(Online Resource 13). Not surprisingly, the majority (~ 99%) 
of sites altered in C9orf72 ALS/FTD are in non-coding, 
intronic, and gene-regulatory elements, suggesting that 
gene alterations such as alternative splicing or overall gene 
expression are likely to be affected by the editing dysfunc-
tion. The hypothesized evolutionary role of ADAR mediated 
A to I editing is the regulation of the retrotransposition of 
Alu repetitive elements [49]. Dysregulation of retrotrans-
posons have been shown to increase with aging as well as 
induce a neurodegenerative phenotype in AD models [59], 
suggesting that dysregulation of retrotransposons could play 
a role in C9orf72 disease pathogenesis.

ADAR2 siRNA treatment simulates RNA A to I editing 
aberrations in hiPSC‑MNs

To elucidate if the editing aberrations found in C9orf72 
ALS/FTD were triggered by a loss of editing function of 
ADAR2 we treated hiPSC-MNs with siRNAs targeted to 
ADAR2, ADAR1 or both. Reduction of ADAR1 levels 
resulted in 4289 hypo-edited sites and 631 hyper-edited 
sites and ADAR2 siRNA treatment lead to 3035 hypo-
edited sites and 866 hyper-edited sites (Online Resource 14). 
Knock down of both ADAR1 and ADAR2 resulted in 4217 
hypo-edited sites and only 447 hyper-edited sites (Online 
Resource 14). These data suggest that ADAR1 might be 
compensating at some editing sites for the loss of function 
of ADAR2 in C9orf72 disease, in some instances even above 
baseline editing levels, thereby leading to hyper-editing. 
This is somewhat in agreement with studies showing selec-
tive ADAR1 and ADAR2 editing activities at five different 
editing sites within the serotonin receptor, where ADAR1 
and ADAR2 can compensate for each other at some editing 
sites of the receptor gene, but not others [30].

Known ALS disease pathways are affected 
by differential RNA editing

To assess the impact of these widespread editing aberra-
tions, we performed pathway analysis using Ingenuity 
Pathway Analysis (IPA) on genes that exhibited at least one 
RNA A to I editing aberration that occurred in all tissue 
types. In C9orf72 ALS/FTD spinal cord, we found enrich-
ment of RNA editing aberrations in the Oleate Biosyn-
thesis, EIF2 signaling, Mitochondrial L-carnitine shuttle, 
and the role of PKR in Interferon Induction and Antiviral 
Response (Fig. 5a). C9orf72 ALS/FTD motor cortex exhib-
ited enrichment of RNA editing aberrations in transcripts 
related to ALS, Glutamate Receptor Signaling, and EIF2 
signaling (Fig. 5b). The frontal cortex of C9orf72 ALS/FTD 
patients displayed enrichment in transcripts related to ALS, 
CREB signaling in neurons and calcium signaling (Fig. 5c). 
C9orf72 ALS/FTD postmortem cerebellum was enriched 
for EIF2 signaling, transcripts related to ALS, and Hun-
tington’s disease signaling (Fig. 5d). Of the 1458 genes that 
exhibit altered RNA A to I editing in C9orf72 ALS/FTD, 
227 of these genes are aberrantly edited in all tissue, while 
752 genes exhibit RNA editing alterations in a single tissue 
(Fig. 6a, Online Resource 15), indicating that each tissue 
type has a unique set of RNA editing aberrations which may 
produce different cellular responses (Fig. 6a). Gene Ontol-
ogy Analysis of all genes exhibiting RNA editing aberra-
tions revealed that transcripts related to ALS and the EIF2 
signaling pathway are the most significantly mis-regulated 
pathways in C9orf72 ALS/FTD (Fig. 6b). Out of the 154 
RNA A to I editing sites that are dysregulated in the EIF2 
pathway of C9orf72 ALS/FTD patients, 16 are involved in 
the PI3K/AKT pathway, 35 are found in PKR or EIF2AK2, 6 
in eIF2γ, 97 are found in both the 40S and the 60S ribosomal 
subunits (Fig. 6c). Finally, we did observe small, yet signifi-
cant alterations in GluA2 Q/R editing in C9orf72 ALS/FTD 
spinal cord and motor cortex but not frontal cortex, cerebel-
lum (spinal cord: 5% hyper-editing, p = 0.02; motor cortex: 
3.47% hypo-editing, p = 2.9e−10, Online Resource 16).

Cytoplasmic ADAR2 leads to abnormal A to I editing

To assess if aberrant cytoplasmic ADAR2 is a contribut-
ing factor to alteration in A to I editing we utilized a lenti-
viral overexpression system to introduce a ΔNLS-ADAR2 
construct in which we removed the nuclear localization 
sequence to force the enzyme to be present in the cytoplasm 
(Fig.  7a). We overexpressed these constructs in human 
embryonic kidney 293 cells (HEK293), a cell line that 
has relatively low levels of endogenous ADAR2 (Fig. 7b). 
ΔNLS-ADAR2 is found in the cytoplasm 48 h after trans-
duction (Fig. 7c–e) and full length ADAR2 is properly 
trafficked to the nucleus under similar overexpression 
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conditions (Fig. 7f–h). We performed whole transcriptome 
RNA sequencing and RNA A to I editing analysis on cells 
expressing ΔNLS-ADAR2 and full length ADAR2. Cells 

with cytoplasmic ΔNLS-ADAR2 show robust alteration 
in RNA editing ratios compared to cells expressing full 
length ADAR2 (Fig. 7l). ΔNLS-ADAR2 cells display a 
hyper- and hypo-editing (Fig. 7l, m) phenotype, similar to 
C9orf72 ALS/FTD. Additionally, similar to what we found 
in C9orf72 ALS/FTD patient tissue, ΔNLS-ADAR2 over-
expressing cells display alterations in RNA editing of PKR, 
the eukaryotic translation initiation factor 2 subunit alpha 
(eiF2α) and gamma (eiF2γ) as well as several ribosomal 
subunit proteins suggesting a dysregulation of protein trans-
lation in the presence of cytoplasmic ADAR2. Interestingly, 
direct comparison of aberrantly edited transcripts from all 
tissue and cellular models of ADAR2 mislocalization ana-
lyzed for RNA editing revealed editing changes in genes 
of the eiF2 pathway (Online Resources 17 and 18). This 
suggests the eiF2 pathways′ role in ribosomal function and 
global protein translation is possibly regulated by ADAR2 
and its dysregulation might contribute to cellular dysfunc-
tion in C9orf72 ALS/FTD.

Discussion

The pathogenic disease mechanisms resulting from the 
hexanucleotide repeat expansion in the gene C9orf72 are 
poorly understood. Here, we demonstrated the nucleocyto-
plasmic mislocalization of the RNA editing protein ADAR2 
and a dysregulation of total A to I RNA editing in C9orf72 
ALS/FTD. Unlike sporadic ALS, which displays ADAR2 
downregulation, in C9orf72 mediated ALS/FTD, the RNA 
editing protein ADAR2 is significantly mislocalized in 
human tissue, human induced pluripotent stem cells, and 
AAV9(G4C2)149 over-expressing WT mice. Dysfunction of 
ADAR2 in sporadic ALS has been previously suggested to 
be responsible for GluA2 Q/R editing deficits [32]. These 
RNA editing deficits result in calcium permeable AMPA 
receptors hypothesized to contribute to calcium induced 
excitotoxicity [1, 32]. GluA2 is a crucial gatekeeper for 
the AMPA receptor that protects against calcium perme-
ability solely due to its ability to undergo A to I RNA edit-
ing allowing for a glutamine to arginine substitution on the 
ion channel of the GluA2 subunit [42]. Calcium permeable 
AMPA receptors have been implicated in several other neu-
rodegenerative disorders including Alzheimer’s disease and 
Parkinson’s disease [42]. Utilizing RNA sequencing-based 
approaches, we detected small, yet significant RNA edit-
ing changes at the GluA2 Q/R site in C9orf72 ALS/FTD 
in whole tissue lysate from postmortem patient spinal cord 
(hyper-edited) and motor cortex (hypo-edited), but not in 
frontal cortex or cerebellum (Online Resource 16). The lat-
ter is consistent with a previous study using a restriction 
enzyme-based assay to detect GluA2 Q/R A to I editing 
changes in C9orf72 hiPSC-MNs [55]. The hyper-editing of 

Fig. 5   Gene ontology analysis of all significantly mis-edited genes. 
Top 15 most significant canonical pathways (ingenuity pathway anal-
ysis) for genes that contain significant (p < 0.05, Fisher’s exact test) 
RNA editing aberrations in C9orf72 ALS/FTD a spinal cord, b motor 
cortex, c frontal cortex, d cerebellum
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GluA2 Q/R in spinal cord tissue of C9orf72 ALS patients 
is in disagreement with prior studies in sALS patient spi-
nal cord tissue showing hypo-editing at the GluA 2 Q/R 
site [39]. These studies employed laser capture microscopy 
(LCM) techniques to isolate spinal cord motor neurons for 
editing analysis [60], which could explain the differences 
shown in the present study using whole spinal cord tissue 
homogenates for RNA sequencing analysis.

The utilization of RNA sequencing technology to observe 
RNA editing events has allowed for a more robust charac-
terization of altered RNA editing in disease [12, 43, 56, 57, 
61]. Here, we provide evidence that global A to I editing is 
disturbed in C9orf72 ALS/FTD spinal cord, motor cortex, 
frontal cortex, and cerebellum. RNA editing in C9orf72 
hiPSC-MNs is changed similarly to human tissue (Online 
Resources 2, 7, 10). Interestingly, the RNA editing analyses 
revealed both, hyper- and hypo-editing in C9orf72 tissue 
samples, which is in accordance with a recent RNA editing 
analysis from brain tissue of individuals with autism [64]. 
In the present study, ADAR2 gene knockdown via siRNA 
technology leads to similar RNA hyper- and hypo-editing 
changes, while additional of ADAR1 results in mostly RNA 
A to I hypo-editing (Online Resource 14) These data suggest 

that ADAR1 might be compensating at least at some select 
editing sites for the loss of function of ADAR2 in C9orf72 
disease, in some instances even above baseline editing lev-
els. This is somewhat in agreement with studies showing 
selective ADAR1 and ADAR2 editing activities at the sero-
tonin receptor gene, which can compensate for each other at 
some editing site of the receptor gene, but not others [30].

RNA editing discrepancies in C9orf72 ALS/FTD show 
distinct, tissue-specific, aberrations. While it is not clear 
what impact these editing aberrations have on cellular func-
tion, these RNA editing events may be initial clues describ-
ing selective vulnerability in ALS. However, future studies 
need to determine the specific mechanisms of RNA editing 
toxicity in ALS. Pathway analysis of total RNA discrep-
ancies revealed the eIF2 pathway to be the most disrupted 
by RNA editing aberrations in C9orf72 ALS/FTD. Editing 
aberrations within this pathway are observed in all models 
of abnormal RNA editing (Online Resources 17 and 18). 
The eukaryotic initiation factor 2 pathway is a crucial ele-
ment required for the initiation of neuron-specific translation 
and assembly of the initiation ternary complex containing 
eIF2-Met-tRNAi-GTP [15, 36]. Our analysis revealed sig-
nificant RNA editing aberrations in this pathway, indicating 

Fig. 6   Common and unique RNA editing aberrations in C9orf72 
ALS/FTD. a Overlap of RNA A to I editing aberrations in cerebel-
lum, frontal cortex, motor cortex and spinal cord from C9orf72 ALS/

FTD tissue. b Annotation of the RNA editing aberrations that fall 
within the EIF2 signaling pathway
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Fig. 7   Cytoplasmic ADAR2 
leads to altered RNA editing. 
a Schematics of both ΔNLS-
ADAR2 and full-length lenti-
viral constructs. b Western blot 
showing successful transduction 
of both ΔNLS-ADAR2 and 
full length ADAR2 in HEK293 
cells. c–e ΔNLS-ADAR2 is 
localized to the cytoplasm. f–h 
Full length ADAR2 is trafficked 
to the nucleus. i–k Cells treated 
with an empty vector control. 
l Whole transcriptome RNA 
sequencing reveals that there are 
alterations in the editing ratios 
between cells expressing a 
nuclear ADAR2 and a cytoplas-
mic ADAR2. m Most substan-
tially misedited genes that are 
decreased (red) and increased 
(blue) in cells expressing 
ΔNLS-ADAR2. n EIF2AK2, 
EIF2S1, EIF2S3, and Riboso-
mal subunits are differentially 
edited in cells expressing 
ADAR2 in the cytoplasm
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possible dysfunction. The eIF2α kinase, Protein Kinase R 
(PKR) is one of the transcripts showing large RNA edit-
ing dysfunction. PKR is an interferon-inducible, double-
stranded RNA-activated protein kinase, and activation of 
PKR leads to the phosphorylation of eIF2α at residue S51 
and the inhibition of the GDP and GTP exchange leading to 
an inhibition of global translation and cellular susceptibil-
ity to non-AUG based translation [51]. ADAR1 acts as a 
suppressor of PKR, suggesting that not only ADAR2 A to I 
editing targets, but, additionally, ADAR1 targets, might be 
dysregulated in C9orf72 ALS/FTD. eIF2α phosphorylation 
is associated with neurodegenerative disease, including Alz-
heimer’s disease, Parkinson’s disease, Huntington’s disease, 
and ALS/FTD [7, 20, 31]. Expression of the C9orf72 repeat 
expansion has recently been shown to activate the integrated 
stress response by phosphorylation of eIF2α [14]. Although 
the RNA alterations observed in the PKR transcript are the 
most well understood, we also identified several other RNA 
editing aberrations involved in the same pathway, includ-
ing aberrations involved in the eIF2 subunits themselves 
and aberrations found in the ribosomal subunits, indicat-
ing the potential for further dysregulation of this pathway. 
Further studies are necessary to understand the function of 
the pathogenic, or even the beneficial, impact of these RNA 
editing aberrations.
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