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SUMMARY

RNA-editing mechanisms, which induce nucleotide
substitution in the RNA, increase transcript and
protein diversities. Editing dysregulation has been
shown to lead to grave outcomes, and transcrip-
tome-wide aberrant RNA editing has been found in
tumors. However, little is known about the involve-
ment of editing in other diseases. Systemic lupus
erythematosus (SLE) is a multisystemic autoimmune
disease characterized by a loss of tolerance for auto-
antigens from various tissues and the production of
multiple autoantibodies. Here, we show that blood
samples from individuals with SLE have abnormally
high levels of RNA editing, some of which affect pro-
teins and potentially generate novel autoantigens.
We suggest that elevated RNA editing, either by
ADARs or APOBECs, may be involved in the patho-
physiology of SLE, as well as in other autoimmune
diseases, by generating or increasing the autoanti-
gen load, a key requisite for the progression of auto-
immunity.

INTRODUCTION

Adenosine-to-inosine (A-to-l) editing is a prevalent form of post-
transcriptional modification (Bazak et al., 2014a; Ramaswami
and Li, 2014), catalyzed by the adenosine deaminase acting on
RNA (ADAR) enzymes (Bass, 2002; Nishikura, 2010; Savva
et al., 2012). Because inosine is interpreted by most cellular ma-
chineries as a guanosine (G), there are several possible out-
comes to this deamination (Speyer et al., 1962). Hence, editing
can alter splice consensus elements, microRNA seeds, and
binding sites, as well as protein coding sequences (Burns
et al.,, 1997; Ekdahl et al., 2012; Higuchi et al., 2000; Rueter
et al., 1999). The reaction is catalyzed in humans by the ADAR1
(ADAR) and ADAR2 (ADARB1) enzymes. ADAR2 is confined to
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the nucleus, whereas ADAR1 has two isoforms—the p110 iso-
form that is localized in the nucleus and the p150 interferon
(IFN)-inducible isoform that shuttles between the nucleus and
the cytoplasm (Eckmann et al., 2001; George and Samuel, 1999).

A-to-I RNA editing is a constitutive and finely tuned process
that is involved with several systems in the body and requires a
delicate balance of activity. On the one hand, insufficient editing
has detrimental and even lethal effects, partly due to the accu-
mulation of endogenous double-stranded RNAs (dsRNAs),
which triggers an innate immune response (Liddicoat et al.,
2015a; Mannion et al., 2014; Pestal et al., 2015). ADAR1 editing
deficiency is involved in autoimmune disorders such as Aicardi-
Goutieres syndrome (AGS) and dyschromatosis symmetrica he-
reditaria (DSH) (Liu et al., 2006; Rice et al., 2012). Both show
some phenotypic similarities to systemic lupus erythematosus
(SLE), and AGS patients, like SLE patients, are characterized
by elevated type | IFN production (Crow and Manel, 2015; Lee-
Kirsch et al., 2014; Rice et al., 2012).

On the other hand, excessive ADAR activity may be harmful.
Studies show that elevated levels of ADAR1 usually correlate
with higher editing activity, manifested both as higher rates of
editing and as editing of non-typical editing sites (Han et al.,
2015; Paz-Yaacov et al., 2015). Elevated levels of editing have
been shown to have significant effects on the transcriptomic
diversity of cancers and, in several cases, even correlate with pa-
tient survival (Han et al., 2015; Paz-Yaacov et al., 2015).

The other type of RNA editing in humans is the deamination of
cytidine to uridine (C-to-U) by several members of the APOBEC
protein family of cytidine deaminases, mainly APOBEC1 and
APOBECS3A (Sharma et al., 2015; Smith et al., 2012). Similar to
ADAR1, APOBEC3 paralogs are upregulated by IFN (Peng
et al., 2006). Overexpression of APOBEC3A was shown to affect
thousands of sites that have the potential to recode more than a
thousand proteins (Sharma et al., 2017).

SLE is a multisystemic heterogenic autoimmune disease. It is
characterized by autoantibodies to a variety of autoantigens
derived from various tissues, as well as antinuclear antibodies
(Lipsky, 2001; Tsokos, 2011). The causes and pathogenesis of
the disease are not fully understood. SLE patients usually have
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elevated levels of circulating type | IFN and increased expression
of both type | and type Il IFN-stimulated genes (ISGs) (Chiche
et al., 2014; Crow and Manel, 2015; Hagberg and Rénnblom,
2015). Thus, inhibitors of IFN and downstream ISGs are attrac-
tive and promising therapeutic targets for treatment (Furie
et al., 2017; Hagberg and Rénnblom, 2015; Kirou and Gkrouz-
man, 2013; Niewold, 2008). Moreover, high artificially induced
levels of IFN can cause SLE-like symptoms (Ho et al., 2008;
Niewold, 2008). Altered levels of ISGs and RNA modifications
have been marked as potential contributors to SLE pathogenesis
in several previous studies (Graham and Utz, 2005; Hueber et al.,
2004). This includes increased rates of alternative splicing (Ng
et al., 2004) and indications of aberrant RNA editing in a few
genes, as well as elevated expression of ADAR1 in lymphocytes
(Laxminarayana et al., 2002, 2007; Orlowski et al., 2008). How-
ever, these early studies focused only on small subset of editing
targets.

Here, by analyzing wide-scale, high-throughput sequencing
data (Hung et al., 2015), we show that SLE patients have
elevated global RNA-editing levels. In addition, we use computa-
tional predictions to demonstrate that this excessive editing can
potentially generate autoantigens, which may then be presented
on major histocompatibility complex (MHC) molecules and
induce an immune response. Editing in coding regions, which
alters the amino acid sequence (recoding), may prove immuno-
genic. Because proteasomal degradation is presumably unaf-
fected by RNA editing, an edited form of a protein could be
degraded and eventually be presented by the MHC system.
We previously showed that medullary thymic epithelial cells
(mTECs), which mediate the presentation of self-epitopes in
the thymus, routinely express many edited forms of proteins
and thereby forestall the induction of a dangerous immune
response against edited peptide-derived autoantigens (Danan-
Gotthold et al., 2016). However, possibly due to incomplete pre-
sentation and/or confinement of the process to selected edited
versions, not all edited forms are presented by the mTECs. As
a consequence, T cells specific for edited epitopes may escape
negative selection and react to cells that present an editing-
derived neo-autoantigen (Danan-Gotthold et al., 2016). Although
the main activity of editing is to inhibit the innate immune
response to endogenous dsRNA (Liddicoat et al., 2015b; Man-
nion et al., 2014; Pestal et al., 2015), our results suggest that
RNA editing can trigger an immune response directed against
editing-originated neo-autoantigens, exacerbating autoimmu-
nity. We therefore suggest it is involved in the etiology and path-
ogenesis of SLE and possibly other autoimmune diseases.

RESULTS

Enhanced A-to-l Editing in SLE Patients

Many studies of editing in various diseases concentrated on pre-
viously detected editing sites. Here, we used RNA sequencing
(RNA-seq) data to evaluate changes in global levels of editing,
without prior knowledge of specific sites. To compare the
RNA-editing levels in SLE patients with those in healthy individ-
uals, we first used two complementary approaches to estimate
the global editing rate using RNA-seq samples from Hung et al.
(2015) (99 from SLE patients and 18 from healthy individuals)

(Table S1): the Alu editing index (AEI), which measures the global
rate of editing in Alu repeats (Bazak et al., 2014b), and the global
rates of clustered editing sites in each sample, according to the
normalized number of hyper-edited (HE) sites (see Experimental
Procedures) (Porath et al., 2014). Both types of analysis revealed
that global editing was significantly elevated in the blood of SLE
patients compared to that of controls (Wilcoxon p value =
4.96e—6 and 8.27e—7 for AEl and HE analyses, respectively).
Because higher editing levels may be associated with higher
levels of ISGs, we grouped the patients according to the original
dataset of interferon signature metric (ISM) division, which mea-
sures the presence of the IFN-inducible genes’ expression
signature. As expected, ISM-high SLE patients had significantly
higher editing levels than controls (Wilcoxon p value = 4.16e—7
and 2.48e—8 for AElI and HE analyses, respectively) (Figures
1A and 1B) and significantly higher editing levels than ISM-low
patients (Wilcoxon p value = 1.87e—2 and 1.77e—5 for AEl and
HE analyses, respectively) (Figures 1A and 1B). However, even
ISM-low patients had significantly higher editing levels than con-
trols (Wilcoxon p value = 3.28e—2 and 3.93e-2 for AEIl and HE
analyses, respectively) (Figures 1A and 1B). Overall, the editing
signal was clean. A-to-G mismatches comprised most mis-
matches (82.79%), and the ADAR deamination motif (5’ neighbor
preference A = U > C > G) (Eggington et al., 2011; Riedmann
et al., 2008) was observable (Figures 1C and 1D), indicating
that most of the A-to-G substitutions detected in the HE analysis
resulted from ADAR editing. Similar results were obtained from
another, but smaller, independent dataset from Rai et al. (2016)
(Figure S1).

As a complement approach, we investigated the level of RNA
editing at known sites that have been identified and character-
ized by previous studies (see Experimental Procedures). Among
the sites at which editing levels were found to differ significantly
between the controls and the ISM-high patients, most had
increased editing levels. This was also the general trend in sites
without significant changes (Figure 1E). These results further
support the observation that RNA editing is elevated in the blood
of ISM-high patients.

To determine whether ADAR1, which is itself an ISG, is respon-
sible for the increased editing levels, we examined its expression
levels. As expected, its expression was significantly higher in
ISM-high patients compared to controls (2.24-fold change, Wil-
coxon p value = 3.77e—6) (Figure 1F). However, in contrast to the
results of the global RNA-editing levels, no significant differ-
ences were observable between ISM-low patients and controls
(Wilcoxon p value = 0.54). This may indicate that ADAR1 expres-
sion is regulated directly by IFN, while RNA-editing levels remain
relatively high in these patients even without IFN induction. In
contrast, the expression of ADAR2 was lower in ISM-high pa-
tients compared to controls (0.75-fold change, Wilcoxon
p value = 0.035) (Figure 1G). Altogether, our results show signif-
icantly elevated ADAR1 expression and editing activity in ISM-
high patients.

Enhanced C-to-U Editing in SLE Patients

Proteins from the additional deaminase family, the APOBEC,
were also significantly upregulated in ISM-high patients
compared to controls (Figure 2A; Table S2). This may lead to
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Figure 1. A-to-l Editing Is Significantly Increased in SLE Patients

Number of Hyper Edited Sites wm

p-value = 2.48e-08

p-value = 1.77e-05

~
S

p-value = 3.93e-02
. |

=)
S

o
see

=

S
s -
HY '.fg:

(Per Million Mapped Reads)
(o3
(==}
2825

}7

()
=3

Controls SLE ISM-Low SLE ISM-High

o 5201

Mean Editing Rates ISM-high (%) M

5 0 75
Mean Editing Rates Control (%)

Compared cohorts are healthy controls, SLE patients with low levels of ISG (ISM-low, which corresponds to a more quiescent disease), and SLE patients with
high levels of ISG (ISM-high), depicted in blue, yellow, and red, respectively. The comparisons were evaluated using the Wilcoxon test.
(A and B) Global levels of editing were assessed by determining (A) the editing in Alu elements (AEI) and (B) the number of hyper-edited (HE) sites (normalized by

the number of mapped reads) per sample.

(C and D) Cleanness of the HE signal was assessed by (C) the number A-to-G mismatches compared to all types of mismatches and (D) the neighboring nu-
cleotides frequencies at the sites detected by the HE analysis (which matched the ADAR deamination motif).
(E) Editing levels were assessed using the rates at pre-known sites. The means of the editing rates of ISM-high patients were plotted against controls per site.

Sites with significant changes (FDR < 0.1) are depicted in red.

(F and G) Expression levels of (F) ADAR1 and (G) ADAR2 suggest that ADAR1 is responsible for the alterations in editing levels.

the accumulation of C-to-U mismatches, which can serve as a
potential source for neo-autoantigens. A dataset of putative
C-to-U editing sites in monocytes and macrophages has been
published (Sharma et al., 2015). Of the sites, 252 were detected
in the examined dataset (96.5% of the expressed sites), and
most of them (75%) were edited in more than 20% of the sam-
ples. Out of these, 26 had significantly elevated editing rates in
ISM-high patients (false discovery rate [FDR] < 0.1), and a similar
global trend was observable (Figure 2B). Because the editing
probably occurs only in specific cell types (e.g., monocytes
and macrophages), very low editing rates were observed in the
total cell population (90% of the sites had a mean rate of
0%-2%). To further assess the C-to-U editing levels in SLE
patients and healthy individuals, we measured the global rates
of HE C-to-U clusters in each sample (see Experimental Proced-
ures). As was the case for the A-to-l editing, ISM-high patients
had significantly more clustered C-to-U sites per sample (Wil-
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coxon p value = 4.87e—3) (Figure 2C), and their numbers corre-
lated well with APOBECS3A levels (r = 0.70) (Figure 2D) indicating
that this is the main deaminase driving this elevation.

Elevated Levels of Recoding Events in SLE Patients

Only a small portion of A-to-I RNA editing results in the recoding
of proteins. To identify recoding sites associated with SLE, we
systematically searched for differentially edited sites with a
non-synonymous outcome. Because the current approaches
for de novo detection of recoding sites without a matched DNA
sequences from the same individual perform poorly, we limited
the analyses to high-credibility sites found within the HE regions
or to the previously verified ones.

We first examined putative recoding sites detected by the HE
analysis, in which the potentially editable adenosine is found on
the transcribed strand. Excluding known SNPs and sites within
highly polymorphic genomic regions, we identified 624 putative



Figure 2. Elevated C-to-U Editing in SLE
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recoding sites. As expected, most of these sites (95%) were
edited in SLE samples, and their prevalence was higher than in
controls (an average of 1.100 sites per million mapped reads in
SLE patients versus 0.967 in controls, Wilcoxon p value =
0.018) (Figure 3A). The obtained signal was noisy (Figure S2A),
indicating that a portion of these sites are not bona fide ADAR
targets. Nevertheless, the neighbor preferences obtained fairly
agree with the ADAR motif (Figure S2B), supporting the contribu-
tion of genuine editing by ADAR. Many of these sites were sto-
chastically edited (545 of 624 sites were edited in fewer than
five samples). We therefore compared the relative number of
samples that expressed the edited version of the transcript be-
tween the groups. Two such sites, in the genes IFITM1 and
ODF3B, were found to be edited in a higher percentage of
ISM-high samples compared to controls (Fisher’s exact test,
FDR < 0.05), probably because of elevated expression levels in
SLE patients (FDR < 1e—5). This elevated expression results in
increased detectability by our analysis (and presumably in higher
numbers of the recoded versions of peptide), which should also
reflect higher visibility of them to the immune system. Several
edited sites were found within the SRSF4 and VIM genes, which
are known targets for autoantibodies of SLE (Sherer et al., 2004).

We also examined the editing rates at recoding sites identi-
fied in other studies (see Experimental Procedures). Two sites
were found to have higher editing levels in ISM-high patients
(Wilcoxon, FDR < 0.05) (Figures 3B and 3C), with no sig-
nificant expression difference in SLE patients and controls in
the genes SH3BP2 and ARL6IP4 (at chr4:2,835,556 and
chr12:123,466,262, respectively).

These results support the hypothesis that the high global edit-
ing levels in SLE patients can give rise to a variety and higher
levels of the edited versions of proteins.

1 2 3 1
Mean Editing Rates Control (%)

06 08
C-to-U Hyper Editing Level

Patients

ISM-high patients, ISM-low patients, and controls
are depicted in red, yellow, and blue, respectively.
The paired comparisons were evaluated using the
Wilcoxon test.

(A) Expression levels of APOBEC3A in ISM-high
patients, ISM-low patients, and controls.

(B and C) Elevated C-to-U editing in SLE patients
was assessed by (B) the mean C-to-U mismatch
rates per site at pre-known sites of ISM-high pa-
tients, plotted against the controls (sites with sig-
nificant changes [FDR < 0.1] are depicted in red)
and (C) the number of HE C-to-U sites (normalized
by the number of mapped reads) per sample.

(D) Correlation between APOBECS3A expression
levels and normalized number of HE C-to-U sites.
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RNA Editing Results in Potential
MHC Class | Epitopes

To investigate any putative immunoge-
nicity caused by elevated editing in the
patients, we evaluated the potential of
MHC class | epitopes to be derived from
peptides originating from edited tran-
scripts, using histocompatibility leuko-
cyte antigen (HLA) allele predictions for each sample (Szolek
et al., 2014). We measured the editing rates of recoding editing
events that generate peptides with a predicted high affinity for
MHC class | molecules (see Experimental Procedures). SLE pa-
tients had significantly higher rates at such sites than controls
(Wilcoxon p value = 1.59e—14 and 3.56e—5 for ISM-high and
ISM-low patients, respectively), and ISM-high patients had
higher rates than ISM-low patients (Wilcoxon p value =
1.65e—3). We focused on a subset of these sites for which edit-
ing enhances the binding affinity of the peptides (see Experi-
mental Procedures). ISM-high patients had significantly higher
rates at these sites than controls (Wilcoxon p value = 9.13e—7)
(Figure 3D) and ISM-low patients (Wilcoxon p value =
1.86e—3). It is evident that these patients have higher editing
rates, even at a fraction of the recoding sites, whose resulting
proteins have higher affinities for the HLA alleles.

We also assessed the number of possible epitopes from each
peptide, both before and after editing (see Experimental Proced-
ures), which was mostly not statistically different, suggesting
that the edited forms of the peptides have the same potential
to be derived to epitopes as the non-edited forms.

DISCUSSION

The results of this study suggest the possibility of a connection
between autoimmunity and excessive RNA editing. We surmise
that the latter may facilitate the generation of autoantigens in pe-
ripheral tissues. Because these autoantigens might not neces-
sarily be expressed in the thymus, reactive T cells may escape
the negative selection and recognize these recoded proteins
as non-self. The elevated global editing activity in SLE patients,
one of the manifestations of the inflammatory condition, results
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the Potential Generation of Epitopes
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in increased variety and higher levels of edited forms of proteins.
Similarly, conditions that lead to editing alterations can result in
new recoding events (Daniel et al., 2012). These have the poten-
tial to be processed into autoepitopes that may then be subse-
quently presented on the MHC molecules, thus stimulating an
autoimmune response (Figure 4). Our results therefore enrich
knowledge about the recently discovered role of ADAR1 and
RNA editing in regulating the innate immune system and support
the connection between imbalance of RNA editing and immune
dysfunction.

We hypothesize that the elevated editing may be involved in
positive feedback, aggravating autoimmunity (Figure 4). Inflam-
matory cytokines produced by an immune response triggered
by elevated editing levels may maintain or even further increase
the editing levels by stimulating the IFN-induced deaminases, re-
sulting in the production of still more, potentially immunogenic,
editing-recoded peptides. In addition, the edited epitope not
only may prove immunogenic but also may initiate a process of
epitope spreading (Lehmann et al., 1992; Sercarz, 1998; Vander-
lugt and Miller, 2002). Moreover, SLE has several characteristics
that may promote the immunogenicity of RNA editing, such as
the upregulation of epitope presentation pathway by IFNs and
the accumulation of dead cell debris (Boehm et al., 1997; Lipsky,
2001; Rusinova et al., 2013; Schroder et al., 2004).

Although the results presented here are promising and
demonstrate the potential of editing to create neo-autoantigens,
there are several limitations to this type of research, leading to
incomplete detection of the editing-derived proteome and
assessment of its immunogenicity. First, from an analytical
perspective, while the HE analysis enables the discovery of re-
coding editing sites, the HE reads comprise only a minority
(~1%) of the total reads, and presumably a small fraction of
the total editing. Moreover, the recoding sites detected here
have a relatively low signal-to-noise ratio, so the credibility of
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the sites are credible. Second, from a bio-
logical perspective, several limitations
arise. The RNA was extracted mainly
from living cells; thus, it is possible that
editing sites generating particularly
immunogenic peptides may be underrepresented in the data
because of their elimination by a fiercer immune reaction against
such cells. Another potential drawback is introduced by the
RNA-seq data used for the analysis being derived from whole
blood, which contains heterogeneous cell types, which may
dampen the signal and add noise. Thus, it is probable that the
number of recoding sites detected here is an underestimation
of the actual number of recoding editing sites in SLE patients.

In summary, we have shown significantly elevated RNA editing
in SLE patients and revealed its potential to give rise to neo-auto-
antigens, implying a role for RNA editing in the etiology and prog-
ress of SLE. These findings provide another link between RNA
editing and autoimmune diseases.

"'SLE ISM-High

EXPERIMENTAL PROCEDURES

The Supplemental Experimental Procedures includes more details of the
applied analyses.

Datasets
A whole-blood (Paxgene) RNA-seq dataset of 18 healthy individuals and 99
active SLE patients (GEO: GSE72509) from Hung et al. (2015) and a smaller
dataset of 12 SLE patients and 4 controls (GEO: GSE80183) from Rai et al.
(2016) were downloaded. Details are provided in Table S1.

The reads were aligned to the human genome (hg19) using STAR 2.4.2
(Dobin et al., 2013).

HE

We used a recently described pipeline (Porath et al., 2014) that enables the
measurement of editing of heavily edited reads, which standard schemes fail
to align correctly (Carmi et al., 2011)

AEI

To measure the editing in Alu elements, we used a previously described
method (Bazak et al., 2014b). Due to the magnitude of the effect and the spe-
cific occurrence of editing in Alu elements (such as editing in clusters), this
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measurement results in a clean signal with a minimal false-positive rate (Bazak
et al., 2014a).

Known Sites

RNA editing levels for a list of pre-known editing sites were calculated using
REDIToolKnown, which is part of the REDItools package (Picardi and Pesole,
2013). The list of editing sites was compiled from previous studies (Khermesh
et al., 2016; Pinto et al., 2014; Ramaswami et al., 2012).

Expression Analysis
The DESeq package (Anders and Huber, 2010) in R was used for analyzing dif-
ferential gene expression in all control and SLE patient samples.

Statistical Analysis

The statistical analysis was done using R (R Project for Statistical Computing,
http://www.r-project.org/). Unless otherwise specified, the statistically signifi-
cant difference (5% confidence level) among two groups was tested using the
Wilcoxon rank test. The tests were performed using the default parameters
and in a two-sided manner. Where appropriate, p values were corrected for
multiple testing.

Recoding Editing Sites Analyses

To provide the peptide sequence for the analyses and find recoding, HE and
pre-known sites filtered for SNPs and HLA genes were annotated using
WANNOVAR (Chang and Wang, 2012; Wang et al., 2010). HLA alleles for

FERGGECIGUAT

S UGCCCACAYGL
Zees

Figure 4. Pro-inflammatory Editing Feed-
back

(A) As part of an inflammatory response, in-
terferons are released into the intercellular envi-
ronment.

(B) Uptake of the interferons triggers a response
via the JAK-STAT signaling pathway. Among the
many genes affected, the ADAR1 p150 isoform is
produced.

(C) This upregulation of ADAR1 leads to higher
editing levels, due both to the increasing rates at
normally edited sites and to the editing of sites that
are not edited under normal conditions (left, non-
inflamed cell; right, inflamed cell).

(D) Elevated editing levels lead to increased
numbers and a variety of recoded proteins.

(E) Some recoded proteins might be degraded into
peptides that will eventually become epitopes,
resulting in presentation of recoded epitopes that
are usually not found on cell surfaces.

(F) These edited epitopes might trigger an immune
response (thus becoming neo-autoantigens),
contributing to the inflammatory state and poten-
tially initiating a positive feedback loop.

each sample were derived using OptiType (Szolek et al., 2014). For each
sample, recoding sites (detected by the HE analysis) inside peptides that
have at least one window (see Supplemental Experimental Procedures) with
strong affinity to the sample-predicted HLA alleles were selected according
to the NetMHCPan4.0 (Jurtz et al., 2017) predictions. A recoding event was
considered to have an affinity-enhancing effect if the edited version of the
peptide, for all windows on average, had a higher affinity (of at least 10%).
The number of epitopes per peptide chain was calculated as previously
described in Agranovich et al. (2013).
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Figure S1. Editing is significantly increased in SLE patients (dataset taken from (Rai et al.,
2016)), Related to Figure 1. The compared cohorts are healthy controls (blue) and SLE patients (red).
Paired comparisons were evaluated using the Wilcoxon test. The global levels of editing were assessed
by determining (A) the editing in Alu elements (Alu Editing Index - AEI) and (B) the number of hyper
edited (HE) sites (normalized by the number of mapped reads) per sample.
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Figure S2. The signal cleanness of recoding sites at hyper edited regions, Related to Figure 3.
(A) Percentage of all mismatches and (B) the nucleotide frequencies of the neighboring nucleotides
around the A-to-G sites



Supplemental Tables

Table S2. Elevated APOBEC proteins levels in SLE, Related to Figure 2.

Gene name Fold Change between ISM-high | Wilcoxon p-value
patients and controls

APOBEC3A 2.58 5.25e-08

APOBEC3B 2.48 0.00237

APOBEC3F 1.80 1.96e-08

APOBEC3G 1.48 4.28e-08

APOBEC3H 1.84 0.000885




Supplemental Experimental Procedures

Reads alignment

The reads were aligned to the human genome (hgl19) using STAR 2.4.2 (Dobin et al., 2013), using
alignment parameters that limit the number of mismatches to 0.1 of the mapped length and accept only
uniquely aligned reads (default parameters except alignintronMax - 1000000, alignMatesGapMax -
1000000, outFilterMismatchNmax - 999, outFilterMismatchNoverReadLmax - 0.1,
outFilterMultimapNmax - 1, outReadsUnmapped - Fastx, quantMode — GeneCounts). This resulted in
three output files for each sample (an alignment file, a fastq file containing all the unmapped reads, and
a file containing the number of reads per gene) that were used in the next analyses.

Hyper Editing

RNA editing by ADAR1 usually happens in clusters. Thus, many heavily edited reads may differ from
the DNA to the extent that standard schemes fail to align them correctly (Carmi et al., 2011). A
recently described pipeline enables the measurement of such heavily edited reads (Porath et al., 2014).
It was observed that HE is closely correlated with ADARL1 activity (Paz-Yaacov et al., 2015; Porath et
al., 2014). In this approach, the reference genome and the reads are transformed, changing all As to Gs
in order to map the reads.

We extracted HE levels for every sample (this reflects the general level of editing in the sample (Porath
et al., 2014)), as well as a list of the sites at which HE was detected. As input to the pipeline we used
only reads that were not mapped to the genome (typically 10%-15% of reads per sample). We used the
suggested parameters and Hg19 genome, except for the fraction of A-to-G out of all mismatches, which
was set to 0.8. The numbers of hyper-edited sites were normalized by the number of the mapped reads
in each sample. Two samples in which we identified a very high rate of clustered A-to-C substitutions
(more than 70% of all clustered substitutions found in the sample) were excluded from this analysis
and from all further calculations using sites detected by it, since A-to-C clustered substitutions were
previously shown to result from an Illumina machine artifact (Dohm et al., 2008).

Alu editing index

As most of the editing sites in the human genome (over 90%) are concentrated in Alu genomic regions,
AEI gives a good approximation of the global editing level and ADARI1 editing efficiency in the
sample (Bazak et al., 2014a).

Reads that were aligned to Alu elements were collected and mismatches between them and the
reference genome (hg19) were identified. To get a reliable collection of mismatches, mismatches with
a Phred score lower than 30 or those reported as SNPs in dbSNP (SNP build 135) were filtered out
(Eisenberg et al., 2005). To eliminate putative sequence errors the results were further filtered using a
probabilistic model assuming an a priori sequencing error rate of 0.001 (corresponding to Phred score
of 30). This was achieved by applying Benjamini-Hochberg multiple testing correction for all Alu
adenosines, with a false discovery rate (FDR) of 0.05. Over 90% of all Alu evaluated had A-to-G
mismatch dominance (i.e. that the relative part of A-to-G mismatches is higher than all others
combined), which further supports the cleanness of the signal. However, for the calculations of the
editing levels we used all Alu elements (to avoid biases caused by choosing dominant A-to-G Alus
only) as described below .

A straight forward comparison of editing levels, based on the editing rates at all sites, is quite
complicated and requires ultra-high coverage due to the fact that most adenosines in Alu elements are
edited to at least some extent (though usually to a low degree, less than 1% of adenosines) (Bazak et
al., 2014a, 2014b). Hence, any set of detected sites in a given sample may represent only a small
random fraction of the editing sites. Thus, the number of reads supporting a specific mismatch is not a
good measure of the effect in the whole sample.

To apply all the above to our data set, we used the AEI (Alu Editing Index). This index gives the
average editing level across all adenosines in Alu elements weighted by their expression, which is the
ratio of A-to-G mismatches (presumably due to deamination to inosines), over the total number of
nucleotides aligned to an Alu repeat (both adenosines and presumed inosines). This index averages over
millions of adenosines, which as previously described, (Bazak et al., 2014b) makes it rather robust to
statistical noise.

Recoding Editing Sites Analyses

The examination of editing rates at non-synonymous, pre-known editing sites was limited to 60 sites,
which were expressed by at least 10 samples in each group, so that n>10 for each group of the
Wilcoxon test.



Protein prediction was assessed using a list of edited sites filtered from known SNPs (dbSNP135
(Sherry et al., 2001) and highly polymorphic HLA genes, but with conserved editing sites (Pinto et al.,
2014) included). The amino acid sequence (as found in the NCBI database) was queried and the
"mutated” AA was planted in the right place of the sequence generating peptides of 21 AA long (where
the edited AA is in the middle). The affinity of each peptide in the couple (edited and non-edited form)
for the predicted HLA alleles of the samples were evaluated using NetMHCPan 4.0 (Jurtz et al., 2017)
for K-mers (window) of between 8-11 AA long.

Expression analysis
The gene annotations for the expression analysis were obtained from the UCSC gene tables (Karolchik
et al., 2003). The number of reads aligned to each gene was calculated by STAR.

Number of Epitopes Prediction

The number of epitopes per peptide chain was calculated by combining three algorithms: a proteasomal
cleavage algorithm (Ginodi et al., 2008), a TAP binding algorithm (Peters et al., 2003), and the MLVO
MHC binding algorithm (Vider-Shalit and Louzoun, 2011) as previously described in (Agranovich et
al., 2013).

Since the used algorithms only apply to the 39 most common alleles in Caucasian population, the
epitopes were computed for the 35 HLA alleles of the relevant samples. The results were weighted
according to the allele frequency in the global human population. The efficiency of these algorithms
and their quality has been systematically validated (previously) vs. epitope databases and was found to
induce low false positive (FP) and false negative (FN) error rates (Maman et al., 2011a, 2011b). The
number of epitopes was calculated for both the sequence and the average of three randomly scrambled
versions of it, in order to assess whether the number of epitopes is affected by the sequence of the
peptide or the AA composition (a biochemical effect).
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