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% Check for updates Inflammatory bowel disease (IBD) arises from genetic-environmental interac-

tions. Adenosine deaminases acting on RNA 1 (ADAR), an RNA-editing enzyme
converting adenosine (A) to inosine (I), is essential for tissue homeostasis.
Here we report that intestinal ADAR deficiency contributes to IBD pathogen-
esis in humans with reduced ADAR expression in patient intestinal crypts.
Genetic or pharmacological inhibition of ADAR in mice causes spontaneous
ileitis and colitis. Organoid studies show that ADAR loss leads to double-strand
RNA (dsRNA) and endogenous retroviruses (ERVs) accumulation, disrupting
intestinal homeostasis via melanoma differentiation-associated protein 5
(MDAS5)-mediated dsRNA sensing and Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) signaling. Editome analyses identify Mda5 as
an ADAR target, and edited Mda5 exhibits impaired dsRNA sensing. The
human ADAR p.N173S mutation is a loss-of-function variant that fails to rescue
IBD in intestinal Adar deficient mice, whereas JAK1/2 inhibitor Ruxolitinib
attenuates IBD. We conclude that the ADAR-dsRNA/ERVs-MDAS-JAK/STAT axis
is a potential therapeutic target for IBD.

in the pathogenesis of IBD®’. The worldwide increase in the incidence
of IBD is undeniably associated with environmental factors, including

Inflammatory bowel disease (IBD), including Crohn’s disease (CD)
and ulcerative colitis (UC), is characterized by chronic inflamma-

tion of the digestive tract. IBD affects as many as 1.6 million
North Americans, 2 million Europeans, and 2.6 million Chinese'”.
IBD can manifest in individuals of diverse ethnic backgrounds*.
Prolonged inflammation results in structural and functional
damage to the intestinal tract and represents a key risk factor for
colon cancer’.

The etiology of IBD remains to be clearly defined. Epidemiological
observations have implicated both genetic and environmental factors

smoking, diet, medication, urban living, socioeconomic status, stress,
microbial exposure, intestinal permeability, appendectomy, and
tonsillectomy®. Among genetic factors, family history is a risk factor for
IBD’. Twin concordance studies provide robust evidence for the sig-
nificant contribution of genetic factors to the susceptibility of CD and
UC'*", Genome-wide association studies (GWAS) have identified mul-
tiple genes and rare variants associated with IBD, such as those of the
NOD2, IL23R, ATG16L1, SLC39A8, FUT2, TYK2, IFIH1 (MDAS5), SLAMFS,
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Fig. 1| Identification of ADARM'* as a loss function mutation that correlated
with IBD incidence in patients. a Observed-to-expected ratio of variants in ADAR
based on the Genome Aggregation Database (gnomAD, https://gnomad.
broadinstitute.org). pLoF predicted loss-of-function variants. b Allele frequency of
the 1: 154574702T/G variant, (p.GIn139Pro), 1:154557848A/G variant, and
1:154574600T/C variant (p.Asn173Ser) in the Finnish (FIN) IBD (UC and CD) and
non-IBD population as obtained through the IBD exomes browser (http://ibd.
broadinstitute.org). Shown below are the carrier rates of different variants in a
Finnish cohort. OR: odds ratio. ¢ The structure of human ADAR and the Asn'”® and

1in 134 1in 126

GIn'™ sites (right) predicted by AlphaFold. d The A-to-l RNA editing activity (left)
and ADAR protein expression (right) in HCT116 cells transfected with shControl or
shADARp110 with or without reconstitution by ectopic expression of WT human
ADAR or ADARY* (n = 3). e Sequence chromatograms of the GLII gene transcript in
the indicated cell groups. The A to G editing efficiencies are labeled. Data are
presented as the mean + SEM. The statistical significance was analyzed using Fish-
er’s exact test (Fig. 1b). The remaining statistical differences were determined using
unpaired two-tailed t-test. Source data are provided in the Source data file.

and PLCG2 genes*". Understanding the genetic basis of IBD will help
to combat this disease.

RNA editing, a post-transcriptional RNA modification, refers to
the enzymatic conversion of RNA nucleotides. Adenosine deaminases
acting on RNA 1 (ADAR) is an RNA editing enzyme that catalyzes the
conversion of adenosine (A) to inosine (I)'*". ADAR-mediated A-to-l
RNA editing is essential to suppress cellular innate immune interferon
responses to double-stranded RNA (dsRNA)', which underlies the
genetic variants of ADAR associated with common inflammatory
diseases”. In humans, loss-of-function mutations in ADAR and gain-of-
function mutations in its downstream dsRNA sensor MDAS have been
identified in several autoimmune diseases, such as Aicardi-Goutiéres
syndrome (AGS)'®"°, However, whether and how intestinal ADAR plays
arole in IBD has not been reported.

In this work, we identify a loss-of-function human ADAR* var-
iant that activates MDAS5-mediated dsRNA sensing and innate immune
response and triggers bowel inflammation. The intestinal ADAR-
dsRNA/ERVs-MDAS-JAK/STAT axis can be explored as a therapeutic
target for IBD.

Results

Identification of ADARY” as a loss function mutation that cor-
relates with IBD incidence in patients

The mouse Adarl has been reported to be essential for organ devel-
opment and tissue homeostasis?’. The ADAR gene is highly conserved
across mammalian species, with 83% amino acid similarity between
humans and mice, suggesting that ADAR may play a similar funda-
mental role in human biology. Indeed, the Genome Aggregation
Database (gnomAD) (22) analysis showed that the human ADAR exhi-
bits low and very low observed-to-expected ratios of missense and
predicted loss-of-function (pLoF) variants, respectively (Fig. 1a), sug-
gesting that ADAR is an indispensable gene. To determine the rele-
vance of ADAR mutations in human IBD, we analyzed the association of
ADAR gene single-nucleotide polymorphisms (SNPs) with IBD traits in
human populations derived from a European IBD database (23). We
identified two missense variants p.Asn (N) 173 Ser (S) (1:154574600T/C
variant) and p.GIn (Q) 139 Pro (P) (1:154574702T/G variant), and one
synonymous variant (1:154557848A/G variant) that were over-
represented in samples from persons with IBD compared to the non-
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Fig. 2 | The expression of ADAR is specifically decreased in the gut epithelium
of IBD patients and mice. a Representative IHC staining of ADAR in normal human
colon (n =10) and surgical specimens from patients with IBD (Crohn’s disease n=4,
chronic colitis n=5). Red arrowheads indicate crypts. Shown right are the quanti-
fications of relative ADAR intensity. Scale bars: 100 pm. Representative immuno-

fluorescence (IF) (b) and IHC (c) staining of Adar in colon tissues of vehicle control
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mice or colitis mice induced by 6-day treatment with 2% DSS (n =8 for Vehicle,
n=10 for DSS-6d). Red arrowheads indicate crypts. Shown on the right are the

quantifications of relative Adar intensity. Scale bars: 100 pm. The statistical dif-

ferences were determined using unpaired two-tailed ¢-test. Source data are pro-
vided in the Source data file.

IBD cohort, and the carrier rates of ADARN"* and ADAR?*" in a Finnish
cohort are approximately 1in 126 and 1 in 9930, respectively (Fig. 1b
and Supplementary Table 1). We went on to investigate the role of
these variants in bowel inflammation. The structures of human ADAR
and its GIn' and Asn'” sites were predicted by AlphaFold (Fig. 1c).

To determine whether ADARY"* affects its A-to-l RNA editing
activity, we performed the reconstitution experiment in shADAR
knockdown human colon cancer HCT116 cells using the expression
vector of either the WT human ADAR or ADARY*, Our results showed
that reconstitution with ADARM” exhibited lower RNA editing activity
compared with the WT ADAR, as measured by the edited/WT RNA ratio
(Fig. 1d) and Sanger sequencing (Fig. 1e) of the GLII gene, a well-
established ADAR editing target”. The successful knockdown of the
endogenous ADAR and reconstitutions of the WT and N173S mutant
were confirmed by Western blotting. These results demonstrated that
ADARM” is a loss-of-function variant, suggesting that ADAR and its
genetic variants are potentially involved in IBD.

The expression of ADAR is specifically decreased in the gut
epithelium of IBD patients and mice

To define the cellular source of ADAR in the gut, we first analyzed a
publicly available single-cell RNA sequencing (scRNA-seq) dataset
derived from normal human gut (https://www.proteinatlas.org)® and
Crohn’s disease patients (https://singlecell.broadinstitute.org). Among
the cell clusters in the normal human gut, the enterocytes, also known
as simple columnar epithelial cells, had the highest expression of
ADAR in both the normal small intestine (Supplementary Fig. 1a) and
colon (Supplementary Fig. 1b). In the colon tissues of Crohn’s disease

patients, the expression of ADAR is positively corrected with the
expression of CD19 (a B cell marker), CD68 (a macrophage marker),
and CD3D (a T cell marker) (Supplementary Fig. 1c). To determine the
in-situ expression of ADAR, we analyzed a human IBD tissue array that
includes 10 normal colonic tissues and 9 inflamed colitis (4 CD and 5
chronic colitis) by immunohistochemistry (Supplementary Table 2).
The expression of ADAR was restricted to the epithelial area in the
normal colon tissues (Fig. 2a). In IBD samples, the expression of ADAR
decreased in crypts, but increased in the underneath non-epithelial
cells (Fig. 2a). Consistent with the human results, the protein expres-
sion of Adar was decreased in crypts but increased in non-epithelial
cells in mouse colitis induced by dextran sodium sulfate (DSS), as
shown by immunofluorescence (Fig. 2b) and immunohistochemistry
(Fig. 2c). The increased expression of ADAR in non-epithelial cells was
likely secondary to the inflammatory response, because ADAR is an
inflammatory responsive gene®.

Intestinal epithelial- or stem cell-specific ablation of ADAR
triggers spontaneous bowel inflammation and compromises
intestinal organoid growth

We then used Adar knockout mice to study the role of Adar in IBD. We
have previously reported that the whole body Adar knockout mice
were embryonically lethal®. In order to study the intestine-specific
function of Adar in IBD, we generated tamoxifen (TMX)-inducible and
gut epithelial cell-specific Adar knockout (Adar®®™) mice by crossing
Adar™ mice with Villin-CreERT2 mice as outlined in Supplementary
Fig. 2a. The efficiency of Adar knockout in the gut of Adar®®" mice was
confirmed by realtime PCR (Supplementary Fig. 2b),
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immunohistochemistry (Supplementary Fig. 2c), and decreased A-to-I
RNA editing activity (Supplementary Fig. 2d) at 3 days post-induction
(dpi). Adar*®" mice exhibited marked lethality within 6 days of TMX
induction (Fig. 3a). Gut ablation of Adar triggered spontaneous and
severe bowel inflammation, as evidenced by shortened intestine and
colon lengths (Fig. 3b), decreased body weight (Supplementary
Fig. 2e), and increased colitis activity (Supplementary Fig. 2f). Mouse
inflammatory antibody array showed that most of the inflammation
factors were increased in the serum of Adar*®" mice at 3 dpi, among
which IFNy had the highest induction (Fig. 3c and Supplementary
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Table 3). At the histologic level, Adar®e"* mice showed increased epi-
thelial damage (Fig. 3d) and TUNEL staining (Fig. 3e) and decreased
staining of the epithelial markers E-cadherin (Fig. 3f) and mucin 2
(Muc2) (Fig. 3g). Consistently, Western blotting showed that the pro-
tein expression of E-cadherin and Muc2 was decreased, whereas the
protein expression of IFNy, DNA damage marker yH2X, p-Statl, and
cleaved caspase3 was elevated in Adar®®™ mice (Fig. 3h).

To determine the mechanism by which intestinal ablation of Adar
triggered bowel inflammation, Hallmark pathway analysis was per-
formed on our RNA-seq data derived from intestinal crypts of Adar™"
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Fig. 3 | Intestinal epithelial- or stem cell-specific ablation of ADAR triggers
spontaneous bowel inflammation and compromises intestinal organoid
growth. a Survival curves of Adar"" and Adar®®" mice after tamoxifen induction
and representative appearance of intestinal edema (insert) (n = 8). b Representative
images of the gastrointestinal tract at 3 days post tamoxifen induction (3 dpi) with
the quantifications of colon and small intestine length shown on the right (n = 6 for
Adar™, n=7 for Adar®®"). ¢ Dot blots of 40 inflammatory factors in the serum by
mouse inflammation antibody array with the heatmap quantifications of dot
intensity shown below (n =3 mice combined serum in each group, and shown are
duplicate results of each factor, array map information is provided in Supple-
mentary Table 3). d H&E staining of intestinal sections at 3 dpi. Scale bars: 100 pum.
Graphs below are histopathological scores and lengths of ileal crypts and villi (n=5
for Adar"®, n =3 for Adar®®"). e Representative images of TUNEL staining (green) on
the ileal sections at 3 dpi. Scale bars: 100 pm. f Immunofluorescence of E-cadherin
(red) staining at 3 dpi. Scale bars: 100 pm. g Immunofluorescence of Lysozyme
(green) and Muc2 (red) staining at 3 dpi. Scale bars: 100 pm. h Western blot analysis

of ileal samples at 3 dpi (n=3). i Top hallmark categories of upregulated genes
based on RNA-seq results derived from ileal crypts of Adar"" and Adar®e" mice at
3 dpi. j 3D PCoA score plot of different samples (n =3). k Volcano plot of differ-
entially expressed genes (Log, (Fold change) > 1, P<0.05), blue and red indicate
downregulated and upregulated genes, respectively. The number of genes changed
are shown in the pie chart (upper). 1 GSEA of the pathways related to type I IFN and
IFNy production. m Heatmap of the expression of inflammation-related genes from
RNA-seq (n=3). n Relative mRNA expression of inflammatory genes in the ileum
measured by qRT-PCR (n = 3 for Adar'", n = 4 for Adar®®*). o Representative images
and Caspase 3/7 activity (green) and propidium iodide (PI, red) staining of orga-
noids isolated from the ileum of Villin-CreERT2 Adar"" mice and treated with or
without 4-OHT (200 nM) at 6 day. Shown on the right are the quantifications of
relative Pl and Caspase 3/7 signals. n =5, Scale bars: 100 um.Data are presented as
the mean + SEM. The statistical significance was analyzed using Log-rank (Mantel-
Cox) test (Fig. 3a). The remaining statistical differences were determined using
unpaired two-tailed -test. Source data are provided in the Source data file.

and Adar“®" mice at 3 dpi. Transcriptome profiling showed the upre-
gulation of inflammatory response and TNF, IL6, IFNo/B/y related
pathways (Fig. 3i and Supplementary Fig. 2g), as well as a good
separation in 3D principal coordinate analysis (PCoA) plots (Fig. 3j) in
Adar®®" crypts. The volcano plot showed 1198 genes were down-
regulated and 1550 genes were upregulated in Adar®“ crypts (Fig. 3k).
GSEA analysis also showed robust upregulation of type I IFN response,
IFNy (type 11 IFN), IL-6, and TNF production in Adar®®" crypts (Fig. 31
and Supplementary Fig. 2g). The activation of innate gut immunity in
Adar®®"* mice was also manifested by increased mRNA expression of
inflammatory and interferon-stimulated genes (ISG) by RNA-seq
heatmap (Fig. 3m) and RT-qPCR (Fig. 3n and Supplementary Fig. 2h).
IFNy has been reported to causatively contribute to the pathogenesis
of IBD*. Consistently, we found that treatment of Adar®®" mice with
IFNy neutralizing antibody effectively attenuated mucosal epithelial
damage induced by Adar ablation in vivo (Supplementary Fig. 2i),
suggesting that the induction of IFNy was mechanistically required for
the inflammatory intestinal injury caused by Adar ablation.

Stem cell-derived intestinal organoid is a widely used model for
IBD research®. We thus used intestinal organoids to further
characterize the effects of Adar inhibition on intestinal growth and
differentiation. Organoids isolated from Adar'*s" mice and treated with
4-OHT, or from WT mice and infected with adenovirus expressing
shAdar failed to form a crypt-villus structure and exhibited cell death
as shown by propidium iodide (PI) staining (Fig. 30 and Supplementary
Fig. 2j). In an independent pharmacological model, organoids isolated
from WT mice and treated with the ADAR inhibitor 8-azaadenosine (8-
Aza)* also showed inhibition of normally balanced growth and even
cell death at a high dose (Supplementary Fig. 2k). GSEA of RNA-seq
data showed a robust upregulation of apoptosis in Adar®®" crypts
(Fig. 3i and Supplementary Fig. 3a). Activation of the apoptosis path-
way was further confirmed by increased expression of cleaved caspase
3 in the ileum of Adar®®" mice (Fig. 3h) and increased caspase 3/7
activity in the Adar*®" organoids (Fig. 30). We then used cell pro-
grammed death inhibitors screen assay to define the mode of cell
death in Adar deficient organoids. Our results showed that only the
Ripl inhibitor necrostatin-1 rescued Adar deficiency-induced organoid
death, suggesting that the cell death was Ripl dependent (Supple-
mentary Fig. 3b). In contrast, treatment with the Caspase 8 inhibitor
IETD-FMK, Caspase 3 inhibitor Z-DEVD-FMK, necroptosis: RIP3 inhi-
bitor GSK-872, pan-caspase inhibitor Z-VAD-FMK, autophagy inhibitor
Bafilomycin Al, or necrosis inhibitor IM-54 failed to rescue the cell
death (Supplementary Fig. 3c).

Knowing the normal intestinal crypts had an abundant expression
of Adar, we went on to generate intestinal stem cell (ISC)-specific Adar
knockout (Adar®*®) mice by crossing the Adar"" mice with the Lgr5-
CreERT2 mice” (Supplementary Fig. 4a), and the knockout efficiency
was confirmed by immunohistochemistry (Supplementary Fig. 4b).

Similar but less severe spontaneous bowel inflammatory pathology
was observed in Adar®® mice, as evidenced by animal death (Sup-
plementary Fig. 4c), decreased body weight (Supplementary Fig. 4d),
increased colitis activity (Supplementary Fig. 4e), and increased his-
tologic epithelial damage in the ileum and colon (Supplemen-
tary Fig. 4f).

Adar deletion leads to the accumulation of endogenous
retroviruses

ADAR regulates the sensing of self and non-self RNA, and loss-of-
function of ADAR can cause AGS, a severe encephalopathy with IFN
signature’®*%, We used GO analysis of the RNA-seq data to compre-
hensively evaluate the intracellular environment in the intestinal crypts
and found that multiple viral infections and antiviral response path-
ways were robustly upregulated in Adar®e" crypts (Fig. 4a). Consistent
with these findings, RNA-seq showed increases in the expression of
multiple endogenous retroviruses (ERVs) in Adar®®* crypts (Fig. 4b),
which were further confirmed by qPCR (Fig. 4¢). In the clinical samples,
we also observed the upregulation of ERVs in patients with UC and CD
through an analysis of a public database of repeat sequencing”®*°
(Fig. 4d and Supplementary Table 4).

MDAS5-mediated dsRNA sensing is required for intestinal Adar
deficiency-induced bowel inflammation and organoid death
MDAS is a well-established dsRNA sensor, and Adar knockout neuronal
progenitor cells exhibited MDA5-dependent spontaneous interferon
production®®?!, As expected, ablation of Adar accumulated dsRNA in
organoids (Fig. 5a) and ileum (Fig. 5b) as shown by the immuno-
fluorescence with the dsRNA specific J2 antibody. We then generated
MdaSs-deficient Adar®®t (Adar®®*“Mda5™") mice to determine whether
Mda5 was required for Adar deficiency-triggered bowel inflammation.
Mda5 knockout was verified by immunohistochemistry (Supplemen-
tary Fig. 5a) and gPCR (Supplementary Fig. 5b). Indeed,
Adar*®"MdaS"mice were rescued from Adar deficiency induced ani-
mal death (Fig. 5¢), body weight loss (Supplementary Fig. 5c), colon
and intestine length shortening (Fig. 5d), mucosal epithelial damage
(Fig. 5e), TUNEL staining increase (Fig. 5f), loss of E-cadherin and Muc2
expression (Fig. 5g-i), and intestinal apoptosis (Fig. 5i). Knockout of
Mdas also prevented organoid death and abnormal differentiation,
and ERVs accumulation induced by Adar knockout (Fig. 5j and Sup-
plementary Fig. 5d), Adar shRNA knockdown, or pharmacological
inhibition of Adar (Supplementary Fig. 5e). Gene Expression Profiling
Interactive Analysis web server analyses of the normal human colon
tissues (GTEx) showed the expression of ADAR has a strong negative
correlation with expression of MDAS (Supplementary Fig. 5f). We also
used the human colon cancer cell line SW480 to evaluate the human
relevance the ADAR-MDAS signaling. We showed that shRNA knock-
down of ADAR inhibited the growth of SW480 as measured by Cell
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Fig. 4 | Adar deletion leads to the accumulation of endogenous retroviruses.
a GSEA of the pathways related to anti-virus from RNA-seq results derived from ileal
crypts of Adar"" and Adar®®" mice (3 dpi). b RNA-seq results to show the level of
ERVs in the ileal crypts of Adar"" and Adar®*° mice at 3dpi (n=3). c Relative
expression of ERV species in the ileum as determined by qRT-PCR (n = 3). d Biopsies

from patients with IBD and unaffected controls were analyzed for virus mimicry
repeats (analysis of a public database). Data are presented as the mean + SEM. The
statistical differences were determined using unpaired two-tailed t-test. Source
data are provided in the Source data file.

Counting Kit-8 (CCKS8), but this effect was abolished when MDAS5 was
simultaneously knocked down by shRNA (Supplementary Fig. 5g). The
knockdown efficiencies were verified by qRT-PCR (Supplemen-
tary Fig. 5h).

Mdas is a target of Adar-mediated RNA editing, which decreases
its dsRNA sensing activity

Although ADAR-mediated A-to-1 RNA editing is known to be essential
for mRNA regulation, only a small number of ADAR RNA editing target
genes have been experimentally defined. In order to mechanistically
understand the role of ADAR-mediated RNA editing in bowel inflam-
mation, we performed RNA editome analysis on our RNA-seq tran-
scriptome data derived from crypts isolated from Adar"® and Adar*s*
mice at 3 dpi. A total of 3460 A-to-] RNA editing sites were identified,
which were defined by their decreased editing levels in Adar®®™ crypts
compared to Adar" crypts. To explore the functional relevance of
ADAR-mediated RNA editing, GSEA on these editing site-containing
genes was performed. We found that the editing target RNA species
were largely clustered in apoptosis and inflammation-related path-
ways, as shown by the lists of Hallmark (Fig. 6a) and KEGG gene sets
(Fig. 6b). The large number of A-to-I editing sites allowed us to define
common sequences important for editome function. The nucleotides
5 and 3’ to the editing site (-1 and +1 positions) show a strong pre-
ference for G enrichment (Fig. 6¢), consistent with a previous report™.
The consensus motif identified by Homer in the +50 nt neighborhood
centered around each predicted A-to-l editing sites was shown in
Fig. 6d. Figure 6e is the schematic illustration of the unbiased edited
RNA species screen, using RNA editome analysis, GSEA, and RNA
transcriptome profile to identify genes that participate in Adar defi-
ciency facilitated bowel inflammation.

To our surprise, we found that Mda5 had an A-to-l editing site
(genome location 62440874, exon 7: c.1438A to G, leading to the
change of amino acid 480 from Ile (I) to Val (V)) with a high editing
frequency (19.5%, or 8/41 reads) in the Adar"® crypts, but decreased to
0% in the Adar®®" crypts (Fig. 6f). The structure of the mouse Mda5 and

480

its 1le**° site was predicted by AlphaFold (Supplementary Fig. 6a). The
domain structures of Mda5 and the lle**° sites and the surrounding
sequences in different species are outlined in Fig. 6g. To define the
functional relevance of the edited form of Mda5, we overexpressed
Flag-tagged WT mouse Mda5, or its 480V mutant in HEK293T cells, and
found the basal and Poly(I:C) stimulated dsRNA sensing activity of
Mdas*®" was decreased in cells co-transfected with the Mda5-
responsive IFNB promoter-luciferase reporter gene, IFNfB-Luc
(Fig. 6h). Mechanistically, the protein stability of Mda5 was decreased
in cycloheximide-treated MC38 murine colon cancer cells infected with
lentivirus expressing Flag-tagged Mda5“®"Y compared to its WT coun-
terpart (Supplementary Fig. 6b). Moreover, lentiviral reconstitution of
Mdas led to the death of organoids isolated from Adar®®" MdaS™" mice,
but this effect was blunted in Adar*®"* Mda5" organoids reconstituted
with Mda5"8% (Fig. 6i and Supplementary Fig. 6c), suggesting that the
edited form Mda5"%%¥ had decreased dsRNA sensing activity.

Ruxolitinib attenuates Adar deficiency-induced organoid death
and bowel inflammation

Canonical type I IFN signaling activates the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway, leading to the
transactivation of IFN-stimulated genes®. The JAK inhibitors are used in
the clinic to treat IBD*. GSEA of RNA-seq data showed robust upregu-
lation of IFN and JAK-STAT signaling in Adar*®" crypts (Fig. 3i and
Supplementary Fig. 7a). Using the organoid screen system, we found the
JAK1/2 dual inhibitor Ruxolitinib showed the best efficacy in rescuing
Adar deficiency-induced organoid death, whereas the JAK1 inhibitor
Itacitinib, JAK2 inhibitor Fedratinib, and JAK3/2 inhibitor Tofacitinib
were not effective (Fig. 7a and Supplementary Fig. 7b). Consistently,
Ruxolitinib, but not other JAK inhibitors, showed the best effect in
preventing Adar ablation induced animal death (Fig. 7b), body weight
loss (Supplementary Fig. 7c), ERVs accumulation (Supplementary
Fig. 5d) and mucosal epithelial damage (Fig. 7¢) in vivo. Treatment with
Ruxolitinib also reversed intestinal TUNEL staining (Fig. 7d), loss of
E-cadherin and Muc2 expression (Fig. 7e-g), and increased expression
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Fig. 5 | MDAS5-mediated dsRNA sensing is required for intestinal Adar
deficiency-induced bowel inflammation and organoid death. a Representative
images of Adar (green) and J2 (red) staining in organoids isolated from the ileum of
Villin-CreERT2 Adar”™ mice and treated with or without 4-OHT (200 nM) for 3
days Scale bars: 100 um. b Representative images of J2 staining (green) on ileal
sections of Adar"" and Adar®®" mice (3 dpi). Scale bars: 100 pm. ¢ Survival curves of
Adar"®, Adar®®", and Adar*®*MdaS” mice after tamoxifen induction (n=5 for
Adar"®, n=8 for Adar®®", n=6 for Adar**“Mda5™"). d, h Adar"", Adar**" and
Adar*®"Mda5” mice after tamoxifen induction at 3-dpi. d Small intestine and colon
length (n=>5 for Adar"®, n=7 for Adar*®", n = 6 for Adar***Mda5™""). e H&E staining
of intestinal sections. Scale bars: 100 pm. Shown on the right are quantifications of

histopathological scores, and lengths of ileal crypts and villi (n = 5). fRepresentative
images of TUNEL staining (green) on the ileal sections. Scale bars: 100 pm.

g Immunofluorescence of E-cadherin (red) staining. Scale bars: 100 pm.

h Immunofluorescence of Lysozyme (green) and Muc2 (red) staining. Scale bars:
100 pm. i Western blot analysis of ileal samples (n=3). j Representative images of
the growth process of organoids isolated from the ileum of Adar*s* and
Adar*®"Mda5™ mice treated with or without 4-OHT. Scale bars: 100 um. Data are
presented as the mean + SEM. The statistical significance was analyzed using Log-
rank (Mantel-Cox) test (Fig. 5c). The remaining statistical differences were deter-
mined using one-way ANOVA with multiple comparisons. Source data are provided
in the Source data file.

of cleaved caspase 3, p-Statl, p-Stat3, and p-Stat6 in Adar®®" mice
(Fig. 7g and Supplementary Fig. 7d). These results suggested that JAK1
and JAK2 inhibitors may have synergistically prevented Adar ablation-
induced organoid death and bowel inflammation. In the human colon

cancer SW480 cells, the growth inhibitory effect of ADAR knockdown
was also abolished when the ADAR knockdown cells were treated with
Ruxolitinib (Supplementary Fig. 7e), consistent what was observed in
the intestinal Adar knockout mice.
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Characterization of ADARM™S as a loss function mutation that

may have triggered bowel inflammation in patients and mice

To confirm ADARN as a loss function mutation that may have trig-
gered bowel inflammation in vivo, we reconstituted the WT human
ADAR or ADAR™” in the gut of Adar®#" mice for 5 weeks by infecting
mice with adeno-associated virus 8 (AAV8) under the control of gut-
specific GC-C promoter®, during which the mice were treated with

TMX to induce the knockout of endogenous Adar, as outlined in
Fig. 8a. The success of ADAR reconstitution was confirmed by immu-
nohistochemistry (Fig. 8b). Compared with mice infected with AAVS-
hADAR, mice infected with AAV8-hADAR""* showed exacerbated
bowel inflammation induced by endogenous intestinal Adar knockout,
as evidenced by higher incidence of animal death (Fig. 8c), accelerated
body weight loss (Fig. 8d), aggravated mucosal epithelial damage
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Fig. 6 | Mdas is a target of Adar-mediated RNA editing, which decreases its
dsRNA sensing activity. a, b The top 30 HALLMARK (A) and top 20 KEGG (B)
enrichment analysis of A-to-I editing site containing genes from RNA-seq results
derived from ileal crypts of Adar"" and Adar*®" mice (3 dpi). ¢ Two sample logo
(http://www.twosamplelogo.org) visualization of the differences between two sets
of aligned samples of amino acids of A-to-I editing sites. Editing sites (the A
nucleotide at position 0) are aligned together. d Consensus motif identified by
Homer in the +50 nt neighborhood centered around each of the predicted A-to-l
editing sites (n =3). e Strategy for combined RNA A-to-l editome and RNA tran-
scriptome analysis. f RNA-seq at the Mda5 locus indicating positions of A-to-l
editing site (62440874) from Adar"" and Adar®®"* mice. The editing efficiency is

labeled. g Domain structures of Mda5 and the alignment of sequences. h IFN-f3
reporter activity stimulated by flag-tagged WT Mda5 and mutant Mda5"*? in the
absence or presence of poly (I:C) dsRNA (0, 250, 500 ng/mL) in HEK 293 T cells
(n=4). i Representative images of the organoids isolated from the ileum of
Adar**"MdaS" mice infected with lenti-Ctrl, lenti-Mda5, and lenti-Mda5"*®" and
then treated with 4-OHT at 6 days. Shown on the right are the quantifications of
relative Pl signals (n =5). Scale bars: 100 pm. Data are presented as the mean + SEM.
The statistical significance was analyzed using unpaired two-tailed ¢-test (Fig. 6h)
and one-way ANOVA with multiple comparisons (Fig. 6i). Source data are provided
in the Source data file.

(Fig. 8e), and accumulation of dsRNA in the ileum and colon tissues
(Fig. 8f). These results suggested that ADARN is a loss-of-function
mutation that likely contributes to the IBD incidence in human
populations.

The N173S mutation occurs in the Za domain of ADAR. We
recently reported that the human ADAR™*! is also a Za domain var-
iant, but with a largely intact RNA editing activity**. We analyzed mice
with the knock-in of the mouse Adar™*, equivalent of the human
ADAR™3A and found that the Adar™** knock-in mice did not exhibit
spontaneous inflammatory epithelial damage in the ileum and colon
tissues (Supplementary Fig. 8a, b). These results strongly suggested
that the pro-IBD effect of ADARM”S may have been accounted for by its
loss of editing activity. Figure 8g summarizes our proposed model by
which ADAR deficiency triggered spontaneous IBD through the
intestinal ADAR-ERVs/dsRNA-MDAS5-IFNy-JAK/STAT axis.

Discussion

The current study investigated the critical role of ADAR in bowel
inflammation. Although we previously reported that the whole-body
Adar knockout mice exhibited compromised intestinal tissue home-
ostasis, the mechanism and human IBD relevance were not explored®.
Knowing the role of ADAR in the tissue homeostasis of multiple organs®,
the use of systemic Adar knockout mice was another major limitation in
our previous report”, because the secondary effect cannot be ruled out.
In the current study and through the use of two independent intestinal
specific and tamoxifen inducible Adar knockout mouse models, we
demonstrated that the intestinal Adar is essential for maintaining
intestinal stem cell homeostasis, promoting differentiation, and ensur-
ing survival. Gut-specific ablation or pharmacological inhibition of Adar
led to impaired intestinal stem cell differentiation, reactivation of ERVs,
and triggering of an innate immune response characterized by the
upregulation of interferon signature genes, likely as a result of dsRNA
accumulation and its sensing by MDA5>,

We observed an increased level of yH2AX in the ileal tissues of
Adar®® mice. yH2AX is a well-established marker of DNA damage and
plays a critical role in checkpoint-mediated cell cycle arrest and DNA
repair following double-strand breaks. The dsDNA-STING pathway has
been reported to mediate the type I-IFN response***, but further
investigations are necessary to determine whether the dsDNA-STING
pathway is mechanistically involved in the inflammatory intestinal
injury in response to Adar ablation. We are aware of that ADAR
expression was reported to be upregulated in the entire colon of
colitis-associated colorectal neoplasm (CAN) cases, but it was down-
regulated in non-CAN cases*. In the current study, we observed that
ADAR expression in normal colon tissues was mainly restricted to the
epithelium. In IBD samples, ADAR expression decreased in crypts but
increased in the underlying non-epithelial cells. The discrepancies
between these two studies may be explained by the distinct disease
stages and tissue context. More specifically, while the study by Kazu-
taka and colleagues primarily investigated CAN cases*?, our study was
focused exclusively on non-CAN IBD.

Our observation that Ruxolitinib, a JAKs 1 and 2 dual inhibitor,
was effective in attenuating Adar deficiency-induced bowel

inflammation and mortality was clinically important. Cytokines play a
critical role in maintaining intestinal homeostasis™. Several cyto-
kines, including IFNy, IL-12, IL-23, and IL-9, have been shown to act as
mediators of pathological responses in UC and/or CD*. While
cytokine-targeting therapies have revolutionized the treatment of
IBD, they have predominantly focused on individual cytokines. There
remains an unmet medical need for patients who fail to respond or
develop resistance to cytokine-targeting treatment. Knowing that
many of these cytokines converge on the JAK-STAT signaling path-
way, JAKs, including JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2),
have been explored as therapeutic targets, as their blockade has the
potential to disrupt the signaling of over 50 cytokines**. Clinical
development is underway for several small-molecule inhibitors of
JAKSs that possess the ability to modulate multiple pro-inflammatory
cytokine-dependent pathways. Tofacitinib, a JAK3/2 inhibitor, has
received approval for the treatment of UC*, while other agents have
shown promising efficacy in early phase clinical trials***’. Our orga-
noid screen and in vivo drug treatment demonstrated that Rux-
olitinib exhibited the best efficacy in attenuating Adar deficiency-
induced bowel inflammation and mortality in mice. Ruxolitinib was
the first JAK inhibitor FDA approved for myelofibrosis, polycythemia
vera, graft-versus-host disease, atopic dermatitis, and vitiligo**2
The lack of a rescue effect of Tofacitinib in our mouse models and
mouse intestinal organoids was a surprise, considering that this drug
has been approved for the treatment of UC*. Nevertheless, our
findings suggested that simultaneous inhibition of JAK1 and JAK2 is
an effective approach to mitigate ADAR deficiency-induced bowel
inflammation. The future uses of human IBD patient samples or
organoids derived from IBD patients are necessary to determine
whether a reduced ADAR expression may influence patient’s
responses to JAK inhibitor treatment.

Our finding that MDAS was a target of ADAR-mediated RNA
editing is intriguing. MDAS is a RIG-I-like receptor and functions as a
dsRNA helicase. MDAS can recognize long dsRNA, the genomic RNA
of dsRNA viruses, and replicative intermediates of both positive-
sense and negative-sense RNA viruses®. ADAR plays a specific and
crucial role as a negative regulator of the MDA5-MAVS RNA sensing
pathway®. Mutations in ADAR are responsible for the autoimmune
disease AGS and MDA5-dependent encephalopathy with IFN pathway
activation in the brain®**. ADAR has been reported to interact with
Z-RNA to promote the editing of endogenous dsRNA and prevent
MDAS5-dependent immune activation®*. MDAS is a critical gene
implicated in immune-related diseases, and gain-of-function muta-
tions in MDAS lead to a spectrum of autoimmune and undefined
neurological and immunological phenotypes characterized by
upregulated type 1 interferon signaling”. Here, we found the
expression of MDAS was upregulated in Adar®®"* mice and MDA5 was
required for intestinal Adar deficiency-induced bowel inflammation
and death of intestinal organoids and mice. We found the edited
form of Mda5, Mda5'% is a loss-of-function variant, suggesting that
Mdas editing is a feedforward mechanism to prevent dsRNA-induced
innate immune response. It should be noted that although our ani-
mal data revealed a regulatory link between ADAR and MDAS, which
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was supported by our cell culture results using the human colon
cancer SW480 cells, further studies using human IBD patient samples
or organoids are necessary to confirm whether MDAS is a direct
target of ADAR-mediated RNA editing in humans.

Our most exciting and clinically relevant finding is the character-
ization of the loss-of-function ADARY”* variant, a SNP associated with
IBD incidence in a Finnish cohort that contains 11389 individuals. There
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were 89 heterozygotes and 1 homozygous ADARY”* mutation in this
cohort, so the carrier rate is approximately 1in 126. The N173S variant in
the Za domain of ADAR has been identified as crucial for its interaction
with both Z-DNA and Z-RNA**®, consistent with the loss-of-function
phenotype of ADARN", At the functional level, intestinal reconstitution
of ADARY in Adar®®" mice was less efficient than the WT ADAR in
rescuing the IBD phenotypes. The loss-of-function nature of ADARN"
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Fig. 7 | Ruxolitinib attenuates Adar deficiency-induced organoid death and
bowel inflammation. a Representative images and Caspase 3/7 activity (green) and
PI (red) staining of organoids isolated from the ileum of Villin-CreERT2 Adar"" mice
and treated without or with 4-OHT (200 nM) and co-treated with 1M Ruxolitinib
(Rux), Tofacitinib (Tof), Fedratinib (Fed), or Itacitinib (Ita) for 5 days. Shown on the
right are the quantifications of relative Pl and Caspase 3/7 signals. (n=>5). Scale bars:
100 pm. b Survival curves of Adar" and TMX induced Adar®" mice co-treated with
Rux (60 mg/kg/day), Tof (40 mg/kg/day), Fed (60 mg/kg/day), or Ita (30 mg/kg/day)
by daily i.p. injections for 5 days (n=5 for Adar"", n=8 for Adar®®*, n=5 for
Adar*®"+Rux, n =4 for Adar*¢"+Tof, n="7 for Adar*¢"+Fed, n=4 for Adar"®"+Ita).

¢ H&E staining of intestine and colon sections. Scale bars: 100 pm. Shown on the

right are quantifications of histopathological scores and on the lower left are
quantifications of lengths of ileal crypts and villi (n =5 for Adar™, n=5 for Adar®e",
n=>5 for Adar®®"+Rux, n =4 for Adar®*+Tof, n=5 for Adar*®*‘+Fed, n=4 for
Adar*®"+Ita). PC proximal colon, DC distal colon. d Representative images of TUNEL
staining (green) on the ileal sections. Scale bars: 100 pm. e Immunofluorescence of
E-cadherin (red). Scale bars: 100 um. f Immunofluorescence of Lysozyme (green) and
Muc2 (red). Scale bars: 100 um. G Western blot analysis of ileal samples. The relative
values of protein expression are labeled (n=3). Data are presented as the mean +
SEM. The statistical significance was analyzed using Log-rank (Mantel-Cox) test
(Fig. 7b). The remaining statistical differences were determined using one-way
ANOVA with multiple comparisons. Source data are provided in the Source data file.

was consistent with our observations that the expression of ADAR was
decreased in the crypts of IBD patients and mice, and inhibition of ADAR
was sufficient to cause spontaneous bowel inflammation. In contrast, the
Za domain variant ADAR™?** with an intact RNA editing activity*® was not
associated with IBD in patients, nor did it cause IBD phenotype when
knocked into the mice. We acknowledge that although our findings in
human participants suggest an association between these variants and
IBD, the current results have their limitations, such as limited patient
numbers in the control and patient cohorts, and the lack of access to
tissue samples from the variant carriers for functional validations. Future,
more comprehensive in vivo functional characterization of these variants
in animal models and case-control studies in human participants is
necessary to fully establish the pathogenic and mechanistic roles these
ADAR variants in IBD.

In summary, our study has revealed the critical role of ADAR-
mediated RNA A-to-l editing in maintaining intestinal stem cell
homeostasis and preventing bowel inflammation. We propose that the
expression and/or genetic variation can be diagnostic markers for IBD.
The intestinal ADAR-ERVs/dsRNA-MDAS-JAK/STAT pathway represents
a fundamental mechanism in ADAR deficiency triggered spontaneous
IBD, which offers opportunities for clinical interventions.

Methods

Human patient datasets and human cohorts, and scRNA-seq
analyses

Human normal colon and IBD tissue arrays were purchased from US
Biomax (Derwood, MD) with appropriate ethics and consent and used
for H&E and immunohistochemical staining. Details of the patient
information are shown in Supplementary Table 2. For human intestine
and colon scRNA-seq analyses, the human small intestine and colon
dataset was downloaded from the Human Protein Atlas browser
(https://www.proteinatlas.org) and human Crohn Disease (https://
singlecell.broadinstitute.org) to identify cell clusters and ADAR gene
expression in different cell lineages.

Experimental animals

The use of mice in this study adhered to the guidelines set by the
University of Pittsburgh Institutional Animal Care and Use Commiittee
(Protocol numbers: 19044749 and 22030802). Mice were housed at
25°Cin a12-h light-dark cycle in the animal facility at the University of
Pittsburgh. Food and water were available ad libitum. Villin-CreERT2
mice (Strain #: 020282), Lgr5-CreERT2 mice (Strain #: 008875), and
Mda5™ mice (Strain #: 015812) were obtained from Jackson Laboratory
(Ronkonkoma, NY). Adar” mice in the C57BL/6 genetic background
were custom-made and described previously”. Adar” mice were
crossed with Villin-CreERT2 mice to create tamoxifen (TMX)-inducible
gut-specific Adar knockout mice (Adar®®") and then crossed with
MdaS™ mice to generate gut epithelial-specific Adar deficiency and
MdasS-knockout (Adar®® Mda5’) mice. Adar” mice were crossed
with Lgr5-CreERT2 mice to create TMX-inducible intestinal stem cell-
specific Adar knockout mice (Adar®*c). Adeno-associated viruses 8
(AAVS) expressing WT-hADAR or hADARY”* under the control of the

gut-specific GC-C promoter® were custom-made by Vector Biolabs
(Malvern, PA). When necessary, Adar®® mice were given a tail-vein
injection of AAV-hADAR or AAV-hADARN" at the dose of 1x 10" viral
particles/mouse 5 weeks before TMX-induced knockout of the endo-
genous Adar. To induce Adar knockout, 8-week-old Adar®e™", Adar™*c,
and Adar*®“*MdaS”’ mice received five consecutive intraperitoneal
(i.p.) injections of 50 mg/kg/day TMX in corn oil. TMX-treated Adar™™
littermates were used as the controls. Mice were administered with
Ruxolitinib (Rux, 60 mg/kg/day), Tofacitinib (Tof, 40 mg/kg/day),
Fedratinib (Fed, 60 mg/kg/day), or Itacitinib (Ita, 30 mg/kg/day) by
daily i.p. injections 30 min before TMX injection for 5 days. All che-
micals were purchased from MedChemExpress (Monmouth Junction,
NJ). When necessary, Adar” and Adar®®"* mice received intraper-
itoneal injections of IFNy neutralizing antibody or control antibody
(150 ug/mouse) every other day, starting on the same day as TMX
treatment. Sample sizes for mouse experiments were determined
empirically, and mice were randomly assigned to either the control or
experimental groups. Blinding was not required for the mouse
experiments conducted in this study. The mouse model of bowel
inflammation used in this study did not exhibit a sex preference.

Intestinal crypt isolation, organoid culture, drug treatment, and
lentiviral transduction

Intestinal crypts were isolated and cultured following a previous
protocol with minor modifications®. Briefly, the ileums were washed
inice-cold PBS, sliced into 1-2 mm segments, and subjected to 15-20
washes in PBS to remove impurities. Subsequently, Gentle Cell Dis-
sociation Reagent (GCDR, cat #7174, Stem Cell Technologies, MA)
was applied following the manufacturer’s instructions. For intestinal
organoid culture, the crypts were counted, embedded in Matrigel,
and maintained in IntestiCult organoid growth medium (cat #6005,
Stem Cell Technologies, MA). When applicable, 4-hydroxytamoxifen
(4-OHT, 200nM), Rux (1uM), Tof (1uM), Fed (1uM), Ita (1puM),
8-Azaadenosine (8Aza, 1, 2 uM), Necrostatin-1 (RIP1i, 30 pM), IETD-
FMK (Cas8i, 10 uM), Z-DEVD-FMK (Cas3i, 10 uM), GSK-872 (RIP3i,
50 uM), Z-VAD-FMK (Z-VAD, 40 puM), Bafilomycin Al (BafAl, 100 pM),
or IM-54 (10 uM) were added to the medium for a duration of
3-5 days, with medium changes every 2 days. For organoid lentiviral
transduction, the organoids were harvested and transferred into
15 mL tubes. After centrifugation, the supernatant was discarded, and
lentivirus containing the vector (lenti-Ctrl), WT-Mda5 (lenti-Mda5), or
Mda5"8% (lenti-Mda5"%®") (1x10° PFU/100 crypts) was introduced.
The organoid-virus mixture was incubated in a 37 °C incubator for 1 h
to facilitate transduction. Subsequently, the organoids were plated
and cultured following the previously mentioned procedure. To
analyze the dead cells, organoids were incubated with 4 puM of the
CellEvent Caspase-3/7 Detection Reagents (cat #C10423, Thermo
Fisher Scientific, Waltham, MA) for 30 min following the manu-
facturer’s instructions. During the final 5 min of incubation, PI (Sigma
Aldrich, St. Louis, MO) was added directly to the wells at the con-
centration of 50 pg/mL. Images of the organoids were captured
under the bright field.
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Transcriptome RNA sequencing and RNA-seq for ERVs analysis
lleal crypts were isolated, and total RNA was extracted using the
RNeasy Mini Kit before being used for library preparation. RNA-seq
was performed at the Health Sciences Sequencing Core at the Chil-
dren’s Hospital of Pittsburgh, and the results were analyzed as pre-
viously described®. For ERVs analysis, aligned reads were analyzed
using RepEnrich2 with the Repeat Library 20140131 Annotation. EdgeR

(version 3.26.839) was utilized to identify differentially expressed
repetitive elements®’.

RNA-seq for A-to-I editome analysis

The RNA A-to-l editome analysis was custom-conducted by Yanke
Biotechnology Co., Ltd (Guangzhou, China). In brief, RNA editing sites
were identified using REDItools. Trimmed and filtered RNA-seq reads
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Fig. 8 | Characterization of ADARN173S as a loss function mutation that may
have triggered bowel inflammation in patients and mice. a The scheme of
overexpressing WT human ADAR or ADARY* in the gut of Adar®®" mice by
infecting the mice with adeno-associated viruses 8 (AAV8) for 5 weeks under the
control of the gut-specific GC-C promoter and then treated with TMX to induce the
knockout of the endogenous Adar. b Representative immunohistochemical stain-
ing of Adar in intestine and colon sections. Scale bars: 100 um. ¢ Survival curves
after tamoxifen treatment (1 =11 for AAV-hADAR, n =12 for AAV-hADARN"),

d Relative body weight (n=9 for AAV-hADAR, n =10 for AAV-hADARN"), e H&E
staining of intestine and colon sections. Scale bars: 100 um. Shown below are the
quantifications of histopathological scores, and lengths of ileal crypts and villi (n = 5

for AAV-hADAR, n =4 for AAV-hADARN"®), f Representative images of )2 staining
(green) on the ileum and colon sections. Scale bars: 100 pm. g Summary of ADAR
loss-of-function triggered spontaneous IBD through the intestinal ADAR-ERVs/
dsRNA-MDAS-IFNy-JAK/STAT axis. Pharmacological inhibition of JAK1/2 by Rux-
olitinib attenuated IBD in Adar-deficient mice. Summary model of ADAR in IBD
created in BioRender. Xu, M. (2025) https://BioRender.com/ad9fbmq. Data are
presented as the mean + SEM. The statistical significance was analyzed using
Gehan-Breslow-Wilcoxon test (Fig. 8c). The remaining statistical differences were
determined using unpaired two-tailed t-test. Source data are provided in the Source
data file.

were aligned to the Mus_musculus reference genome (GRCm39) using
BWA. Two sample logos were used to visualize differences between
two sets of aligned samples of amino acids at A-to-l editing sites.
Consensus motifs were identified by Homer in the +50 nt neighbor-
hood centered around each predicted A-to-l editing site.

Cytokine measurement

Serum samples were collected for cytokine measurements. The semi-
quantitative detection of 40 types of mouse inflammatory cytokines
was performed using c-series mouse inflammation antibody arrays
from RayBiotech (Peachtree Corners, GA). Inflammatory antibody
array map information is provided in Supplementary Table 3. The dot
blots were quantified using the NIH Image J software.

Quantitative real-time PCR and RNA editing activity assay

Total RNA was extracted using the Trizol reagent from Invitrogen
(Carlsbad, CA). Two micrograms of total RNA were reverse transcribed
into cDNA using a kit from Thermo Fisher Scientific (Waltham, MA).
Real-time PCR was performed using SYBR Green reagent on the
QuantStudio 6 Flex Real-Time PCR System from Applied Biosystems,
following previously described protocols®®. Data analysis was con-
ducted using the comparative AACT method, with Cyclophilin or
Gapdh as housekeeping gene controls. The relative RNA editing
activity (edit/WT RNA ratio of Azini or GliI gene) was calculated using
the formula 2/t - €D a5 previously reported®. The real-time PCR
primer sequences are listed in Supplementary Table 5.

Immunofluorescence, immunohistochemistry, and Western
blot analysis

Paraffin sections were subjected to deparaffinization and rehydration.
Immunofluorescence (IF) was performed using antibodies against
Adar (GeneTex), E-cadherin, dsRNA(J2), Lysozyme, and Muc2. For
immunohistochemistry, ADAR and Mda5 antibodies were used and
incubated overnight at 4 °C. Fluorescent secondary antibodies or the
VECTASTAIN ABC Kit were utilized, and the DAB Peroxidase Substrate
Kit from Vector Laboratories was employed for visualization of the
staining. The percentage of positive area per mouse was determined
by quantifying the positive stain areas using Image J software. Tissue
protein samples for Western blot analysis were extracted using RIPA
lysis buffer supplemented with a protease inhibitor cocktail. The
membranes were incubated with primary antibodies, including -actin,
Adar (Santa Cruz, CA), Caspase3, Cleaved Caspase 3, E-cadherin, yH2X,
IFNy, Lysozyme, Muc2, p-Statl, Statl, p-Stat3, Stat3, p-Stat6, and Stat6
followed by incubation with appropriate secondary antibodies.
Detailed antibody information is provided in Supplementary Table 6.

Macroscopic and histological analysis

Colon and intestine tissues were rinsed with phosphate-buffered saline
(PBS) and subsequently fixed overnight in 10% formalin. After paraffin
embedding, tissue sections of 4-5 pm thickness were prepared using a
microtome. Subsequently, the sections were deparaffinized, rehy-
drated, and subjected to histological analysis by H&E staining.
Assessment of IBD disease severity and histological scoring was

performed as previously described®. For TUNEL staining, the sections
were stained with the In Situ Cell Death Detection Kit from Roche.
Images were acquired using an all-in-one fluorescence microscope (BZ-
X810) from KEYENCE (Itasca, IL).

Plasmid construction, cell transfection, and luciferase reporter
gene assays

The pGenlenti-flag-Mda5 (#160110) and pmGFP-ADAR (#117927)
expression vectors were obtained from GenScript (Piscataway, NJ) and
Addgene (Watertown, MA), respectively. The pLKO-shCtrl, pLKO-
shADAR, and pLKO-shMDA5 vectors were obtained from Sigma-
Aldrich. Mutations of Mda5"%®V and ADARN”* were performed using
the QuikChange Lightning Site-Directed Mutagenesis Kit from Agilent
Technologies (Santa Clara, CA). All cloned sequences were verified by
DNA sequencing at GENEWIZ (South Plainfield, NJ). Lentiviral particle
packaging and transduction were performed as previously reported®.
The MDAS-responsive luciferase reporter plasmid pGL3-IFNB-luc
(#102597) was acquired from Addgene. Transfection and luciferase
reporter gene assay were performed using 293T cells, as previously
described®. The relative cell growth was measured by the Cell
Counting Kit-8 (CCK-8) (HY-K0301) from MedChemExpress.

Statistics
Statistical analysis was performed using Prism GraphPad 9.0 software
(San Diego, CA). Experimental data were presented as either means +
SEM or violin plots. Statistical significance between two groups was
assessed using a two-tailed t-test. Multiple comparisons were per-
formed using one-way ANOVA with Tukey’s test. Survival curves were
plotted using the Kaplan-Meier method, and statistical differences
were determined using either the Log-Rank test or the
Gehan-Breslow-Wilcoxon test. A P value of less than 0.05 was con-
sidered statistically significant. At least three independent experi-
ments were repeated with similar results.

See Supplementary Materials and Methods. Information on
patients, inflammatory antibody array, primer sequences, and anti-
bodies is provided in Supplementary Tables 2, 3, 5, and 6, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq datasets generated in this study have been deposited in
GEO database under accession code GSE290331. The remaining data
generated in this study are available in the main text or the supple-
mentary materials or from the corresponding author on
request. Source data are provided with this paper.
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