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ABSTRACT

Recognition of dsRNA molecules activates the MDA5–MAVS pathway and plays a critical role in stimulating type-I interferon
responses in psoriasis. However, the source of the dsRNA accumulation in psoriatic keratinocytes remains largely unknown. A-
to-I RNA editing is a common co- or post-transcriptional modification that diversifies adenosine in dsRNA, and leads to
unwinding of dsRNA structures. Thus, impaired RNA editing activity can result in an increased load of endogenous dsRNAs.
Here we provide a transcriptome-wide analysis of RNA editing across dozens of psoriasis patients, and we demonstrate a
global editing reduction in psoriatic lesions. In addition to the global alteration, we also detect editing changes in functional
recoding sites located in the IGFBP7, COPA, and FLNA genes. Accretion of dsRNA activates autoimmune responses, and
therefore the results presented here, linking for the first time an autoimmune disease to reduction in global editing level, are
relevant to a wide range of autoimmune diseases.
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INTRODUCTION

Psoriasis is a chronic autoimmune disease affecting 2%–4%
of the population worldwide and characterized clinically
by well-demarcated, erythematous, scaly plaques. The main
histological features are epidermal hyperplasia, aberrant ker-
atinocyte proliferation, and differentiation and infiltration of
T lymphocytes, dendritic cells, and neutrophils. The patho-
genesis of psoriasis involves both innate and adaptive im-
mune regulation (Krueger 2002; Lowes et al. 2014).

Interferon-α (IFNα) and IFNβ, collectively known as type I
IFNs, are the major effector cytokines of the host immune
response, closely linking the innate and the adaptive immune
responses (González-Navajas et al. 2012). Type I IFNs can be
induced in response to bacterial and viral pathogens through
Toll-like receptor (TLR)-dependent pathways (Monroe et al.
2010; Trinchieri 2010). In addition, TLR-independent path-

ways, including the cytoplasmic sensors of the dsRNA-reti-
noic-acid-inducible gene I (RIG-I) and the melanoma
differentiation-associated gene 5 (MDA5), may induce
IFNs through their common adaptor, mitochondrial antivi-
ral signaling protein (MAVS) (Reikine et al. 2014). Accumu-
lating evidence suggests that type I IFNs play a role in the
initiation of psoriasis in conjunction with the TNFα and
IL-23/IL-17 pathways. Clinically, systemic treatment with
IFN-α and β (La Mantia and Capsoni 2010; Afshar et al.
2013), as well as external application of imiquimod cream
(which induces the release of IFN from plasmacytoid den-
dritic cells), lead to induction and exacerbation of psoriasis
(Fanti et al. 2006; Rajan and Langtry 2006). Psoriatic skin
has an increased activation of downstream targets of the
type I interferon signaling pathways, including signal trans-
ducer and activator of transcription 1 (STAT1), interferon
regulatory factor 9 (IRF-9) and IRF-7 (van der Fits et al.
2004). More direct evidence comes from the observation
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that mice lacking IRF-2, a negative regulator of the IFN sig-
naling pathway, develop psoriasis-like skin lesions. This phe-
notype can be partially rescued by knocking out positive
regulators of the IFN-α/β signaling pathway (Hida et al.
2000). IFN-α/β are thought to be produced by pathologic
dendritic cells, macrophages and keratinocytes, although the
pathological mechanism leading to overproduction of type I
IFNs is still not fully understood (Perera et al. 2012).
A recent study reported that keratinocytes produce IFN-β

in response to dsRNA (Zhang et al. 2016), a finding that im-
plicates the increased levels of dsRNA seen in psoriasis as a
cause of the increased IFN levels. Further support for the
role of the dsRNA sensing pathway in psoriasis comes from
Li et al. (2010) who identified two rare SNPs in MDA5 as as-
sociated with a decreased risk of psoriasis.
A process that directly influences dsRNA levels is A-to-I

RNA editing, a post-transcriptional modification that diver-
sifies the sequence of RNA from that encoded in the DNA
(Bass 2002). A-to-I editing is catalyzed by members of the
ADAR (adenosine deaminase acting on RNA) family of
dsRNA-binding enzymes. There are two active ADAR pro-
teins: ADAR2 (ADARB1) and ADAR1 (ADAR), which have
alternative promoters that generate 2 isoforms: ADARp110
and ADARp150. While ADARp110 is expressed constitutive-
ly, ADARp150 is induced by interferon (Patterson and Samuel
1995; George and Samuel 1999; Savva et al. 2012). Editing of
dsRNA by ADAR enzymes introduces mismatches resulting
in unwinding of the double-stranded base-pairing and conse-
quent reduction of dsRNA levels (Bass and Weintraub 1987;
Nishikura 2010).
A number of recent studies point out that A-to-I RNA ed-

iting plays a critical role in regulating the innate immune re-
sponse (Hartner et al. 2009; Toth et al. 2009; Mannion et al.
2014; Liddicoat et al. 2015; Pestal et al. 2015). The main func-
tion of ADAR1 is not to create proteomic diversity (Heraud-
Farlow et al. 2017), but rather to suppress the antiviral inter-
feron response by preventing MDA5 from sensing endoge-
nous dsRNA as nonself (Mannion et al. 2014; Liddicoat
et al. 2015; Pestal et al. 2015). This newly established intricate
interplay between RNA editing and the immune response
suggests that editing may play a role in a variety of autoim-
mune diseases. Indeed, ADAR1 mutations have been linked
to Aicardi–Goutieres syndrome (AGS), a severe auto-inflam-
matory disease (Rice et al. 2012), and hypoediting was ob-
served following up-regulation of PDE8A1 in T cells in
systemic lupus erythematosus (SLE) (Orlowski et al. 2008).
Consistently, ADAR1 knockout mice die embryonically,
showing an elevated expression of type I IFNs (Hartner
et al. 2009).
In this study, we demonstrate a global reduction of A-to-I

RNA editing in psoriasis that may account for the accumula-
tion of dsRNA (Bass 2002; Nishikura 2010), which in turn
stimulates the production of IFNs and is instrumental in trig-
gering the disease. We verified that both IFN pattern recog-
nition receptors and IFN stimulated genes are up-regulated

in psoriatic lesions (Yao et al. 2008; Rasheed et al. 2016;
Ruano et al. 2016). Editing of coding mRNA may lead to
recoding (nonsynonymous changes in the mRNA) (Bahn et
al. 2012; Ramaswami et al. 2013; Pinto et al. 2014; Ramas-
wami and Li 2014). Thus, we also investigated the editing lev-
els in specific recoding sites and identified reduced levels of
editing in three evolutionarily conserved recoding sites locat-
ed in the COPA, FLNA, and IGFBP7 genes. Our findings sug-
gest that reduced editing might play a role in the pathogenesis
of psoriasis and other autoimmune diseases.

RESULTS

Global editing is decreased and dsRNA structures
are increased in psoriatic lesions

To characterize RNA editing in psoriasis, we analyzed RNA-
seq data from 78 psoriatic lesions, 27 psoriatic uninvolved
skin (normal looking skin from psoriasis patients), and 86
healthy control samples (data taken from the studies of Li
et al. 2014 and Tsoi et al. 2015; see Materials and Methods).
ADAR enzymes edit adenosines that reside in dsRNA. In

humans, almost all of the editing activity occurs in Alu repet-
itive elements because of their tendency to form double-
stranded structures (Bazak et al. 2014a). As a result of themis-
matches introduced during the editing, the double-stranded
structures unwind, decreasing the amount of the total
dsRNA. Therefore, quantification of the relative editedAlu el-
ements can serve as a proxy for the amount of dsRNA struc-
tures formed by the available expressed Alu repeats. Using an
Alu-specific RNA editing detection algorithm (Bazak et al.
2014a), we estimated the amount of edited Alu elements in
the psoriatic lesions, uninvolved skin and healthy control
samples. The relative amount of editedAlu (the numberof ed-
itedAlu elements per reads thatwere aligned toAlu) was lower
in samples from lesions than in healthy controls (Fig. 1A; P-
value = 9.2 × 10−6, two tailed t-test). Interestingly, there was
an intermediate amount of relative edited Alu elements in
the uninvolved skin. The Alu index (Bazak et al. 2014b) mea-
sure (indicating the average number of A-to-G mismatches
across all Alu adenosines weighted by the total coverage at
Alu adenosines positions) showed the same trend: a signifi-
cant reduction in editing in psoriatic lesion compared to
healthy control samples (Fig. 1B; P-value = 0.001, two-tailed
t-test). Importantly, we have verified that differences in target
expression level do not account for the observed differential
editing.
Taking into account events of excessive editing in clusters

of adenosines is crucial in order to accurately estimate the
scope of RNA editing. Therefore, global editing activity based
on clusters of editing (hyperediting) sites was also evaluated.
These clusters can be recognized in reads that are usually ig-
nored by the standard editing detection methodologies, since
they differ too much from the corresponding DNA sequence
and cannot be aligned to the reference sequence using the
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conservative aligners (Carmi et al. 2011). To overcome these
difficulties, we used a designated hyperediting detection
scheme (see Materials and Methods) (Porath et al. 2014).
Here too, psoriatic lesions showed a significant reduction in
editing compared to healthy controls (Fig. 1C; P-value =
2.6 × 10−17, two-tailed t-test). Interestingly, hyperediting in
uninvolved skin tissues did not differ from the healthy control
samples.

The reduction in editing is expected to increase the
amount of endogenous dsRNA structures. However, this
could be a secondary effect to an elevated expression of
dsRNA-forming transcripts, putting an increased load on
the ADAR enzymes. In order to test this hypothesis, we com-

pared the fraction of reads that map to Alu repeats, the major
source for endogenous dsRNA structures in human, between
healthy and psoriatic tissues. Interestingly, we found that this
fraction, measuring the relative expression of Alu repeats and
estimating the potential for dsRNA formation, is 14% lower
in psoriatic tissues, compared to normal controls (Fig. 1D; P-
value = 7 × 10−11, two-tailed t-test). Therefore, the source for
an elevated level of dsRNA is not an increased expression of
dsRNA-forming transcripts, and may be attributed to low-
ered editing, increasing the potential of the expressed repeats
to form dsRNA structures.
In order to confirm our findings, we have analyzed addi-

tional independent RNA-seq data (Ahn et al. 2016; Gupta

A B

C D

FIGURE 1. A decrease in global editing in psoriatic lesions. (A) The relative number of edited Alu in healthy controls (blue) is higher than in psoriatic
lesion (red) and uninvolved skin (pink) samples. The bar-plot represents the average ±SEM of the number of edited Alu per thousand reads that were
aligned to Alu. P-value (healthy versus psoriasis) = 9.2 × 10−6. (B) Measuring the Alu editing index in psoriatic lesions, uninvolved skin and healthy
control tissues emphasizes the decreased editing activity in psoriasis. P-value = 0.001 (C) Complementary hyperediting screening reveals a decrease in
the number of editing sites in psoriatic lesions. The distribution of the normalized number of hyperediting sites is shown. P-value = 2.6 × 10−17. (D)
The relative expression of Alu repeats is lower in psoriatic tissues compared to normal controls, suggesting that the source for an elevated level of
dsRNA is not an increased expression of dsRNA-forming transcripts. P-value = 7×10−11; all analyses are two-tailed t-tests.
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et al. 2016) containing 18 psoriatic lesion samples and 16
healthy skin controls. Applying the same designated hyper-
editing detection scheme, psoriatic lesions showed a signifi-
cant reduction of ∼30% in editing compared to the healthy
controls (Fig. 2A; P-value = 0.008, two-tailed t-test).
Interestingly, this set includes also 18 samples of the same

psoriatic patients after 1 mo of treatment with adalimumab.
Adalimumab is a recombinant, fully human Immunoglobu-
lin G1 monoclonal antibody that binds with high affinity and
specificity to TNF-α and have high efficacy against psoriasis
(Alwawi et al. 2008). The treated samples showed a signifi-
cant increase in editing compared to psoriatic lesions sam-
ples, back to a level similar to that of the healthy control
samples (Fig. 2A; P-value = 0.004, two-tailed t-test). The nor-
malization of editing levels by adalimumab is in-line with the
modulation of other biological markers such as inflammato-
ry cytokines by this drug (Langkilde et al. 2016) as well as
other effective anti-psoriatic treatments (Johnson-Huang et
al. 2010; Russell et al. 2014)
Improved statistical power is gained when adding the

healthy control samples and the treated samples groups to-
gether, as more significant differences in hyperediting are
achieved (Fig. 2B, P-value = 0.0004, two-tailed t-test).

Overexpression of MDA5 pathway and IFN stimulated
gene signature in psoriatic lesions

The observed decrease in global editing activity and conse-
quent putative increase in dsRNA might be expected to acti-
vate the innate immune response due to recognition of the
dsRNA as “foreign” by MDA5 (Pestal et al. 2015). Indeed, in-

creased MDA5 expression was previously demonstrated in
psoriatic lesions (Prens et al. 2008). To confirm these results,
we quantified the mRNA expression levels of several genes
related to the TLR-independent IFN activation pathway
(MDA5, IRF7, NFKB1, STAT1, and STAT3), as well as the
Th1 and Th17 cytokine signature, known to be up-regulated
in psoriasis, as a positive control. As expected, psoriatic le-
sions displayed a significant up-regulation of these cytokines
as well as the TLR independent IFN activity pathway genes
compared to healthy controls and uninvolved skin (Fig. 3A,
B). Interestingly, the MAVS and IRF3 genes, which are also
involved in the MDA5 pathway, showed only a very slight in-
significant up-regulation. It is possible that additional regula-
tory mechanisms, such as protein phosphorylation, are
involved in the regulation of these genes (Liu et al. 2015).

Editing in conserved sites is reduced in psoriatic lesions

While the vast majority of A-to-I editing activity in human
RNA occurs in noncoding primate-specific Alu elements, a
small fraction of editing sites are conserved within mamma-
lian evolution (Pinto et al. 2014) and are presumed to have an
important biological function. The conserved sites tend to re-
side in coding regions and have higher editing and expression
levels than the Alu sites.
To investigate editing that may derive direct functional

changes in psoriasis, we tested the editing levels for 58 con-
served mammalian sites (Pinto et al. 2014). The global con-
served-editing index, reflecting the overall editing levels at
these sites (see Materials and Methods), shows a significant
reduction in psoriasis (9.5% in psoriatic lesion samples

A B C

FIGURE 2. A second, independent set of psoriatic RNA-seq data show a decrease of editing in psoriatic lesions. (A) Total RNA-seq data set analysis
repeats the trend of a decrease in the number of hyperediting sites in psoriatic lesions. Interestingly, after 1 mo of treatment with adalimumab, the
editing levels restored back to a similar level of healthy control samples. The figure shows the distribution of the normalized number of hyperediting
sites. P-value = 0.008, two-tailed t-test. (B) Healthy control and treated with adalimumab after 1-mo groups were joined together in order to achieve a
better statistical power. Complementary hyperediting screening reveals a decrease in the number of editing sites in psoriatic lesions. P-value = 0.0004,
two-tailed t-test. (C) Matched comparison of hyperediting in a sample between before and after treatment. P-value = 0.004, two-tailed t-test.
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compared with 15.5% in healthy controls and 16.2% in un-
involved skin samples) (Fig. 4A; P-values = 3.2 × 10−21 and
8.4 × 10−17, respectively, two-tailed t-test). Notably, editing
levels of the recoding sites of the healthy controls was compa-
rable to that for normal skin tissues in a recent report (see
Supplemental Table 1; Tan et al. 2017). These results support
the global editing trend already identified.

Focusing on specific editing sites, we studied eleven con-
served sites that passed the expression cutoffs (see Materials
and Methods) and found a significant decrease of editing
in six of them (Fig. 4B). The three sites exhibiting the highest
editing levels (more than 10% editing in at least one group)

are recoding sites located in the Coatomer Protein Complex
Subunit Alpha (COPA), Filamin A (FLNA) and the Insulin-
like growth factor-binding protein 7 (IGFBP7) genes (Fig.
4B). Notably, editing levels of these three targets is altered
in various types of tumors (Paz-Yaacov et al. 2015). Interest-
ingly, IGFBP7 has been previously linked to psoriasis, as its
expression is down-regulated in psoriatic lesions and increas-
es following phototherapy (Hochberg et al. 2007; Nousbeck
et al. 2011). Indeed, our RNA-seq data results confirmed a
down-regulation of IGFBP7 in psoriatic lesions compared
to uninvolved skin and healthy control samples (Fig. 4C;
P-values = 0.009 and 2.4 × 10−5, respectively).

A

B

FIGURE 3. Overexpression of MDA5 pathway and IFN stimulated gene signature in psoriatic lesions. (A) Up-regulation of known Th1 and Th17
cytokines signature in psoriasis. Distribution of IL12B, IL17A, IL17F, IL22, and IL23A gene expression in psoriatic lesions (red), uninvolved skin
(pink), and healthy control (blue) samples. Expression levels are represented by the normalized values from DESeq analysis. (B) Elevated mRNA ex-
pression of genes in theMDA5 pathway:MDA5 (P-value = 7.7 × 10−20 and 4.0 × 10−57, respectively, two tailed t-test); IRF7 (P-value = 1.5 × 10−17 and
2.6 × 10−44, respectively, two tailed t-test);NFKB1 (P-value = 5.8 × 10−6 and 5.4 × 10−16, respectively, two tailed t-test); STAT1 (P-value = 9.9 × 10−50

and 5.0 × 10−136, respectively, two tailed t-test); and STAT3 (P-value = 5.2 × 10−24 and 5 × 10−56, respectively, two tailed t-test).
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Expression of ADARs and possible regulation

Altered editing levels in psoriasis could result from a reduced
expression of ADAR enzymes. In accordance with this possi-
bility, we found a significant reduction of ADAR2 in psoriatic
lesions (compared with uninvolved skin and healthy control
samples), consistent with the perception that ADAR2 medi-
ates editing in most of the conserved editing sites (Fig. 5A; P-
values = 0.03 and 0.005, respectively). In contrast, there was
an increase in ADAR1 mRNA (Fig. 5B; P-values = 4.3 ×
10−8 and 3.5 × 10−15, respectively). In addition, based on im-
munohistochemical staining of psoriatic skin lesions from
our pathological archive, ADAR1 protein is up-regulated in
psoriatic lesions compared to uninvolved skin and normal
skin samples (Fig. 5C; see Materials and Methods).
In order to test whether the increase in ADAR1 expression

is accompanied by an increase in its editing activity, we ana-

lyzed a set of sites known to be edited exclusively by ADAR1
(4458 sites) or ADAR2 (502 sites) (Wang et al. 2013). The re-
sults demonstrated that the editing activity of both enzymes is
actually decreased in psoriatic lesions compared to unin-
volved skin and healthy control samples (Fig. 5D. ADAR1
targets: P-values = 0.0004 and 0.0003, respectively. ADAR2
targets: P-values = 0.012 and 1.4 × 10−5, respectively), raising
a question about the regulation mechanisms affecting
ADARs’ editing activity in psoriasis.
ADAR1 forms homodimer or heterodimer complexes with

ADAR1-binding proteins. The homodimerzation is essential
for the A-to-I RNA editing activity (Cho et al. 2003; Valente
and Nishikura 2007). Therefore, a possible explanation for
the discrepancy between the global editing decrease and
ADAR1 elevation in the disease may be provided by an ob-
served up-regulation of the ADAR1-binding proteins. In ac-
cordance with this proposition, we detected an up-regulation

A

C

B

FIGURE 4. Editing of conserved sites is reduced in psoriatic lesions. (A) The editing index of the conserved sites displays a lower signal in psoriatic
lesions compared to uninvolved skin and healthy control samples. (B) Significantly decreased editing in conserved sites in psoriatic lesions. The editing
activity in the sites that exhibit higher editing leads to nonsynonymous mutations in the COPA, FLNA, and IGFBP7 proteins. (C) IGFBP7 expression
distribution in psoriatic lesions, uninvolved skin and healthy control samples. Down-regulation of IGFBP7 in psoriatic lesions as previously reported
in the literature emphasizes the significant involvement of the gene in the pathology of psoriasis.
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A

C

E

D

B

FIGURE 5. Expression of ADARs and possible regulation. Based on the RNA-seq data, ADAR2 is decreased (A) while ADAR1 is increased (B) in
psoriatic lesions. (C) Up-regulation of ADAR1 was also observed at the protein level based on histochemical staining. (D) Global editing levels based
on a set of 6583 known editing sites, and subgroups of this set that were reported to be specifically edited by ADAR1 (n = 4458) and by ADAR2 (n =
502). There is a common trend of editing decrease in targets of both ADAR enzymes. (E) Up-regulation of ADAR1-binding proteins’ expression in
psoriatic lesions may provide a possible explanation for the decrease in editing in psoriatic lesions, and the observation emphasizes the complexity of
A-to-I RNA editing regulation. DICER1: P-value = 1.4 × 10−7 and 1.8 × 10−17, respectively. ELAVL1: P-value = 0.025 and 0.005, respectively. ILF2: P-
value = 7.6 × 10−7 and 8.0 × 10−11, respectively. ILF3: P-value = 0.0007 and 9.6 × 10−6, respectively. All analyses are two tailed t-tests.

Shallev et al.

834 RNA, Vol. 24, No. 6



of ADAR1-binding protein genes such as DICER1 (Ota et al.
2013), ELAVL1 (Wang et al. 2013), ILF2 (Nie et al. 2005), and
ILF3 (Nie et al. 2005) in psoriatic lesions (Fig. 5E). This com-
plex scenario emphasizes the intricacy of the A-to-I RNA ed-
iting regulation and its close relation to the immune process.

DISCUSSION

Psoriasis is a chronic autoimmune disease mediated by in-
flammatory cytokines, including type I IFNs (Lowes et al.
2014). Recent reports have suggested a role for A-to-I RNA
editing in the suppression of the interferon response. Here
we suggest two different routes by which decreased A-to-I ed-
iting in keratinocytes could be involved in the exacerbation of
psoriasis (Fig. 6): First, decreased editing in three highly con-
served recoding sites in the genes COPA, FLNA, and IGFBP7,
might alter their function, leading to keratinocyte prolifera-
tion, and impaired differentiation. Second, a global decrease
in editing activity can lead to an accumulation of dsRNAwith
consequent activation of theMDA5/MAVS pathway which in
turn triggers the type I IFN response as well as NFkB associ-
ated cytokine production.
Of the three recoding targets identified, two are known to

be associated with autoimmune diseases. COPA encodes the
COPA subunit of the seven member coat protein complex I
(COPI), a key component of the vesicular trafficking machin-
ery in eukaryotic cellsmediating bidirectionalmembrane traf-
fic between the endoplasmic reticulum (ER) and the Golgi
(Quek and Chow 1997). Recently, mutations in COPA have
been linked to autoimmune diseases characterized by high-ti-
ter autoantibodies, inflammatory arthritis, and interstitial
lung disease (Watkin et al. 2015). Expression of mutant
COPA leads to endoplasmic reticulum stress and the up-reg-
ulation of Th17 cytokines, a pathway known to be implicated
in psoriasis. As editing ofCOPA is expected to lead to changes

in the protein function (Solomon et al. 2014), decreased edit-
ingmight have a role in the pathogenesis of psoriasis. IGFBP7
is a secreted protein with various functions within the cell, in-
cluding mitogenic effects and tumor suppressor functions, as
well as inhibition or stimulation of angiogenesis. Editing of
IGFBP7 results in a reduction of proteolytic cleavage
(Godfried Sie et al. 2012), that in turnmodulates its biological
activity. In psoriasis, IGFBP7 expression has been shown to be
down-regulated whereas phototherapy treatment increases its
levels (Hochberg et al. 2007; Nousbeck et al. 2011). In this
way, since the edited form of IGFBP7 has been shown to in-
hibit proliferation and induce senescence in cultured kerati-
nocytes (Hochberg et al. 2013), hypoediting of IGFBP7
might have a pathogenic role in the epidermal proliferation
seen in psoriasis.
The recoding sites may be functionally important, but

comprise only a tiny fraction of the total editing activity.
The vast majority of editing sites reside in dsRNA structures
within noncoding RNA, a known modulator of innate im-
munity. The IFN pathways are known to be crucial for the
initiation phase of psoriasis (Lowes et al. 2014). Furthermore,
several transcriptome analysis studies have identified type I
IFN-inducible gene signatures as a major pathological path-
way in psoriatic skin. Despite these observations, the mecha-
nisms leading to this aberrant IFN production are not well
understood. One possible mechanism was suggested to be re-
lated to the Koebner reaction, i.e., formation of a new psori-
atic plaque following minor tissue injury, observed in some
patients. This type of injury is thought to lead to the accumu-
lation of self-DNA and self-RNA molecules that complex
with the endogenous antimicrobial peptide LL37 and delivery
to the endosomal compartments of dendritic cells (pDC).
Subsequently, the complexes are recognized by TLRs, leading
to IFN production (Lande et al. 2007; Ganguly et al. 2009).
Recently, Zhang and coworkers reported that LL37/dsRNA
complexes also activate the MAVS-RIG-I-MDA5 signaling
pathway and trigger IFNβ within keratinocytes (Zhang
et al. 2016). Here we present an additional source of dsRNA
and MAVS pathway activation in psoriatic keratinocytes:
Global reduction of A-to-I editing is expected to lead to the
accumulation of self dsRNA independently of tissue injury.
As the Koebner reaction is responsible for triggering psoriasis
in only a minority of cases, the reduction in editing might
represent a more general stimulus and could have a role in
both the initiation and exacerbation of psoriasis. In addition,
since keratinocytes comprise the vast majority of cells ana-
lyzed in this study, our results support the role of keratino-
cytes as a source of IFN (in accordance with Zhang et al.
2016).
The main sources for dsRNA are embedded mobile ele-

ments that are localized in close proximity in reverse orienta-
tion within transcribed genes (editing is usually taking place
in the preRNA, before splicing). These repetitive-elements-
derived dsRNAs, and their editing, are seen in all metazoans,
including mouse (where B1 and B2 elements are the main

FIGURE 6. Proposed model for the A-to-I RNA editing involvement in
psoriasis. Decreased editing in coding regions modulates genes such as
IGFBP7 and COPA. In addition, the reduction in global editing triggers
the accumulation of dsRNA molecules that activate the MDA5/MAVS
pathway and stimulate type I IFN responses as well as NFkB associated
cytokine production. A feedback mechanism up-regulates ADAR1.
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editing targets) (Porath et al. 2017). The degree to which a
transcriptome of a given species undergoes hyperediting is
governed by the repertoire of repeats in the underlying ge-
nome and its ability to form dsRNA structures. Editing levels
vary considerably across species, and normal mouse exhibit
much less editing, globally, compared with the diseased hu-
man samples studied here (Porath et al. 2017). However, it
is the reduction in editing compared with the homeostatic
state that is likely to result in activation of the innate immu-
nity system (Liddicoat et al. 2015). The reduced editing level
in psoriasis seems to be at odds with the elevated ADAR ex-
pression level. Indeed, complex nonlinear regulation of edit-
ing by ADARs was observed in several reports (Jacobs et al.
2009; Wahlstedt et al. 2009; Ring et al. 2010; Garncarz
et al. 2013). A possible explanation might be the up-regula-
tion of the ADAR1-binding proteins (Fig. 5E) that compete
with ADAR1 for targets. In addition, lower ADAR expression
in the nucleus might lead to lower editing and accumulation
of dsRNA, which in turn induces cytoplasmic ADAR p150
expression that probably does not contribute much to edit-
ing. As we cannot distinguish between the ADAR isoforms,
it is possible that the observed increase of expression of the
total level of ADAR represents an elevation in a less active ver-
sion of the genes. Another possible scenario that can explain
the results is an altered nucleocytoplasmic partitioning of en-
dogenous dsRNAs in the psoriatic lesions, leading to more
dsRNAs in the cytoplasm where IFN signaling is triggered
by the dsRNA. Further experimental validation is needed to
reveal the actual mechanism.

It should be noted that the data were generated from tis-
sues with a heterogeneous cellular composition, and we ap-
preciate that this could affect the observed editing levels
(Gal-Mark et al. 2017). It will be important to repeat the anal-
ysis on more homogeneous cell populations once methods of
obtaining cell-type–specific data have progressed sufficiently.

Initial evidence for impaired global A-to-I editing has also
been demonstrated in two other autoimmune diseases: SLE
and the rare hereditary disease AGS. In SLE, Orlowski et al.
(2008) reported A-to-I hypoediting followed by up-regula-
tion of the PDE8A1 transcripts in SLE T cells. In AGS, a mu-
tation in ADAR1 activates type I IFN signaling (Rice et al.
2012). Here we demonstrate, for the first time, global editing
impairment in psoriasis, a multifactorial autoimmune dis-
ease. Taken together, these results highlight the importance
of the fine balance between IFN pathways and RNA editing
for a precise immune response.

MATERIALS AND METHODS

Preprocessing, quality control, alignment, and editing
detection

RNA-seq data of 104 psoriatic lesions, 27 uninvolved skin, and 93
healthy control skin samples were downloaded from the Gene
Expression Omnibus (under the GEO accretion number

GSE63980) (Li et al. 2014; Tsoi et al. 2015). From this set, we chose
only samples labeled as SINGLE (Library Layout = “SINGLE”). In
cases where one sample has more than one FASTQ file, we chose
the file with the higher number of reads. Then, the command
fastq-quality-filter from the fastx-toolkit was applied to remove reads
with a low quality score, using parameters that demand at least 20
Phred score (−q 20) through 70% of the reads length (−p 70).
Samples with an insufficient number of reads (below 20 M) were
then removed, leaving 78 psoriatic lesions, 27 uninvolved, and 86
healthy control samples. Sequence read quality was evaluated using
the FastQC quality control tool (Andrews 2010) to ensure that the
data are qualitative.

The reads were mapped to the hg19 reference genome using the
STAR aligner (Dobin et al. 2013). Only uniquely aligned reads
(outFilterMultimapNmax = 1) were used. We then applied two
strategies to estimate global editing levels by evaluating the editing
in Alu repetitive elements and in hyperediting clusters. In addition,
we analyzed the editing in specific genomic positions known to be
editing sites.

Additional RNA-seq data of 52 samples (18 psoriatic lesions, 18
after treatment with adalimumab, and 16 healthy control skin sam-
ples) were downloaded from the Gene Expression Omnibus (under
the GEO accretion number GSE74697) (Ahn et al. 2016; Gupta et al.
2016).

For proper comparison with the first data set (although the use of
different library preparation and sequencing protocols prevents a di-
rect numerical comparison), the reads were trimmed from 101 to 79
bp (deleting 11 bp from start and 11 bp from end) using seqtk trimfq
tool. Then, the command fastq-quality-filter from the fastx-toolkit
was applied to remove reads with a low quality score as before, using
the same parameters that demand at least a 20 Phred score (−q 20)
through 70% of the reads length (−p 70). Orphan reads were re-
moved by applying fastqCombinePairedEnd.

Sequence read quality and alignment of the second RNA-seq set
were done as in the first data set. Hyperediting clusters strategy was
applied to determine RNA-editing levels.

Detection of editing in Alu repetitive elements

Alu repetitive elements tend to form double-stranded RNA struc-
tures. These structures are the favorite substrates of A-to-I RNA ed-
iting by ADAR enzymes. Almost all of the editing activity in humans
occurs in Alu elements and millions of sites have been detected to
date (Bazak et al. 2014a,b). For this reason, we used the editing sig-
nal in Alu elements as an indicator of the global editing activity.

While virtually all adenosines withinmost of theAlu elements un-
dergo editing, most of them are edited at only a low level (<1%).
Thus, because most of the detected sites are a random sample of
weakly edited sites, a high depth, much higher than available, is re-
quired to quantify editing at all the specific adenosines. We therefore
chose to focus on the global editing within Alu elements rather than
editing of specific Alu adenosines. The editing level of each sample
was evaluated using a previously described algorithm (Bazak et al.
2014a,b), in the same way it was applied recently in a screen of ed-
iting in cancer (Paz-Yaacov et al. 2015) (except to one modification
described below). The accuracy of the editing detection was ex-
tremely high as A-to-G mismatches, which are indicative of A-to-I
editing, constituted 94.9% ± 0.1 of the total possible mismatches.
The global editing was estimated using the Alu index calculated as
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the ratio of “G” at all the adenosine positions in Alu, to the A + G at
the same genomic locus. This is in contrast to the cancer project
where the index calculation was based only on adenosines in Alu
with a dominant mismatch of A-to-G. The higher the index, the
more editing activity that occurs in a sample. Since the index is based
on the combined results of millions of adenosines, we consider it to
be a robust measurement of the global editing levels.

Hyperediting

Conventionally, detection of RNA editing is carried out by compar-
ing RNA sequences to their appropriate reference (DNA sequenced
or reference genome) and looking for reliable A-to-G mismatches.
However, such methodology may fail to recognize heavy editing
reads, since they differ from the corresponding DNA sequence
and cannot be aligned to the reference sequence using the conserva-
tive aligners (Carmi et al. 2011). Using a pipeline developed in our
laboratory, we are able to recognize such heavily edited reads (so
called hyperediting clusters) (Porath et al. 2014). The idea is to per-
form transformation of all adenosines and guanosines in both the
unmapped RNA sequences and the reference, followed by realign-
ment. Applying the pipeline methodology on reads that could not
be mapped using the initial STAR alignment gave a very clean signal
with A-to-G mismatches significantly enriched among all possible
substitutions (97% ± 0.17). The validity of the method is also sup-
ported by the observation that the identified editing sites included
the familiar ADAR sequence motif (G depletion upstream and G en-
richment downstream from the editing site) and an equivalent sig-
nal was observed in both strands without significant strand
preference (44.7% ± 0.25 of the A-to-G mismatches were present
in the plus strand). To compare groups and minimize the effect of
the library size, we normalized the total editing sites in each sample
by the number of mapped reads. These normalized values serve as a
measure of the levels of hyperediting in each sample.

Editing in known editing sites

In addition to the global measurements of editing, we applied the
REDIToolKnown script (Picardi and Pesole 2013) to quantify the
editing occurring in a tight set of conserved editing sites (Pinto
et al. 2014). As an initial analysis, the intention was to measure
the overall global editing level in all the evolutionarily conserved
sites. For this purpose, we used permissive parameters that allow
minimum one read supporting the variation (−v 1), minimum
0.001 editing frequency (−n 0.001), exploring one base near splice
junction (−r 1), minimum one read coverage, and trimming of
six bases at both ends of the reads (−T 6-6). The global editing levels
in conserved sites were evaluated using the editing index calculated
from the ratio of the total number of A-to-G mismatches at the ex-
amined genomic locations of the conserved editing sites, to the total
number of reads aligned to these positions.
In order to accurately evaluate the editing at individual conserved

sites, we focused on the highly expressed sites and filtered sites sup-
ported by at least 10 reads in 75% of the samples in at least two of the
groups (psoriatic lesion, uninvolved skin, and healthy control).
Statistical significance was estimated using a two-tailed t-test fol-
lowed by the Benjamini–Hochberg false discovery rate (FDR) mul-
tiple-testing. In addition, conserved editing sites were annotated
using Annovar (Wang et al. 2010).

Gene expression

A gene annotation table was downloaded from the UCSC table
browser website (Karolchik et al. 2003). The number of reads aligned
to the exons of each genewas assessed using featureCounts (Liao et al.
2013) with the same BAM files used in the editing analysis. The
DESeq package (Anders andHuber 2010) in R was used for differen-
tial expression evaluation and estimation of the P-values.

Detection of editing by different ADAR enzymes

We built a list of editing sites to be tested based on ADAR targets re-
ported in Wang et al. (2013) and used liftOver tools to convert the
hg18 genomic locations in the published list to hg19 genomic posi-
tions. We then ran REDIToolKnown script as described above, fol-
lowing annotation by Annovar (Wang et al. 2010) and exclusion of
sites located in immunoglobulins (since these are likely to represent
mismatches due to somatic hypermutations) and known gSNPs
(dbSNP 135). We did include known editing sites reported as
SNPs (Eisenberg et al. 2005). Out of 6583 editing sites detected,
4458 sites are edited only by ADAR1 and 502 are reported to be ex-
clusively targets for ADAR2 targets (Wang et al. 2013). The editing
index was calculated as described in the specific editing section.

Statistical calculations and figure drawing

The statistical calculations and figure drawing were done using R
programming (R Core Team 2014)

Immunohistochemistry of human skin tissues

Biopsy specimens from lesions (n = 6), uninvolved skin (n = 5), and
normal skin controls (n = 5) were obtained from the Sheba Medical
Center Institute of Pathology. Patients were of Caucasian origin aged
18 to 85. All patients were clinically diagnosed with psoriasis vulga-
ris, and had not received systemic immunosuppressive treatment,
phototherapy (Psoralen and UVA [PUVA]/solarium/UVB), or top-
ical therapy for at least 3 wk prior to skin biopsy. The uninvolved
skin samples were taken from the same area, ∼5 cm away from
the lesion biopsy. All the biopsies were evaluated by a dermatopa-
thologist to confirm the histological diagnosis. The study was ap-
proved by the IRB Committee of the Sheba Medical Center
(confirmation number: 9776-12-SMC).
For immunostaining of paraffin–embedded slides, 5-µm slides

were incubated at 60°C for 1 h, de-waxed in xylene, and rehydrated.
Antigen retrieval was done using the Tris Buffer (pH 9.0) antigen
retrieval protocol. Sections were blocked by casein and incubated
with Anti-ADAR1 Antibody (ATLAS antibodies HPA003890,
1:800). The slides were then incubated with a secondary horseradish
peroxidase (HRP) conjugate at 1:300 (Vector Labs). Antibody bind-
ing was visualized with the substrate-chromogen AEC and the
stained sections were viewed under a light microscope and analyzed
by personnel blinded to the origin of the material.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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