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RNA and RNA-protein complexes
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ADAR1 and ADAR2 associate with the RNA exosome and
modulate RNA stability
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Abstract

The adenosine deaminase acting on RNA (ADAR) enzymes deaminate adenosine to inosine in double-stranded (ds)RNA. Mammals express
two catalytically active enzymes: ADAR1, which is ubiquitously expressed and essential for innate immune homeostasis, and ADAR2, which is
enriched in the brain and vascular system. Here, we investigate the ADAR2 interactome and uncover a shared interaction network with ADART,
including multiple components of the RNA exosome complex, a multi-subunit RNase involved in RNA processing, turnover, and surveillance. The
interactions between ADARs and RNA exosome components are nuclear, and resistance to RNase A treatment implies their close proximity. We
validated these interactions by immunoprecipitation of both endogenous and epitope-tagged ADAR proteins in multiple cell lines and mapped
the interaction interfaces to their dsRNA-binding domains. Exploiting an MS2-MCP tethering system, we show that recruitment of ADAR1 or
ADAR2 to the 3" UTR of a reporter transcript decreases its stability. This decrease in RNA levels was reversed when EXOSC3 was depleted,
demonstrating that this destabilizing effect of ADARs on RNA is via the RNA exosome complex. Finally, knockdown of ADARs perturbs rRNA
processing, a canonical function of the nuclear exosome, demonstrating a cellular consequence of disrupting ADAR-exosome interactions.
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Introduction

Adenosine-to-inosine (A-to-I) RNA editing is one of the most
widespread RNA modifications present in mammals and can
have a profound impact on the transcriptome [1]. It is cat-
alyzed by adenosine deaminases acting on RNA (ADARs) en-
zymes, which deaminate adenosine within double-stranded
(ds)RNA (for review [2]). A major source of endogenous
dsRNA substrates for ADARs arises from adjacent Alu ele-
ments that are inserted in inverted orientations within introns
or 3’ UTRs of human transcripts and form dsRNA hairpins
(for review [3]). When this dsRNA is unedited, it can activate
cytoplasmic dsRNA sensors, which recognize these structures
as “non-self” RNA (for review [4]). ADART is primarily re-
sponsible for editing dsSRNA duplexes formed by repetitive
elements, and its deletion or inactivation triggers an innate
immune response [4].

ADART1 exists as two isoforms: ADAR1p110, which is
constitutively expressed and predominantly nuclear, and
ADARI1p150, which is interferon (IFN)-inducible [5] and
mainly cytoplasmic, although both isoforms can shuttle be-
tween nucleus and cytoplasm. Its nucleocytoplasmic dis-
tribution of ADAR1 is multi-determinant and includes
an N-terminal export signal and dsRNA-binding domain-
dependent effects on nuclear accumulation/shuttling [6]. Two
signals allow ADART1 to maintain a dynamic balance of in-
tracellular distribution: nuclear localization signal (NLS) and
nuclear export signal (NES). The NLS is atypical and overlaps
with the third dsRNA-binding domain (dsRBD III) [6, 7]. This
NLS functions as an “RNA-sensing switch” because dsSRNA
binding to the dsRBD sterically hinders the interaction with
transportin 1 (Trn1), thereby inhibiting nuclear import [7, 8].
The NES is a leucine-rich signal located in the N-terminal re-
gion unique to the ADAR1p150 isoform [6, 7, 9].

The second catalytically active enzyme, ADAR2, is less
ubiquitously expressed, being enriched in neural and vascular
tissues, and is mainly localized in the nucleus (for review [10]).
The ADAR2 NLS is located in its N-terminal region and does
not contain a region homologous to the dsRBD-overlapping
NLS of ADART1, it consists of two highly conserved basic clus-
ters within residues 48-72 [11-13]. The ADAR?2 is typically
nuclear and has been reported to accumulate in the nucleo-
lus [11, 14]. In addition, both ADAR1p110 and ADAR2 are
prominently enriched in the nucleolus, where their sequestra-
tion is thought to limit excessive activity by restricting access
to nucleoplasmic substrates [14, 15]. ADAR2 is primarily re-
sponsible for site-specific RNA editing events. When this oc-
curs within coding regions, inosine is interpreted as guano-
sine by the translation machinery, thereby altering the encoded
amino acid and potentially having profound consequences
on protein function [16]. Many of the transcripts that un-
dergo site-specific RNA editing are expressed in the nervous
and vascular systems. The frequency of site-specific editing
can be very efficient; for example the GRIA2 pre-mRNA is
edited to 100% at the Q/R site [17], while edited adenosines
within repetitive elements are typically numerous but individ-
ual adenosines are each edited at lower frequencies [18].

Both ADAR1 and ADAR?2 share a conserved domain ar-
chitecture consisting of a C-terminal deaminase domain and
multiple dsRBDs, with ADAR1 having additional N-terminal
domains: Za and ZB (for review [19]). These modular fea-
tures allow ADARSs to engage with structured RNAs and to
interact with proteins that can modulate ADAR activity, lo-

calization, and substrate specificity. Several proteomics stud-
ies have defined the ADAR interactomes [20-23], identifying
associations with RNA-binding proteins, helicases, and fac-
tors involved in RNA processing. In our previous study, we
also showed that the two isoforms of ADAR1 have distinct
proximal protein networks that rely heavily on dsRNA bind-
ing. Moreover, during IFN stimulation, the core interactome
remained largely unchanged, whereas newly identified interac-
tors were predominantly regulators of the IFN response [21].
In this study, among the different interactors and proximal
proteins identified are subunits of the RNA exosome complex.
This interaction between the RNA exosome and ADAR1 had
been previously reported through mass spectrometry analyses,
but these interactions have not been further studied [20-25].

The RNA exosome is a multi-subunit 3'— 5’ exoribonucle-
ase that plays a key role in RNA processing (production of
mature ends), turnover (degradation), and surveillance (qual-
ity control) in both the nucleus and the cytoplasm (for re-
view [26, 27]). The core exosome consists of a catalytically
inert nine-subunit ring that associates with catalytic nucleases,
for example EXOSC10 (also known as hRRP6) and hDIS3 in
the nucleus (for review [27]). In addition, a set of associated
cofactors and adaptors, including the nuclear RNA helicase
hMTR4 (SKIV2L2, MTREX), which is a central component
of all nuclear adaptors characterized to date, are required for
exosome regulation and for the recruitment of specific RNA
substrates to the complex [27, 28]. The NEXT (nuclear exo-
some targeting) complex is an example of an MTR4 adaptor
complex that targets non-polyadenylated RNAs arising from
spurious transcription events in the surveillance of snoRNA
precursors [25, 29, 30], while PAXT targets polyadenylated
transcripts [31-33].

Many exosome substrates, including small nucleolar RNAs,
cryptic unstable transcripts, precursors of ribosomal RNAs,
and RNA:DNA hybrids, contain long or structured dsRNA
regions reminiscent of ADAR substrates, raising the possi-
bility that ADARs and the exosome may act, and possi-
bly cooperate, on overlapping RNA populations. ADAR2
can also affect RNA stability by altering local structure
or by modulating recognition by decay-promoting RNA-
binding proteins [34]. Similarly, ADART1 has also been linked
to RNA stability through interactions with HuR [35] and
through editing-dependent effects on Staufen-mediated mes-
senger RNA (mRNA) decay under stress conditions [36].
However, until now a direct mechanistic link between the
RNA exosome and ADARSs has not been established.

Here, we report the interactome of ADAR2. Our analysis
identified multiple subunits of the RNA exosome as ADAR2
interactors, and comparison with published ADAR1 datasets
revealed several common components. We validated interac-
tions between ADAR1/ADAR2 and multiple nuclear RNA ex-
osome subunits by co-immunoprecipitation (co-IP) of endoge-
nous proteins across multiple cell lines and of epitope-tagged
ADAR proteins. These interactions are nuclear and are resis-
tant to RNase A treatment in vitro, indicating that ADARs
and exosome components engage in proximal associations.
Protein domain mapping assays demonstrated that both the
dsRBDs and the NLS of both ADAR proteins are required for
interaction with the RNA exosome. To investigate the func-
tional significance of ADAR’s interaction with RNA exosome,
we deployed an MS2-MCP tethering assay in combination
with a series of ADAR deletions. Tethering ADARs to the 3
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UTR of a reporter transcript reduced both luciferase activ-
ity and mRNA abundance. This effect was reversed by the
knockdown of EXOSC3, a core component of the exosome
essential for its function, demonstrating that ADAR-mediated
destabilization depends on the RNA exosome. Finally, to as-
sess whether ADAR also contributes to the metabolism of en-
dogenous RNAs, we turned to the nucleolus, where ADAR
localizes, since a large fraction of the interactors identified
in our analysis are nucleolar proteins and ribosome assembly
factors. We first examined its potential role in the formation
of the 3’ end of 5.8S rRNA, a classical RNA exosome sub-
strate on which this exoribonuclease complex was originally
characterized [37]. We found that ADAR is indeed involved in
this process. Moreover, ADAR contributes to additional pro-
cessing steps, including 5" ETS maturation, consistent with its
interaction with other processing factors. Its depletion also af-
fects other aspects of ribosome biogenesis, notably altering 2'-
O-methylation at specific sites, likely reflecting changes in the
kinetics of ribosomal subunit assembly.

Materials and methods

Preparation of expression constructs

Full-length human ADAR1 (p110 and p150) and ADAR2
wild-type (WT), catalytically inactive, dsRNA-binding-
deficient, and deletion plasmids were generated with Gate-
way™ recombination and recombined into tetracycline-
inducible pTO_HA_Streplll_GW_FRT expression vector
[38]. The dsRNA-binding-deficient ADAR2 mutant encod-
ing K127A and K281A substitutions was generated by
site-directed polymerase chain reaction (PCR) mutagenesis.
Plasmids for MS2-MCP tethering assays were FLAG epitope-
tagged and cloned into pcDNAS/FRT/TO (Invitrogen) vector
encoding the MS2 coat protein. MS2 stem-loop sequence
was inserted into the 3’ UTR of firefly luciferase in the pmir-
GLO reporter vector (Promega). All constructs were verified
by Sanger sequencing. Detailed cloning strategies, primer
sequences, and mutagenesis procedures are provided in the
Supplementary data.

Cells and culture conditions

HEK293T (ATCC, CRL-3216) cells were maintained in Min-
imum Essential Medium (MEM) with Earle’s salts (Biosera,
#LM-E1141), and HeLa cells (ATCC, CRM-CCL-2), A549
cells (ATCC, CCL-1835), and PaTu cells (DSMZ) were cul-
tured in high-glucose DMEM (Biosera, #L.M-D1110). Me-
dia were supplemented with 10% FBS (Merck, #F7524), 1x
non-essential amino acids (Thermo Fisher Scientific, #11140-
050), and 1% penicillin—streptomycin (Biosera, #XCA4122).
Flp-In™ T-REx™ 293 and T-REx™ HelLa cells (Invitrogen)
DMEM low glucose (Biosera, #L.M-D1110) supplemented
with 10% tetracycline-free FBS (Biosera, #1001T) and 1%
penicillin—streptomycin. All cell lines were grown as adherent
monolayers at 37°C in 5% CO,.

Stable cell lines expressing SHN-tagged WT, mutant pro-
tein, or deletion constructs of ADAR1 and ADAR2 were gen-
erated with the Flp-In™ T-REx™ system and selected with hy-
gromycin. Expression of epitope-tagged proteins was induced
with tetracycline, and control cell lines were generated in par-
allel. Detailed cloning strategies, selection conditions, and cell
line validation are provided in the Supplementary data.
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Affinity purification of ADAR2 protein complex and
LC-MS/MS analysis

Full details regarding the analysis and data evaluation are
in Supplementary data. In summary, Flp-In T-REx™ 293
positive cells were expanded and induced for ADAR2 WT-
SHN bait expression with 1 pg/ml of doxycycline for 24 h.
Strep-tag affinity purification of ADAR2 WT-SHN or GFP-
SHN-expressing 293 T-REx cell lines was performed as de-
scribed in [39] and in Supplementary data. Protein complexes
were isolated with Strep-Tactin beads (IBA GmbH) under
non-denaturing conditions. Eluted protein complexes were
reduced, alkylated, and digested with 5 mM TCEP [Tris(2-
carboxyethyl) phosphine], 10 mM iodoacetamide (IAA), and
1 ug trypsin (Promega), respectively. Digested peptides were
quenched with trifluoroacetic acid (TFA), desalted with C18
MicroSpin columns (The Nest Group), and vacuum dried.
Later, samples were revived in 30 ul HPLC solvent A (0.1%
formic acid and 1% acetonitrile in HPLC water). LC-MS
analysis was performed on EASY-nLC II reverse-phase HPLC
nanoflow system coupled to LTQ Orbitrap XL or Velos Pro
Orbitrap Elite hybrid mass spectrometers with the Xcalibur
version 2.7.0 (Thermo Fisher Scientific). Data analysis was
performed with the Fragpipe analysis platform (version 22.0)
with MSFragger (version 4.1) [40, 41] and Philosopher (ver-
sion 5.1.1) [42] for peptide identification using raw files as an
mput.

High confidence interactors and protein network
visualization

High confidence interactors (HCIs) and protein network vi-
sualization. HCIs of ADAR2 were defined as described previ-
ously [43] with SAINT filtering [44] with the following cut-
offs: BFDR < 0.05, average spectral count >4, fold change
>4, and SAINT score >0.9. Proteins were further filtered
against the CRAPome database [45]: candidates with <20%
frequency in CRAPome were retained, whereas for proteins
with >20% CRAPome frequency, a relaxed fold-change cut-
off of 2 was applied. Protein interaction networks were gener-
ated with STRING v12.0 (physical interaction subnetwork,
medium confidence 0.4) [46] and visualized in Cytoscape
v3.10.3 [47].

Co-immunoprecipitations

Cells expressing SHN-ADAR constructs were cultured under
standard conditions in 100 mm Petri dishes and, where indi-
cated, protein expression was induced with doxycycline (200
ng/ml, Applichem, #A2951) for 24 h. Cells were lysed un-
der non-denaturing conditions [lysis buffer composition: 150
mM NaCl, 50 mM HEPES pH 8.0, 5 mM ethylenediaminete-
traacetic acid (EDTA), 0.5% NP-40, 10% glycerol, supple-
mented with Halt™ Protease Inhibitor Cocktail, EDTA-free
(2x, Thermo Fisher, #78439), and 1x Halt™ Phosphatase In-
hibitor Cocktail (Thermo Fisher, #78427)] for 30 min. Clar-
ified lysates were subjected to co-IP with anti-HA or Strep-
tactin beads, depending on the experiment. For deletion and
mutant analyses, co-IPs were performed with either tran-
siently transfected or stable Flp-In™ T-REx™ 293 cell lines
expressing SHN-tagged ADAR1 or ADAR2 constructs and
processed as described earlier and in Supplementary data.
Bead-bound complexes were extensively washed under low-
or high-salt conditions, eluted in Laemmli sample buffer, and
analyzed by sodium dodecyl sulfate—polyacrylamide gel elec-
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trophoresis (SDS-PAGE) and immunoblotting as described
below. Input and immunoprecipitated samples were processed
in parallel. For RNase sensitivity assays, lysates were treated
with RNase A (10 pg/ml; Thermo Fisher, #£N0531) prior
to the IP. Where indicated, RNA was extracted from IPed
material for downstream analysis. Detailed buffer composi-
tions, protein amounts, bead types, washing conditions, and
replicate-specific procedures are provided in the Supplemen-
tary data.

Endogenous co-IP experiments were performed in Hela
and HEK293T cells grown to near confluency. Cells were
lysed under non-denaturing conditions (lysis buffer: 50 mM
Tris—=HCI, pH 8.0; 150 mM NaCl; 0.5% NP-40; 1 mM EDTA,
pH 8.0; 10% glycerol) in the presence of 2x Halt™ Pro-
tease Inhibitor Cocktail, EDTA-free (Thermo Fisher, #78439)
and 1x Halt™ Phosphatase Inhibitor Cocktail (Thermo
Fisher, #78427), and clarified lysates were pre-cleared with
Dynabeads™ Protein G (Thermo Fisher, #10003D). Equal
amounts of total protein were incubated overnight with an-
tibodies against the indicated endogenous proteins or with
species-matched control IgG (Supplementary Table S4). Im-
mune complexes were captured with Dynabeads™ Protein G
(Thermo Fisher, #10003D), washed with wash buffer (200
mM NaCl, 50 mM HEPES pH 8.0, 1 mM EDTA, 0.5%
NP-40), eluted in Laemmli sample buffer, and analyzed by
SDS-PAGE and immunoblotting as described below. Input
samples were processed in parallel. Detailed lysis conditions,
antibody amounts, bead volumes, and wash parameters are
provided in the Supplementary data.

Immunoblotting of co-IP samples and total cell
lysates

Whole-cell lysates were prepared in non-denaturing lysis
buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 5 mM EDTA,
0.5% NP-40) supplemented with 1x Halt™ Protease In-
hibitor Cocktail, EDTA-free (Thermo Fisher, #78439) and
1x Halt™ Phosphatase Inhibitor Cocktail (Thermo Fisher,
#78427), and clarified by centrifugation. Protein concentra-
tions were determined by BCA assay (Pierce™ BCA Protein
Assay Kit, #23225). An equal amount of protein or input
and bound fractions from co-IP experiments were resolved
by SDS-PAGE and transferred to nitrocellulose membranes
(VWR, #10600003). Membranes were incubated with pri-
mary antibodies overnight at 4°C, followed by an hour in-
cubation with HRP-conjugated secondary antibodies at room
temperature. Antibodies used and their dilutions are listed in
Supplementary Table S4. Signals were detected with enhanced
chemiluminescence (Bio-Rad, #1705061) and imaged with a
UVITEC ChemiDoc system. More details are in the Supple-
mentary data. Immunoblot signal intensities were quantified
with Image], and band intensities were normalized to the in-
dicated controls.

Immunofluorescence and proximity ligation assay

Cells were grown on glass coverslips, fixed with 4%
paraformaldehyde (Thermo Scientific, #]61899), and perme-
abilized with 0.2% Triton X-100. Immunofluorescence was
performed as previously described [21]. The proximity liga-
tion assays (PLA) were performed as previously described [48]
with the Duolink® Iz Situ PLA system (Sigma—Aldrich). Pri-
mary and secondary antibodies are listed in Supplementary
Table S4. Confocal images were acquired with a Zeiss LSM

780 microscope with a 63 x oil-immersion objective (NA 1.4).
Raw image processing was performed with Fiji/lmage] [49],
and PLA signal quantification with the Particle Analysis plu-
gin in Fiji/lmage]. Data were obtained from 3—4 independent
biological replicates per condition, with variable numbers of
nuclei analyzed per replicate. Statistical significance was as-
sessed with Kruskal-Wallis tests followed by Mann—Whitney
post-hoc tests with Holm correction against the control condi-
tion. More detailed information is available in Supplementary
data.

MS2-MCP tethering assay experimental method
HEK293T cells were co-transfected with plasmids encoding
MCP-tagged full-length ADAR proteins, deletion mutants, or
GEFP control, together with the pmirGLO-MS2 stem-loop re-
porter, with Lipofectamine™ 3000 (Invitrogen, #1.3000015)
according to the manufacturer’s instructions. After 18-20 h,
cells were harvested for immunoblotting or lysed in TRIzol for
RNA analysis. For knockdown experiments, cells were trans-
fected with 30 nM siRNAs (Eurofins) targeting EXOSC3,
DIS3L2, or scrambled control (Supplementary Table S3) with
Lipofectamine™ RNAiIMAX (Invitrogen, #13778075). Ap-
proximately 30 h later, cells were co-transfected with MCP-
tagged constructs and the reporter plasmid with Lipofec-
tamine™ 3000. Cells were harvested 18 h after plasmid trans-
fection for immunoblotting and RNA analysis. Immunoblot-
ting was performed as described above, and antibodies are
listed in Supplementary Table S4.

Dual-luciferase reporter assay

Firefly and Renilla luciferase activities were measured with
Dual-Glo® Luciferase Assay System (Promega, #E2920) ac-
cording to the manufacturer’s instructions. Firefly activity was
normalized to Renilla activity within each biological replicate
and then to GFP control. Data are presented as mean + SEM
from at least three independent biological replicates per con-
struct.

RNA extraction, cDNA synthesis, and quantitative PCR
Total RNA was extracted with TRIzol reagent
(Sigma—Aldrich, #T9424) according to the manufacturer’s
instructions. Extracted RNA was treated to minimize plasmid-
derived DNA contamination as described in Supplementary
data (LiCl precipitation and Turbo DNase digestion with
subsequent precipitation). Reverse transcription was per-
formed with RevertAid Reverse Transcriptase Kit (Thermo
Fisher Scientific, #£P0442) with oligo(dT) primers. Quanti-
tative PCR (qPCR) was performed on a LightCycler® 480
Instrument II (Roche) with SYBR Green chemistry. Reac-
tions contained 10 ng of ¢cDNA and gene-specific primers
(listed in Supplementary Table S2). Relative RNA levels
were calculated with the comparative Ct method (2~ AACt)
and normalized to Renilla luciferase mRNA. Statistical sig-
nificance was assessed with Welch’s ANOVA followed by
Games—-Howell post-hoc tests against the GFP control in
RStudio [50, 51].

Analysis of pre-rRNA processing in ADAR-depleted
cells

Pre-rRNA processing of low-molecular-weight species was an-
alyzed by northern blotting. Total RNA (5 pg) was dried
and resuspended in acrylamide loading dye (50% v/v for-
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mamide, 20 mM EDTA, 0.025% w/v xylene cyanol, 0.025%
w/v bromophenol blue). Samples were separated on 8%
polyacrylamide/1x TBE gels for 4 h at 350 V. RNA was
transferred to nylon membranes (GE Healthcare, RPN203B)
by electrotransfer in 0.5x TBE. Membranes were prehy-
bridized for 1 h at 65°C in hybridization buffer (50%
v/v formamide, 5x SSPE, 5x Denhardt’s, 1% w/v SDS,
200 pg/ml salmon sperm DNA; Roche, 11467140001). Pre-
rRNA processing of high-molecular-weight species was an-
alyzed by northern blotting after separation of total RNA
in 1.2% formaldehyde/agarose gels, migrated for 16 h at 60
V. A 32P-labeled oligonucleotide probe (LD2079: GGGGC-
GATTGATCGGCAAGCGACGCTC; or LD1827: CCTCGC-
CCTCCGGGCTCCGTTAATGATC) was generated with T4
polynucleotide kinase (NEB, M0201S) according to the man-
ufacturer’s protocol. Membranes were hybridized with the
probe for 1 h at 65°C, followed by overnight incubation at
37°C. After washing in 3 x SSC, membranes were exposed to
phosphorimaging plates (Fujifilm). Signal quantification was
performed with a Fujifilm FLA-7000 phosphorimager and
MultiGauge software (Fujifilm).

Analysis of rRNA 2’-O-methylation levels by RiboMeth-seq

RiboMeth-seq was performed as described in [52]. A total of
150 ng of total RNA was used per reaction.

Statistical analysis and visualization of the data

All graphical data visualization in this manuscript was made
with RStudio (v. 2022.07.2 4+ 576 with R v. 4.2.2). Graphical
abstract and schemes displayed in some figures was made with
BioRender. Relevant statistical tests are indicated.

Results

Overlapping stable ADAR interactomes highlight
interactions with the RNA exosome complex and
nucleolar proteins involved in ribosome biogenesis

ADAR2, one of the two catalytically active ADAR RNA edit-
ing enzymes, is detected across multiple tissues, with peak
of expression in neuronal and vascular tissues, and is lo-
calized at the subcellular level in the nucleus with nucleo-
lar enrichment (for review [10]). Various editing regulators
[53] and a BiolD-based proximity-labeling study [20] out-
lining the protein network in the vicinity of ADAR2 have
been previously described. However, proximity-labeling ap-
proaches capture spatially proximal proteins and do not
distinguish stable ADAR2-containing complexes from tran-
sient or indirect associations. In addition, although affinity-
purification mass spectrometry (AP-MS) has previously been
used to identify candidate ADAR2-associated proteins, these
studies were primarily focused on identifying specific regu-
lators of RNA editing activity, such as DHX9 [23], rather
than defining a comprehensive, high-confidence ADAR2
interactome.

To systematically define stable ADAR2-associated proteins,
we performed strep-tag affinity purification followed by label-
free LC-MS/MS (see the “Materials and Methods™ section).
To accomplish this, we generated doxycycline-inducible Flp-
In™ 293 T-REx cells (henceforth referred to as 293 T-REx)
expressing ADAR2 with Strep II-HA tags at the N-termini
(SHN). Bait recovery was robust (Supplementary Fig. S1A).
HCIs were defined with SAINT [44] and CRAPome [45] fil-
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tering criteria, as described in the “Materials and methods”
section. These filtering steps yielded 107 HCIs of ADAR2 in
total out of 601 detected proteins (Supplementary Fig. S1B
and Supplementary Table S1). Of these, 31 ribosomal pro-
teins were excluded from comparative analysis because of
their small size and highly charged nature, making it quite
difficult to know if they are bona fide partners or not. How-
ever, it is likely that they are true interactors, considering the
remarkable diversity of enriched ribosome assembly factors
and nucleolar proteins with ADAR2 (Fig. 1C, see all interac-
tors displayed in the center). Cross-referencing the ADAR2
HCI set with BioGRID [54], IntAct [55], and the published
ADAR?2 BioID dataset [20] recovered 53 previously reported
interactors and 23 novel interactors were revealed by our AP-
MS analysis (Fig. 1A).

The other catalytically active A-to-I enzyme in human cells
is ADAR1. To assess whether the two ADAR proteins share
components of their protein complexes, we compared the ob-
tained ADAR2 HCI set with curated ADART interactions
from BioGRID and IntAct databases, as well as with the pub-
lished ADAR1 AP-MS interactome [21]. Note that we com-
pared the ADAR1p110 and ADAR1p150 isoforms separately
while combining DDA and DIA as in the original report. Of
the 76 ADAR2 interactors, 61 were shared with the combined
ADART isoforms’ datasets, whereas 15 HCIs were unique to
ADAR?2 (Fig. 1B). Similar conclusions were reached when the
ADART1 data were stratified by acquisition method (DDA ver-
sus DIA; Supplementary Fig. S1C). The substantial overlap is
consistent with their shared nuclear localization, dsSRNA bind-
ing capacity, and roles in RNA editing.

We next constructed a physical protein—protein interaction
network of the ADAR2 HCI set with STRING [56] and vi-
sualized it in Cytoscape [47], which identified three distinct
clusters (Fig. 1C and Supplementary Fig. S1D). In this analy-
sis, node size reflects ADAR2-normalized spectral counts, blue
node outlines mark proteins also detected with ADAR1, and
node fill distinguishes previously reported from novel ADAR2
interactors. The largest cluster, in the center of display com-
prises dozen key ribosome biogenesis factors and nucleolar
proteins (e.g. NOP2, DDX24, RRP12, etc.). The second clus-
ter (right) contains a mix of proteins, including zinc finger
motif proteins and CRD-mediated mRNA stabilization pro-
teins that have the highest spectral counts and are thus the
most abundant interactors, and include well-known ADAR
interactors, such as ILF2/ILF3, ZFR, and DHX9. Remark-
ably, a third cluster to the left is formed by multiple subunits
of the RNA exosome complex. In total, all nine core exo-
some components were detected with our approach, of which
four subunits of the core—EXOSC2, EXOSC3, EXOSC5, EX-
OSCS8, and the ribonuclease EXOSC10—passed HCI filtering
(Supplementary Fig. S1E). Among these ADAR2 HClIs, four
subunits—EXOSC2, EXOSC3, EXOSCS5, and EXOSC8—
have not previously been annotated as ADAR2 interactors.
However, these proteins were reported as ADART interac-
tors as indicated by blue node outline, suggesting that both
ADAR1 and ADAR2 associate with components of the RNA-
turnover machinery. Consistent with this, EXOSC10, the pro-
cessive exoribonuclease of the RNA exosome, has been repeat-
edly observed on ADAR-centric interaction maps [20, 21, 22],
supporting the notion that the ADARs and RNA exosome in-
teract robustly.

Collectively, these data establish a stable, high-affinity in-
teractome of ADAR2 in 293 T-REx cells that substantially
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Figure 1. Cross-dataset support for the ADAR2 interactome and network context. (A) UpSet plot summarizing overlap of ADAR2 AP-MS HCls (this
study) with reference resources, including two databases (IntAct and BioGRID) and a proximity-labeling dataset (BiolD). Bars show the number of
proteins in each exact intersection (dot matrix below); mint-colored bars mark intersections that include A2 AP-MS, and light peach bars denote proteins
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overlaps with the interactome of ADAR1, which is enriched
for components of the RNA exosome degradation com-
plex, key ribosome biogenesis components, and nucleolar
proteins.

ADAR-exosome interactions withstand RNase A
treatment but are eliminated by dsRBD mutations

Next, we validated the interaction between ADARs and the
RNA exosome components. Doxycycline-inducible 293 T-
REx lines expressing either GFP, ADAR1p110, ADAR1p150,
or ADAR2, each having an SHN epitope tag, were treated with
doxycycline for 24 h prior to HA epitope tag-mediated co-
immunoprecipitation, and interacting partners were identified
by immunoblotting. To achieve a comparable signal across the
different ADAR baits, the amounts of protein were adjusted.
Co-IP of ADAR1p110, ADAR1p150, and ADAR2 precipi-
tated the exosome components EXOSC3, EXOSC8, and EX-
OSC10, the exosome-associated helicase hMTR4, and known
interactors of both ADAR1 and ADAR2: DHX9 [23], ILF2
[20, 57], ILF3 [20, 57], as well as ADAR1 interactor hn-
RNPC1/2 [21] (Fig. 2 and Supplementary Fig. S2). To test
whether the interactions between ADARs and RNA exosome
components are bridged by a long RNA molecule, lysates
were pre-treated with RNase A for 1 h prior to co-IP (Fig.
2A and Supplementary Fig. S2A and C). Replicate-compiled
heatmaps (values normalized to the GFP IP control; replicate
number indicated in brackets) showed comparable enrich-
ment of RNase treatment to untreated samples across tested
RNA exosome components, with no systematic loss in signal
intensity (Fig. 2A, left). Similar to the RNA exosome com-
ponents, following RNase A digestion and co-IP, previously
published interactors of ADARs, including ILF2, ILF3, and
DHX9, appear to be largely unaffected. In contrast, interac-
tion of either ADAR1 or ADAR2 with hnRNPC1/C2 was lost,
consistent with hnRNPC1/C2 binding to long single-stranded
RNA, providing a technical control for RNase digestion ef-
ficacy. Representative blots illustrating these interaction pat-
terns are shown (Fig. 2A, right and Supplementary Fig. S2A
and C). These data implied that the ADAR-exosome inter-
actions were largely RNase A-resistant, consistent with ei-
ther protein-protein contacts or bridged via short/structured
dsRNA fragments that persisted after RNase A digestion [58]
(Supplementary Fig. S2B).

Taking this into consideration, we further tested if dSSRNA-
binding-deficient forms of ADARs would interact with RNA
exosome components or not. Doxycycline-inducible 293 T-
REx cells were generated to express individual ADAR1
and ADAR2 dsRNA-binding-deficient mutants [59]. In both
ADAR1 and ADAR2, conserved lysine residues within the
dsRBDs contact the phosphate backbone of dsRNA, and
their substitution disrupts dsSRNA binding and catalytic activ-
ity [59]. For ADAR1, we employed the previously described
EAA substitutions within all three dsRBDs (K—E/A), and
for ADAR2, we generated a dsRNA-binding mutant hav-
ing point substitutions in each dsRBD as described in the
“Materials and methods” section. Introducing mutations into
the dsRBDs of ADAR1p110 and ADAR1p150 or ADAR2
resulted in a complete loss of interaction of all tested ex-
osome components—EXOSC3, EXOSCS8, and EXOSC10—
hMTR4, and known ADAR-interacting proteins, as shown in
the heatmaps and representative immunoblots (Fig. 2B and
Supplementary Fig. S2D and E). This behavior is consistent
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with previous observations of a complete loss of stable in-
teractions, of changes in the proximal protein network, and
of changes in the subcellular localization of ADAR1 dsRNA-
binding mutants [21].

Altogether, these results indicate that although ADAR1 and
ADAR?2 interaction with the RNA exosome components does
not depend upon a long RNA molecule, ADAR-dsRNA bind-
ing capacity is essential for the formation of these protein in-
teractions.

Reciprocal co-IPs reveal endogenous ADAR-RNA
exosome complexes in HeLa and HEK293T cells

To determine whether the interactions observed with the
overexpressed ADAR enzymes are detectable at endogenous
ADAR expression levels and conserved across different cellu-
lar backgrounds, we performed reciprocal co-IPs in two dis-
tinct human cell lines: HEK293T and HelLa. First, we co-
IPed either endogenous ADAR1 with an antibody that rec-
ognizes both the ADAR1p150 and ADAR1p110 isoforms or
endogenous ADAR2. The RNA exosome components EX-
0OSC3, EXOSC8, and EXOSC10, the helicase hMTR4, and
the known ADAR1 and ADAR2 interactors DHX9, ILF3,
and hnRNPC1/C2 were all detected by immunoblotting, con-
firming interaction (Fig. 3A and Supplementary Fig. S3A). A
compiled heatmap of replica experiments with values nor-
malized to the IgG co-IP control, shows that in both cell
lines ADAR1 and ADAR2 robustly co-IPed EXOSC10 and
hMTR4 with consistent enrichments relative to controls. In-
teractions with EXOSC3 and EXOSCS8 were generally diffi-
cult to obtain (Fig. 3A and B). The mean values of EXOSC3
and EXOSCS8 were slightly higher for ADART1, but similar
to IgG control for ADAR2. This could be due to the smaller
protein sizes of these exosome subunits and their proximity
to the strong immunoblot signals from the heavy and light
chains of antibodies, which hindered their detection. Another
possible explanation is that, although we detected EXOSC3
and EXOSC8 as HCIs, the amount of ADAR proteins in-
teracting with them is lower than that with EXOSC10 and
hMTR4.

We also performed the reciprocal co-IPs, where endogenous
RNA exosome subunits were co-IPed and bound fraction was
analyzed for the presence of endogenous ADAR1 and ADAR2
(Fig. 3B and Supplementary Fig. S3B). As with the ADAR co-
IP experiments, a rabbit IgG isotype served as a negative con-
trol, and endogenous DHX9 was included as a positive con-
trol for ADAR1 interactors. As seen on the heatmap and repre-
sentative immunoblots, co-IP with RNA helicase hMTR4 and
the two exosome components EXOSC10 and EXOSC9 effi-
ciently recovered both isoforms of endogenous ADAR1 and
ADAR?2 in both cell lines. We also observed strong mutual co-
IP among exosome components, validating efficient detection
of the protein complex.

Across both cell lines, ADAR1p110 and ADAR2 showed
strong and largely comparable enrichments with RNA ex-
osome components. By contrast, the ADAR1p150 isoform
was detectable with weaker enrichment, which likely reflects
its lower expression under non-IFN conditions and/or a bias
toward exosome interactions occurring in the nuclear com-
partment. Together, these co-IP experiments support a rel-
evant physiological association between endogenous ADAR
proteins and RNA exosome components in two different cell
lines.

920z |udy $Z uo Jasn assebe |oeydey Aq 9691998/18£6ex6/8/1G/0101ue/1eu/w oo dno ojwapeoe//:sdyy woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data

8  Vukic et al.

A A No digestion RNase A digestion
g A1 A1 A1l A1
B GFP p150 p110 A2 GFP p150 p110 A2

1.0 76

| 75
(4/5) | (415)

10 | 94
hMTR4 (/5) | (4/5)

10 | 95
(5/5) | (5/5)

EXOSC10 | 1% &2

13.1

10 | 22 [SITSEEESON (10 | 49
EXOSC3 (4/5) | (4/5) | (4l5)  (4/5) || (4/5) | (4/5) (4/5)

10 | 39 [MH02NHON | 10 | 42 | 70 [Fo1
EXOSC8 (25) | (215) | (2/5) (2/5) || (2/5) | (2/5) | (2/5) @ (2/5)

10 [167 | 69 | 64 || 10
DHX9 (35) | (3/5)  (3/5) | (3/5) || (3/5)

29 | 92
(3/5) | (3/5)

10 | 18 | 7.8
(4/5) | (4/5) | (4/5)

ILF3(NF90) s, we) | we

1.0 | 53 1169 EEE
(@/5) | (4/5) | (415) WCIE)

ILF2 (NF45) 2 c¢ 28

1.0 46 3.8 6.6 1.0 1.2 1.0 0.8
hnRNPC (5/5) | (5/5) | (5/5) | (5/5) (5/5) | (5/5) | (5/5) | (5/5)

1.0 1.6 4.6 6.0 1.0 25 6.6 9
HA'tag (5/5) | (5/5) | (5/5) | (5/5) (5/5) | (5/5) | (5/5) | (5/5)

B | Wild-type dsRNA-binding
o proteins mutants
o
< A1 A1l Al A1
B | GFP p150 p110 A2 p150 p110 A2
1.0 60.6 1.4 24 0.6
h MTR4 (3/14) (3/14) [ (3/14) (3/14) (3/14)
1.0 46.2 1.1 1.2 0.7
EXOSC10 (4/4) (414) (414) | (414) | (414)
1.0 . 15.6 04 0.5 0.2
Exoscs (4/4) (4/4) (4/4) (4/14) (4/14)
1.0 60.3 0.9 34 1.2
EXOSC8 (3/4) (3/4) (34) | (34) | (34)
1.0 6 6 0.9 1.2 0.5
D ng (4/4) 4/4 4/4 (4/4) (4/4) (4/4)
1.0 8 5.3 0.3 14 0.3
I LF3(N F11 0) (3/4) 4 (3/4) 4 (3/4) | (3/4) | (3/4)

1.0 24 10.5 49.9 0.2 0.9 0.2
ILF3(NF90) (3/4) (3/4) (3/14) 4 (3/4) (3/4) (3/14)

1.0 6 9.4 9 16 | 25 | 07
hnRNPC @) NCW (a4) WCT @4y | @4y | (a4

10 | 08 | 18 | 15 06 | 09 | 10
HA'tag @4y | @) | (ad) | @m) || @@y | @4y | (@)

Input HA tag:co-IP

o o o o

o o
T Zwo =D 8
resfes fosy |3
[ORS O RS = - UE b 4 ¢ |
RNase A : - - - -4 + + + 1B )
170
”":l—-!- — | hMTR4 (118 kDa)
3°‘|"".' | EXOSC3 (-30kDa)
42—!--.- - _I ILF2 (~45 kDa)
170— -
130 — -
8 & « | m. HA-tag
30 .-_ LT
130—§
P bl ‘| EXOSC10 (~100 kda)
170=— = -
130—] Y -
»1____=  =Im.HAtag
30— - -

Input HA tag:co-IP
WT  Mut. WT  Mut.

oo oo oo oo 8
= oo 58 T2 5

0oss 5o 0%5e BB

LeeN~—ANL =N~ | B

OO —
235
170
B et e hMTR4 (~118 kDa)
42
w—|mnane EXOSC3 (-30kDa)
130 — — —
9| - = ILF 3 (~90 & 110 kDa)
170 = — 2 B
- IR
93— - - -|r. HA-tag
2
30— -
130 —
a—-{ "SE=aNNe ==~ EXOSC10 (~100 kpa)
170 = —
130 — - . -
93— an -
. ~ |r. HA-tag

-

30—

Figure 2. Proximal interactions between ADARs and exosome components depend on ADAR dsRNA-binding. (A) An interaction proximity validation with
RNase A treatment. Left, heatmaps; right, representative immunoblots. Total lysates were treated with RNase A for 1 h at 4°C (+RNase A) or left
untreated, then subjected to 1 h anti-HA co-IP (B) ADAR dsRNA-binding requirement for interaction. As in panel (A), but with WT ADAR1/ADAR2 and
dsRNA-binding mutants (Mut.). In both panels, doxycycline-inducible 293 T-REx cells expressing Strepll-HA-ADARs (A1p110, A1p150, and A2) or
GFP-Strepll-HA (control) were used. Heatmap tiles show GFP-normalized enrichment of the bound fraction (value printed in the tile); numbers in
parentheses indicate detection frequencies across replicates. Palettes: red tiles denote novel interactors; blue tiles denote previously reported ADAR
interactors. Inputs = 1% of lysate; bound lanes contain one-half of the eluate. Blots were probed for exosome components and known ADAR partners;
HA reports bait recovery (mouse or rabbit anti-HA, as indicated), and the predicted molecular weights (kDa) are shown in brackets. See

Supplementary Fig. S2 for additional details.

ADARs and RNA exosome components are in close
proximity in the nucleus

Collectively, the affinity-tagged co-IPs (Fig. 2) and the en-
dogenous co-1Ps (Fig. 3) indicate interaction between ADARs
and the RNA exosome that likely occur in the nucleus. To
establish the subcellular localization of the ADAR-exosome
interactions, we performed PLA [60]. For ADAR1 PLA ex-
periments, antibodies recognizing endogenous ADART1 or en-

dogenous RNA exosome components EXOSC8, EXOSC9,
EXOSC10, or hAMTR4 and DHXY were used (Fig. 4A, top).
In this assay, proximal localization (<40 nm) of the tar-
gets allows for the generation of distinct fluorescent foci.
Dual-antibody PLA yielded robust nuclear puncta for ADAR1
with each tested RNA-exosome protein (Fig. 4A, bottom and
Supplementary Fig. S4). Negative controls with no primary
antibody or matched IgG were at background level, whereas
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Figure 3. ADARs interact with RNA exosome components at the endogenous level. (A) Co-IP of endogenous ADARs. Lysates were co-IPed with
anti-ADAR1 or anti-ADAR2 and probed for RNA-exosome subunits hMTR4, EXOSC10, EXOSCS3, and EXOSC8 and known ADAR partners DHX9, ILF3,
and hnRNPC. Left, quantitative heatmaps; right, representative immunoblots. (B) Reciprocal co-IP of RNA exosome components. Co-IPs with antibodies
to hMTR4, EXOSC10, EXOSC9, and DHX9 were probed for ADAR1 and ADAR2. Heatmaps and blots are shown as in panel (A). Quantification and
loading. Heatmaps report IgG-normalized intensities of the bound fraction (value in each tile); the fraction in parentheses indicates detection frequency
across replicates; gray = not assayed. The color scale reflects enrichment, with red = novel interactors and blue = previously reported interactors.
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predicted molecular weights (kDa) are shown in brackets. See Supplementary Fig. S3 for additional details.

the known ADAR1 interactor DHX9 produced abundant
puncta, demonstrating assay specificity. Signals were predom-
inantly nuclear as they were in DAPI-positive regions with
minimal cytoplasmic staining, consistent with the subcellu-
lar distribution of ADARs and the exosome in the absence
of IFN. Quantification confirmed a significant increase in foci
per nucleus for the dual-antibody conditions versus controls
(Fig. 4B). Among targets, EXOSC10 showed the highest mean
foci per nucleus; DHX9, EXOSC9, and hMTR4 were strongly
elevated, whereas EXOSCS8 showed a moderate increase—a
trend in agreement with the co-IP results.

In parallel, we investigated ADAR2 proximity to the RNA
exosome complex. As multiple antibodies against endoge-

nous ADAR2 lacked sufficient specificity in our hands, we
generated doxycycline-inducible HeLa T-REx cells express-
ing SHN-ADAR2 WT protein (Fig. 4C, top). Upon induction,
ADAR?2 localized predominantly to the nucleus with nucleo-
lar enrichment, as expected [11, 14] (Supplementary Fig. S4B).
Proximity validation was performed with anti-HA to de-
tect epitope-tagged ADAR2 together with antibodies against
endogenous RNA-exosome components, EXOSC9 and EX-
OSC10, or the known ADAR?2 interactor ILF3 (Fig. 4C, top).
Upon doxycycline induction, SHN-ADAR2 produced robust
PLA signals with EXOSC10, EXOSC9, and ILF3 (Fig. 4C,
bottom and Supplementary Fig. S4C). The number and in-
tensity of PLA foci varied between targets and even between
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Figure 4. Nuclear proximity of ADAR proteins and RNA exosome components. (A) Top, schematic of the colocalization for ADART and exosome with
PLA. Created in BioRender. O'Connell, M. (2026) https://BioRender.com/gnquldo. Hela cells were stained with ADAR1-specific and
RNA-exosome-specific antibodies. Bottom, representative microcopy images of Duolink PLA in HelLa between endogenous ADAR1 protein and RNA
exosome components, as shown in panel (A). Nuclei are stained with DAPI (blue) and positive interaction is represented with PLA foci (green). Individual
channels are shown in grayscale for better visualization; scale bar, 10 um. Negative controls included no primary antibody or the matched IgG. Additional
microscopic images are provided in Supplementary Fig. S4A. (B) Quantification of panel (A): PLA puncta per nucleus (each dot = one nucleus). Counts
were obtained in ImageJ (Particle Analysis). Statistics: Kruskal-Wallis followed by Mann-Whitney tests with Holm correction (xx#%P < .0001). Biological
replicates n = 3-4; >50 cells per condition. “CTRL" combines the two negative controls. (C) Top, schematic for the ADAR2 PLA. HelLa T-REx cells
expressing Strepll-HA-ADAR2 were induced 24 h before PLA and stained with mouse anti-HA plus antibodies to exosome subunits. Created in
BioRender. O'Connell, M. (2026) https://BioRender.com/gnquldo. As in panel (A), with tagged ADAR2 versus endogenous exosome components in HelLa
T-REx cells. Representative images; scale and staining information as in panel (A). Further details are provided in Supplementary Fig. S4C.

nuclei on the same slide, from a few puncta to densely labeled
nuclei, in all cases indicating strong level of interaction in the
nucleus.

The variation in foci number detection likely reflects differ-
ences in ADAR2 expression under doxycycline induction or
simply the inherent stochastic variability associated with effi-
cient initial priming in PLA (Supplementary Fig. S4B).

In summary, ADAR1 and ADAR?2 reside in close proximity
to hMTR4 and multiple RNA exosome subunits in the nu-
cleus, validating the co-IP results and supporting a robust as-
sociation between ADARs and the RNA exosome in cells.

ADAR dsRNA-binding domains are required for
interactions with RNA exosome components

To delineate regions of ADARs required for interaction with
RNA exosome components, we expressed a series of SHN-
tagged deletions of ADAR1 or ADAR2 and performed HA
epitope-tagged co-IP, followed by immunoblotting for the
RNA exosome components EXOSC3, EXOSCS8, and EX-
0OSC10, as well as hMTR4, and known interactors of ADARs
such as DHX9, ILF2, and ILF3 (Fig. 5 and Supplementary
Fig. S5). Heatmaps for ADAR1 (Fig. SA, left) and ADAR2
(Fig. 5B, left) summarize mean signal intensities obtained
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Figure 5. ADAR dsRBD domains are required for RNA exosome interaction. (A) Left, domain cartoons of the ADAR1 expressing plasmids used for
co-IPs. Middle, heatmap summarizing co-IP signals for indicated preys (IB). Values are the mean signal normalized to the ADAR1p110-expressing plasmid
and fractions in parentheses indicate contributing replicates (e.g. 2/3). Color gradient corresponds to the fold change (red-RNA exosome components
and blue-known ADAR interactors). Right, representative cropped immunoblots of HA-tag co-IP from transiently transfected HEK293T showing inputs
and anti-HA co-IPs probed with the indicated antibodies (IB); their predicted molecular weights (kDa) are shown in brackets an anti-HA blot confirms bait
recovery. Created in BioRender. O'Connell, M. (2026) https://BioRender.com/gnquldo. (B) Left, domain cartoons of the ADAR2-expressing plasmids used
for co-IP Middle, heatmap as in panel (A), with values normalized to plasmid expressing full-length ADAR2. Replicate counts are shown in parentheses
for each tile and color gradient as in panel (A). Right, representative cropped immunoblots of HA-tag co-IP from doxycycline-induced HEK293 T-REx
stable cell lines showing inputs and anti-HA co-IPs probed with the indicated antibodies (IB); an anti-HA blot confirms bait recovery. Conserved domains
for ADAR1 and ADAR2 are shown in different colors: ZDNA/RNA-binding domain (ZBD), dsRNA-binding domains |-l (dsRBDs), deaminase domain (DD),
and nuclear localization signal (NLS) of ADAR1T are shown as two red lines overlapping dsRBD Ill, and NLS of ADAR2 is shown as two black lines at
N-terminus; nuclear export signal (NES) found in ADAR1p150 is in gray. Created in BioRender. O'Connell, M. (2026) https://BioRender.com/gnquldo.

across all biological replicates normalized to the nuclear full-
length bait, such as ADAR1p110 for the ADAR1-expressing
plasmids or full-length ADAR2 for the ADAR2-expressing
plasmids. Importantly, ADAR1’s localization is determined
by an NES at the N-terminus and a bimodular NLS over-
lapping the dsRBD III, which are depicted on the schemat-
ics as a gray rectangle and two red lines, respectively.
Thus, ADAR1p150 WT, A(dsRBDs + DD), A(DD), and

A(Zo+ZB+dsRBDs) are expected to have predominantly a
cytoplasmic localization, while the remainder of the plasmids
expressing ADAR1p110 WT, A(Za+DD), A(Za+Zp+DD),
A(Za+ZB),and A(Za+Zp+dsRBDI-II) are expected to have
a nuclear localization. On the other hand, ADAR2 localization
is determined by an N-terminal NLS consisting of two highly
conserved basic clusters, represented as black lines in the fig-
ure. So, the ADAR2-expressing plasmids A(NLS), A(NLS +
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dsRBDI), and A(NLS + dsRBDs) are expected to have a cy-
toplasmic localization, while the ADAR2 WT, A(DD), and
A(dsRBDII + DD) are expected to localize to the nucleus.

The minimum ADAR1 domain that interacts with the RNA
exosome subunits and known interactors with minimal loss is
the dsRBD III domain, in combination with other dsRBDs or
the deaminase domain (Fig. SA). This includes the following
plasmids expressing A(DD), A(Zx+DD), A(Za+Zp+DD),
AZo+ZB), and A(Zax+ZB+dsRBDI-II). By contrast, all
tested interactors showed marked reductions in interaction
with ADART1 plasmids lacking the dsRBD III region and the
NLS [A(dsRBDs + DD) and A(Za+ZpB-+dsRBDs)]. Inter-
estingly, while there was an effect on interaction with the
RNA exosome components when dsRBD I-II were absent
[A(Za+ZB+dsRBDI-I)], this was stronger for known in-
teractors ILF3 and ILF2. A similar pattern was observed
for ADAR2 (Fig. 5B). Plasmids expressing dsRBD I with
the N-terminal NLS retained strong recovery of EXOSC10,
EXOSC8, EXOSC3, and MTR4. These include A(DD) and
A(dsRBDII + DD)-expressing plasmids. Whereas the removal
of the N-terminal segment harboring the NLS alone or in
combination with the loss of dsRBDs [A(NLS), A(NLS +
dsRBDI), and A(NLS + dsRBDs)] substantially diminished
the RNA exosome signal. Loss of the ADAR1 or ADAR2
dsRNA-binding regions markedly reduced co-IP of ILF3 and
ILF2, consistent with their RNA-bridged association with
ADARSs as reported in prior studies [20, 57]. This data indi-
cates that the interaction between ADARs and components of
the RNA exosome depends on dsRNA-binding and is influ-
enced by nuclear localization of ADAR proteins.

Depletion of EXOSC3 suppresses the reduced
reporter RNA levels in an MS2-MCP tethering
assay that is ADAR-mediated

The MS2-MCP tethering system specifically recruits an MCP-
tagged protein of interest to MS2 stem-loops that can, for ex-
ample, be inserted into the 3" UTR of a reporter construct
to assess effects on mRNA metabolism [61, 62]. Such a sys-
tem has been widely used to track mRNA life cycle events
[63, 64], including for testing the effect of factors on mRNA
stability and translation [65, 66]. To determine whether teth-
ered ADARs modulate reporter’s RNA stability or activity, we
fused ADAR1p110, ADAR1p150, ADAR2, and their deletion
variants in-frame with MCP that binds to MS2 hairpins in the
3’ UTR of a firefly luciferase reporter (Fig. 6A). Importantly,
fusing MCP to the N-terminus of ADARs did not affect their
editing activity as measured with an A-to-I-editing-dependent
NanoLuc reporter [67] (Supplementary Fig. S6A), nor their
subcellular localization (Supplementary Fig. S6B), nor protein
stability and abundance (Supplementary Fig. S6C and D).
HEK293T cells were transiently co-transfected with
ADAR-MCP constructs and the mirGLO reporter plasmid.
After the incubation period (18-20 h), we quantified Fire-
fly and Renilla reporter mRNA by RT-qPCR and measured
enzyme activity with the Dual-Glo® luciferase assay. The in-
troduction of ADAR1p110 or of ADAR2 caused a signifi-
cant reduction in both luciferase reporter mRNA levels (Fig.
6B and C, qPCR) and luciferase activity (Fig. 6B and C,
Dual-GLO luciferase assay) relative to GFP, consistent with
tethering-induced mRNA decay. The minimal domain that re-
tained strong repressive activity at levels comparable to their
full-length counterparts were the dsRBDs with the Zf for

ADART1 (Fig. 6B) and the dsRBDs with the NLS for ADAR2
(Fig. 6C). ADAR1-MCP constructs with the NLS reduced lu-
ciferase reporter mRNA, whereas those also containing the
NES were less effective, indicating the nuclear effect on re-
porter repression (Fig. 6B). In most cases, luciferase activity
mirrored changes in mRNA abundance, with two interesting
exceptions. In ADAR1p150, the A(DD) construct, lacking the
deaminase domain, but retaining Za and NES, showed a sig-
nificant decrease in activity without a corresponding reduc-
tion in mRNA levels (Fig. 6B). The same effect was not ob-
served for ADAR1p110 and A(Za+DD) constructs, both of
which are located in the nucleus (Supplementary Fig. S6B).

In predominantly nuclear ADAR2, the cytoplasmic A(NLS)
variant displayed a similar divergence, reducing luciferase ac-
tivity more strongly than mRNA levels (Fig. 6C). Although
mRNA and luciferase activity generally showed concordant
trends, the overall reduction in protein output was often more
pronounced, especially for constructs encoding variants pre-
dicted to be mostly cytoplasmic; ADAR1p150 versus Alp110,
A(DD) versus A(Za+DD), and A2 versus A(NLS), suggest-
ing that tethered ADARs may also exert translational re-
pression. Finally, full-length catalytically inactive and RNA-
binding-defective mutants all reduced mRNA to a similar ex-
tent as WT, indicating that the effect on reporter is largely
independent of deaminase activity and dsRNA binding via
the dsRBDs (Supplementary Fig. S6E). Moreover, IFN in-
duction, which upregulates the ADAR1p150 isoform, did
not alter the outcome when compared with untreated cells
(Supplementary Fig. S6E).

To test whether the ADAR-dependent reduction in reporter
mRNA levels reflects RNA exosome-mediated decay, we de-
pleted EXOSC3, which is a core exosome subunit, with siRNA
(Fig. 6D). A scrambled siRNA (siCTRL) served as a nega-
tive control. As a further control, we also used siRNA tar-
geting DIS3L2, a 3'— 5’ exoribonuclease that operates inde-
pendently of the RNA exosome [68]. Efficacy of depletion
at 48 h post-transfection was confirmed by immunoblotting
(Fig. 6D, left and Supplementary Fig. S6F). As observed pre-
viously, Firefly luciferase mRNA normalized to Renilla de-
creased upon ADAR1- or ADAR2-MCP tethering in siCTRL
cells and remained decreased in DIS3L2-depleted cells (Fig.
6D, right). In contrast, EXOSC3 depletion significantly sup-
pressed the downregulation of firefly luciferase mRNA level,
indicating that the ADAR-tethering effect on the luciferase re-
porter mRNA is mediated by the RNA exosome.

In summary, the minimum domains of ADARs that match
the effect of full-length proteins are dsRBD III together with
the ZB domain of ADAR1 and dsRBD I of ADAR2. These
domains drive a decrease in firefly luciferase mRNA levels
when artificially positioned on the 3’ UTR via the MS2-MCP
system. This decrease is suppressed when EXOSC3, a core
component of the RNA exosome complex, but not an un-
related enzyme DIS3L2, is depleted, indicating that the teth-
ering of ADARs onto a reporter firefly construct via the
MS2-MCP system results in its degradation by the RNA
€X0some.

ADAR is important for efficient 5.8S rRNA 3'-end
maturation by the exosome and other aspects of
ribosome biogenesis

Having established physical interaction between ADAR
and the RNA exosome, and having provided initial ev-

920z |udy $Z uo Jasn assebe |oeydey Aq 9691998/18£6ex6/8/1G/0101ue/1eu/w oo dno ojwapeoe//:sdyy woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag381#supplementary-data

ADARs and the nuclear RNA exosome complex 13

gPCR —1 Dual-GLO luciferase assay
B 7BDs _dsRBDs ) GFP GFP
aze 1 uom * *
I I
*k i *
oo M- {3 : [ ;
,| acsmension) ik —= - T ————
[ 1 1
§laoo  EOOB ] =i |
= B I
3| a@a+oD) 08 . I & - :
— 1 !
% A@aszp+DD) 00 l " 10 - '
()] 1 1
<| azaze) a4+ - 1 |
1 1 * 1
azarzprosreon ({1 A [ :
1
A(Za+ZB+dsREDS) - 3 1L~ nsi
000 025 050 075 100 125 00 04 08 12
Fold change (Firefly/Renilla) RLU (Firefly/Renilla)
dsRBDs DD GFP GFP
Full length wox *. ] |} ok ?
] I
(]
dekk 1
5| anLs) [ s 1 [t~ .
] 1
< I ;
2| oo T O = G-
] I
A(dsRBDII+DD) . UC ] E. o , ] Dl, wk X
1 l
0.0 05 1.0 15 0.0 05 1.0 15
Fold change (Firefly/Renilla) RLU (Fireﬂy/RéniIIa)
D GFP  A1p110 A2
MCP  MCP  MCP
™ (3] vl
O~ O~ O~
28723832387 . .
T seme ] sere |
2 = | siEXOSC3 A =| siEXOSC3+
15 e | D[S0 g | gl |
75— ~(
s oeren °|sibisaL2 | °|sibisaL2
7] = — - - |EXOSC3 ) ;
- T [&]
75 FLAG 2 <
o T Hspisaz | o spisatz e
48 | l
] GAPDH 00 05 10 15 20 00 05 10 15 20
(36 kDa) Fold change (Firefly/Renilla) Fold change (Firefly/Renilla)
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idence that these interactions are functionally significant
using reporter construct, we next asked whether ADAR
influences an endogenous, exosome-dependent processing
step.

Specifically, we turned to the nucleolus, where ADAR local-
izes together with a very large fraction of its interactors (see
Fig. 1C). We first examined its potential role in the formation
of the 3’ end of 5.8S rRNA, a classical RNA exosome substrate
on which this exoribonuclease complex was originally charac-
terized [37]. The 3’-end maturation of 5.8S rRNA is a multi-
step process involving handover between subunits of the RNA
exosome (depicted as a “Pacman” symbol in Fig. 7A) [69, 70].
Three reference cancer cell lines of distinct tissue origin—PaTu
(pancreas), HeLa (cervix), and A549 (lung)—were treated for
2 days with silencers targeting ADAR1 or ADAR2 mRNAs.
For ADART1, we used both an esiRNA, consisting of a pool
of silencers (ADAR1 #1), and a classical single-target siRNA
(ADART1 #2). For ADAR2, we used a single siRNA (ADAR2
#1). As controls, cells treated with a non-targeting scrambled
siRNA, as well as untreated cells, were included (Fig. 7B).
Total RNA was extracted and analyzed by northern blotting
with a radioactively labeled probe, LD2079, that can detect
all major precursors in the 3’-end processing pathway of 5.8S
rRNA [71]. These include notably the 5.8S + 40 and 7S pre-
rRNA, as well as other metastable intermediates (Fig. 7A).
Upon ADAR depletion, we observed a clear accumulation of
extended forms of 5.8S rRNA, which are natural substrates
of the exosome, most notably the 7S precursor (Fig. 7B and
C). This accumulation was particularly pronounced in PaTu
and A549 cells treated with the ADAR1 esiRNA (ADAR1
#1). Prior to transfer, the denaturing acrylamide gel was
stained with ethidium bromide, revealing the two known
forms of 5.8S rRNA, where the short and long forms dif-
fer by a 7-8 nt 5’ extension, and the 5S rRNA. Despite in-
hibition of pre-rRNA processing, the steady-state levels of
5.8S rRNA were unchanged upon ADAR depletions. Impor-
tantly, the constant levels of 5S rRNA, which is an RNA poly-
merase III transcript, confirmed even loading between samples
(Fig. 7B).

ADAR is enriched in the nucleolus, where it interacts with a
diverse set of key ribosome assembly factors (see Fig. 1C). This
prompted us to investigate more deeply its potential role in
additional steps of ribosome biogenesis. Indeed, we obtained
further evidence supporting a nucleolar function for ADAR,
including subtle but highly reproducible effects on large ri-
bosomal RNA processing (Supplementary Fig. S7A). Analysis
of large pre-rRNA processing alterations upon ADAR knock-
down in the early steps occurring in the 5" external transcribed
spacer (5" ETS), which depend on the SSU-processome. The
SSU-processome is a multi-megadalton nanomachine corre-
sponding to the maturing small ribosomal subunit. It is best
known as the “terminal balls” at the ends of the nascent RNA
polymerase I transcripts on Miller chromatin spreads [72,
73]. Among the species examined, the 34S RNA was partic-
ularly informative. This RNA results from premature cleav-
age within internal transcribed spacer 1 (ITS1), which sep-
arates the 18S and 5.8S sequences of the 47S primary tran-
script (see Supplementary Fig. S7A). Under normal conditions,
processing proceeds sequentially from the 5’ end of the poly-
cistronic transcript, beginning in the 5" ETS at sites 01, A0,
and 1. If cleavage occurs first in ITS1, cells produce the aber-
rant 34S species (depicted in red in Supplementary Fig. S7A).
Interestingly, steady-state levels of 34S vary among cell types:

it is essentially undetectable in PaTu and HeLa cells (mock,
SCR), but readily observed in A549 cells. Under ADAR per-
turbation, the observations can be summarized as follows: (i)
in PaTu cells, detection of 34S upon ADAR2 depletion, which
is accompanied by increased 30S; (ii) in A549 cells, reduction
of 34S is observed upon ADART1 depletion (with both silencers
used); (iii) in HeLa cells, 34S levels are unchanged, but 30S is
increased upon ADAR?2 depletion, similar to what is observed
with PaTu cells. Although these differences are subtle and cell-
type-specific, they are highly reproducible and were observed
in three biological replicates in experiments performed several
months apart (Supplementary Fig. S7A). Altogether, these re-
sults indicate that early pre-rRNA processing is affected by
ADAR.

Lastly, we examined whether ADAR influences the levels
of specific 2’-O-methylations in rRNA. The rationale was
that, if ADARs impact ribosome biogenesis kinetics, as sug-
gested by the pre-rRNA processing alterations described ear-
lier, this could in turn affect the efficiency of 2’-O-methylation
at specific positions, for example by altering the time win-
dow during which a given substrate site is accessible. Each
human ribosome contains between 106 and 112 nucleotides
that are specifically 2’-O-methylated during nucleolar ribo-
somal subunit assembly by small nucleolar RNA-based ma-
chineries [74]. These modifications can be quantitatively as-
sessed by deep sequencing with RiboMeth-seq (RMS) [74,
75]. Applying this assay to the RNA samples described above,
we found that most positions were unaffected by ADAR de-
pletion (Supplementary Fig. S7B and Supplementary Table
S1). MethScore values were highly consistent between mock-
treated and scrambled (SCR) control samples (AMethScore
range: —0.04 to +0.05 across all rRNA positions), con-
firming the low technical noise and robustness of the as-
say (Supplementary Table S1). In contrast, ADAR-depleted
samples displayed broader MethScore fluctuations relative
to SCR controls (AMethScore range: —0.25 to +0.23), in-
dicating that knockdown of ADAR enzymes induces dis-
crete yet measurable local perturbations in rRNA modifica-
tion. Despite these local effects, the global MethScore distri-
bution remained highly similar across all samples, irrespec-
tive of ADAR depletion. Violin plot statistics further con-
firmed that the overall methylation landscape was preserved
(Supplementary Fig. S7B). Notwithstanding this global stabil-
ity, a subset of individual sites exceeded a variation thresh-
old of |[AMethScore| > 0.10 (Fig. 7D and Supplementary
Fig. S7C). These sites were distributed across both 18S and
28S rRNAs and included positions where depletion of ei-
ther ADAR1 or ADAR2 resulted in decreased methylation
(e.g. 185_468, 285_2861) or increased methylation levels
(e.g. 185_1440, 28S_2415), depending on the ADAR isoform
targeted. Notably, several sites displayed ADAR1-specific
effects (e.g. 18S_354, 18S_468, and 18S_627), whereas
ADAR2 depletion affected a partially distinct subset (e.g.
28S_400).

In conclusion, ADAR, which is prominently localized in the
nucleolus and, as shown here, interacts with a wide range of
nucleolar proteins, including key ribosome assembly factors,
plays an important role in (i) efficient 5.8S rRNA processing,
consistent with its interaction with the RNA exosome; (ii) 5’
ETS maturation, consistent with its interaction with XRN2;
and (iii) influencing rRNA methylation at specific sites, likely
reflecting changes in the kinetics of ribosomal subunit assem-

bly.
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Figure 7. ADARs contribute to efficient 3’-end maturation of 5.8S rRNA. (A) Processing in ITS2. Major processing steps are indicated. The RNA exosome
is depicted as a Pac-Man symbol. The probe used in panel (A) (LD2079) is shown. (B) northern blot analysis (denaturing acrylamide gels).

Ethidium-stained gels revealed the two forms of 5.8S rRNA (short and long, differing by a 7-8 nt 5’ extension) as well as the 5S rRNA, confirming equal
loading across samples. Silencing was performed for 2 days with 30 nM siRNAs targeting ADAR1, ADAR2, or scrambled siRNA. (C) Quantification of 7S
pre-rRNA. Levels of the 7S precursor (a Pol | transcript) were quantified and normalized to 5S rRNA (a Pol Ill transcript). (D) Selected rRNA sites showing
notable MethScore changes across mock, scrambled siRNA (SCR), ADAR1-depleted (esiRNA and siRNA), and ADAR2-depleted cells; values correspond

to the MethScore at the indicated 18S or 28S rRNA positions.

Discussion

In this study, we identified an interaction between ADAR pro-
teins and the nuclear RNA exosome, the major 3'-5" RNA
degradation machinery in the nucleus. Our results reveal that
in addition to RNA editing ADAR proteins can also promote
exosome-dependent RNA decay, linking RNA editing to nu-
clear RNA surveillance pathways.

Analysis of the stable ADAR2 interactome revealed multi-
ple exosome subunits. The RNA exosome typically functions
as a complex composed of a catalytically inert nine-subunit
core and associated nuclease as core components, and differ-
ent layers of cofactors and adaptors [27]. Although all nine
core components were detected in the ADAR2 interactome
dataset, only four subunits—EXOSC2, EXOSC3, EXOSCS5,
and EXOSC8—together with the ribonuclease EXOSC10 met
stringent high-confidence criteria after filtering. Similar par-
tial recovery of the RNA exosome complex has been reported
for other exosome-associated adaptors [25, 76]. Our filtering
criteria also excluded the known ADAR2 interactor STRBP
[20], suggesting that a few bona fide interactions fall below
high-confidence threshold. While EXOSC10 has repeatedly
appeared in ADARs interaction datasets [20-23], the catalytic

subunit DIS3 was not detected in our co-IP/MS analysis but
has been reported as an HCI in ADAR1 BiolD experiment
[21]. This discrepancy likely reflects the dynamic association
of DIS3 with the exosome core, which can dissociate during
purification [77-79]. Comparison between our newly estab-
lished ADAR2 interactome and published ADAR1 interac-
tomes revealed overlapping RNA exosome components, sug-
gesting that association with the RNA exosome is a conserved
feature of both ADAR proteins. Our findings are corroborated
by several previous high-throughput studies that employed ei-
ther ADARs or RNA exosome components as bait and re-
ported similar links but did not explore these interactions fur-
ther [20-25]. Thus, our results provide the first mechanistic
evidence that ADAR proteins interact with the RNA exosome,
expanding their biological function beyond A-to-I editing.
Interactions were confirmed by co-IP experiments with
epitope-tagged ADAR1p110, ADAR1p150, and ADAR2 and
several RNA exosome components: EXOSC10, EXOSC3,
and EXOSCS8, as well as helicase hMTR4, with the strength
of the interaction varying between ADAR proteins and in-
dividual exosome subunits. Co-IP of endogenous ADAR1
and ADAR2 proteins recovered RNA exosome subunits, and
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reciprocal co-IPs with exosome subunits as bait confirm-
ing the presence of both ADAR1 and ADAR2, supporting
that these associations occur under physiological conditions.
ADAR1p110 and ADAR2 showed comparable enrichments,
whereas ADAR1p150 was detected more weakly, consistent
with its lower basal abundance. The ADAR-RNA exosome
interaction was resistant to RNase A treatment. Although
RNase resistance can suggest direct protein—protein contacts,
mutations disrupting dsRNA binding in ADAR dsRBDs [59]
abolished association with exosome components, indicating
that RNA binding is required. Consistently, deletion mapping
showed that the minimal regions sufficient for interaction in-
clude the dsRBDs together with their nuclear localization sig-
nals. A similar behavior has been reported for the dsRBD-
containing protein, DGCRS8, which interacts with EXOSC10
in a dsRBD-dependent but RNase-resistant manner [76]. To-
gether, these observations suggest that ADAR—exosome asso-
ciation likely occurs on structured RNA substrates. As dsSRBD
mutants also alter ADAR subcellular localization [21], we can-
not exclude that spatial redistribution contributes to the loss
of interaction.

MS2-MCP tethering assays demonstrated that prolonged
binding of ADAR proteins can promote RNA exosome-
dependent decay. Tethering either ADAR1 or ADAR2 to a lu-
ciferase reporter transcript reduced both mRNA abundance
and reporter activity. This effect was reversed upon EXOSC3
depletion, indicating that the destabilization requires RNA
exosome activity. Catalytically inactive ADAR mutants pro-
duce similar effects, supporting an editing-independent mech-
anism. These results extend previous observations that ADAR
proteins regulate RNA abundance via multiple mechanisms
[34-36]. PLA further supported nuclear proximity between
ADAR proteins and RNA exosome components. The PLA sig-
nals were distributed throughout the nucleus and displayed
heterogeneous spatial distribution, including regions adjacent
to the nucleolus as well as nucleoplasmic foci. The require-
ment of dsRBDs in co-IP experiments raises the possibility
that ADARs and exosome components co-localize within de-
fined, RNA-rich nuclear compartments [80-83]. ADAR pro-
teins are known to dynamically partition into several cellu-
lar compartments rich in RNA, including nucleoli [6, 11, 21],
stress granules [84, 85], RNase L-dependent bodies [86], and
dsRNA-induced foci [87]. RNA is recognized as a key or-
ganizer of such biomolecular condensates, where structured
RNAs can nucleate assemblies of RNA-binding proteins [88].
However, our PLA experiments cannot determine whether the
observed foci represent phase-separated condensates. Recent
work supports the idea that RNA-driven assemblies can or-
ganize RNA surveillance pathways in context of dsSRNA/R-
loops during stress [89]. In particular, in addition to belong-
ing to the baseline MYC interactome, ADAR1 and RNA exo-
some components were detected in stress-induced MYC mul-
timers. These assemblies suppress accumulation of immuno-
genic RNA species and limit innate immune activation. Thus,
the physical association between ADAR proteins and RNA ex-
osome components described here provides a potential mecha-
nistic link between RNA editing and RNA degradation within
such RNA surveillance hubs.

One prominent compartment relevant to this interaction is
the nucleolus, a major RNA-rich nuclear condensate responsi-
ble for rRNA transcription and ribosome assembly [82]. Both
ADAR1 and ADAR2 accumulate in nucleolus and dynami-
cally exchange with the nucleoplasm [11, 14, 90]. Nucleo-

lar localization has been proposed to regulate ADAR activity
as perturbations such as substrate expression [11] or nucleo-
lar disassembly [15] redistribute ADARs and correlate with
altered editing outcomes and pre-mRNA splicing rewiring.
Consistent with this context, ADAR depletion perturbs nu-
cleolar homeostasis and affects several aspects of ribosome
biogenesis, including pre-rRNA processing and modification.
In particular, we observed effects on the 3’-end maturation
of 5.85 rRNA, a well-established RNA exosome substrate
and the substrate on which the RNA exosome was origi-
nally identified [37], as well as accumulation of 34S pre-rRNA
linked to ADAR interaction with the 53 exonuclease XRN2
[52, 71, 91]. These provide functional insight into the phys-
ical interactions between ADAR and nucleolar proteins re-
ported here and elsewhere [21] and RNAs [92]. Thus, the
physical and functional interactions we describe here between
ADARs and exosome components provide a plausible mech-
anistic basis for these effects: ADARs may recognize struc-
tured rRNA precursor elements and facilitate their engage-
ment with exosome-associated ribosome biogenesis factors.
We emphasize that pre-rRNA processing was examined as
a physiological test of ADAR—-exosome function on endoge-
nous exosome substrates. The observed effects were modest,
and we therefore interpret them cautiously as evidence of a
contributory rather than essential role of ADARs in nucleo-
lar RNA metabolism. Likewise, site-specific changes in rRNA
2’-O-methylation likely reflect indirect consequences of al-
tered processing kinetics rather than a direct role in rRNA
modification.

Beyond rRNA, our findings raise the broader question of
which other endogenous RNAs rely on the ADAR-exosome
interaction. The requirement for intact dsSRNA-binding do-
mains suggests that structured RNA plays a central role in
this process. This parallels the role of DGCRS, which binds
structured RNAs and cooperates with EXOSC10 to regulate
the levels of mature snoRNAs and human telomerase RNA
(hTR) [76] or interaction of microprocessor complex with the
vNEXT complex targeting some stem-loop-containing RNAs
[93]. Consistent with the known preference of ADAR proteins
for long dsRNAs, such as those formed by inverted Alu repeats
[18, 94], while the exosome degrades structured, aberrant,
or improperly processed RNAs (for review [27]). Coupling
these activities could provide a mechanism for nuclear qual-
ity control of endogenous dsRNA. Such cooperation may help
limit the accumulation of immunogenic endogenous dsRNA,
as both ADAR editing and RNA exosome-mediated decay
prevent inappropriate activation of immune response [4, 89,
95, 96]. In this model, ADAR proteins, in addition to edit-
ing, act as sensors of specific structured RNA and facilitate
recruitment of the exosome to limit their accumulation and
the activation of the innate immune response (for review [4]).
The presence of the helicase MTR4 among ADAR interac-
tors supports this, as MTR4 likely promotes unwinding and
degradation of structured RNA substrates prior to exosome
degradation [77]. Furthermore, both ADARs and the RNA ex-
osome have been implicated in the metabolism of RNA:DNA
hybrids, R-loops, and genome stability pathways [97]. MTR4
and EXOSC10 can process RNA:DNA hybrids [98-102], and
ADARs have been shown to regulate R-loop/DNA:RNA hy-
brid formation and replication stress responses [103-105].
These observations raise the possibility that ADAR—exosome
cooperation contributes to the turnover of RNA structures as-
sociated with transcription or DNA damage.
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The interaction between ADARs and the RNA exosome
may also help explain several observations in site-specific
RNA editing. Many site-specific editing sites occur near the
3" end of exons close to 5 splice sites, where duplexes formed
with downstream introns must be removed by splicing before
they attract RNA decay pathways. Consistently, constructs de-
signed to mimic endogenous editing sites perform best when
they do not form very stable duplexes. Accordingly, circular
ADAR-recruiting RNAs, which are more resistant to RNA de-
cay, are now commonly used to achieve efficient site-specific
editing [106].

In summary, we identify ADAR1 and ADAR2 as previously
unrecognized partners of the nuclear RNA exosome and show
that this association influences RNA stability and processing.
Our data support a model in which ADAR proteins recognize
structured RNA substrates through their dsRBDs and facil-
itate their engagement with the RNA exosome degradation
machinery. These findings expand the functional landscape of
ADAR proteins beyond RNA editing and suggest that ADARs
may contribute more broadly to nuclear RNA surveillance
pathways that control structured and potentially immuno-
genic RNAs. Key questions for future work include how sub-
strates are selected for ADAR-assisted decay, whether RNA
editing modulates exosome recruitment or substrate choice,
and how disruption of this pathway contributes to human dis-
ease.
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