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SUMMARY

The ability to sense and respond to infection is essential for life. Viral infection produces double-stranded
RNAs (dsRNAs) that are sensed by proteins that recognize the structure of dsRNA. This structure-based
recognition of viral dsRNA allows dsRNA sensors to recognize infection by many viruses, but it comes at a
cost—the dsRNA sensors cannot always distinguish between “self” and “nonself” dsRNAs. “Self” RNAs
often contain dsRNA regions, and not surprisingly, mechanisms have evolved to prevent aberrant activation
of dsRNA sensors by “self” RNA. Here, we review current knowledge about the life of endogenous dsRNAs in
mammals—the biosynthesis and processing of dsRNAs, the proteins they encounter, and their ultimate
degradation. We highlight mechanisms that evolved to prevent aberrant dsRNA sensor activation and the

importance of competition in the regulation of dsRNA sensors and other dsRNA-binding proteins.

INTRODUCTION

During the 1970s, scientists realized viral infection of mammalian
cells generated viral double-stranded RNA (dsRNA) that in-
hibited protein synthesis’? and triggered the interferon (IFN)
response.® Today we know that all viruses make dsRNA using
mechanisms involving defective interfering particles, panhandle
structures, and convergent transcription®*® and that host re-
sponses to viral infection are driven by binding of viral dsRNA
to dedicated immune sensors.® Upon recognizing dsRNA, these
“dsRNA sensors” activate diverse immune responses: the RIG-
I-like receptors (RLRs) and Toll-like receptor 3 (TLR3) instigate
the IFN response, protein kinase R (PKR) and oligoadenylate
synthases (OASs) induce growth inhibition by disrupting protein
synthesis and degrading RNA, respectively, whereas other pro-
teins nucleate inflammasomes to promote cell death by pyropto-
sis.” In this review, we discuss mammalian pathways, with a
focus on endogenous dsRNA-binding proteins (dsRBPs) and
the dsRNA sensors, RLRs and PKR (Box 1). We capitalize on
recent results that emphasize the large role that competition
plays in regulating dsRNA-mediated pathways and highlight
outstanding questions that can be framed in the context of a
competition model.

Even in the early studies there were hints that host cells con-
tained dsRNA even without infection,® but it would be decades
before the actual DNA sequences that encoded and expressed
dsRNA were identified. All animal cells analyzed so far express
dsRNA,"®"" and in most cases these dsRNAs were identified
because they contained inosine from in vivo RNA editing by
adenosine deaminases that act on RNA or ADARs (Box 2). These
enzymes convert adenosine to inosine (A-to-l) within dsRNA,
and because they will only target dsRNA, finding an inosine in
an RNA is proof it was double-stranded in vivo. Although the
earliest of the identified endogenous dsRNAs included coding
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sequences,'® systematic searches for inosine-containing
RNAs,®?° made more comprehensive by next generation
sequencing,®’**? led to the current view that the majority of hu-
man protein-coding genes express dsRNA in their non-coding
regions, their introns, and 3’ UTRs.?® Most, but not all, of these
expressed dsRNAs involve pairing between repetitive ele-
ments,>> and in primates, these are dominated by Alu elements,
of which there are over a million copies, accounting for around
10% of our genome.?* Possibly related to the fact that many
dsRNAs are synthesized from regions that historically were
thought of as “junk DNA,” we know very little about the fate of
these dsRNAs. What happens to long dsRNAs after they are
transcribed in the nucleus? If they make it to the cytoplasm,
how are they distinguished from the long viral dsRNAs that can
infect the cytoplasm?

A discussion of the life of a dsRNA is all about the proteins it
meets along the way (Figure 1). The A-form helical structure of
dsRNA has a very narrow and deep major groove, making it diffi-
cult for proteins to make sequence-specific interactions, and,
indeed, dsRBPs typically bind any dsRNA they encounter.’”
That said, mismatches, bulges, or loops that disrupt the contig-
uous base-paired structure of dsRNA will widen the major
groove, allowing for sequence-specific interactions, and certain
sequence-specific minor groove interactions allow a dsRBP
to bind in a certain register.”> Regardless of the binding
preferences that might occur from structural disruptions, or
sequence-specific minor groove interactions, dsRBPs will still
bind any dsRNA they encounter, be it cellular or viral. Yet, under
healthy conditions, cells can distinguish the good from the bad.
The biological pathways that have arisen to allow for self- versus
non-self-recognition of dsRNA are fascinating and, in truth, not
yet fully understood. However, recent examples emphasize
that sequence-independent binding allows competition to play
a role in this discrimination.
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Box 1. Innate immune sensors

THE RIG-I LIKE RECEPTORS

In humans, RIG-I-like receptors (RLRs) are represented by
three proteins: RIG-I, MDA5, and LGP2 (encoded by RIGI,
IFIH1, and DHX58, respectively),>® which have well-known
roles in innate immunity. Binding of either RIG-I or MDAS5 to
dsRNA drives induction of IFN signaling through activation
of MAVS. The third member of the RLR family, LGP2, lacks
the N-terminal caspase activation and recruitment domains
(CARDs) found in RIG-I and MDA5 (Figure 1) and cannot
directly induce signaling but has been reported to modulate
the activity of both MDA5 and RIG-I.

RLRs bind to dsRNA via their helicase domain (Figure 1), which
is of the same family as the helicase domain of DICER.® MDA5
and RIG-I recognize specific features of dsRNA. RIG-I recog-
nizes blunt dsRNA (no overhangs) with 5’ di- or triphosphates,
which is rare among cellular transcripts, and thus allows self-
versus non-self-discrimination. Upon binding dsRNA, RIG-I un-
dergoes a conformational change that exposes its
CARDs, allowing interaction with MAVS and, ultimately, the pro-
duction of type | IFNs and pro-inflammatory cytokines.

In contrast, MDA5 shows a preference for longer dsRNAs and
does not recognize dsRNA termini.'® Instead, MDA5 exhibits
length-dependent activation, efficiently forming activated fila-
ments along perfectly paired dsRNAs. Because MDA5 does
not distinguish termini, it can be activated by both viral and
host dsRNAs, but this typically is prevented by ADAR A-to-| ed-
iting of endogenous dsRNA (Box 3). LGP2 acts as a cofactor for
MDADS, aiding filament formation and stabilizing dsRNA interac-
tions.""'? Similar to RIG-I, the binding and filament formation
along dsRNA exposes MDA5’s CARDs, allowing for interacting
with MAVS and activating IFN-stimulated genes.

PKR

Unlike the RIG-I family members, the dsRNA sensor PKR (en-
coded by EIF2AK2) binds to dsRNA via two dsRNA-binding
domains (dsRBDs, also referred to as dsRBMs). Similar to
other domains that interact with dsRNA, dsRBDs bind in a
sequence-non-specific manner. Binding of PKR to dsRNA of
a sufficient length, greater than 30 base pairs, promotes dimer-
ization of PKR."® Dimerized PKR then carries out an autophos-
phorylation reaction, which activates the kinase function of
PKR."* The primary substrate of PKR is the translation initiation
factor elF20. (encoded by EIF2S1). Similar to phosphorylation
by other proteins involved in the integrated stress response,
phosphorylation of elF2a by PKR causes a global reduction
in translation initiation.’® From an antiviral perspective, activa-
tion of PKR thus serves to reduce production of viral proteins.

WHAT HAPPENS TO ENDOGENOUS dsRNA IN THE
NUCLEUS?

The long “self” dsRNAs we are most familiar with in mammals

are transcribed by RNA polymerase Il (RNAP Il) and are within
the introns and 3’ UTRs of nascent transcripts. As soon as
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dsRNA structures are formed during transcription, a subset of
the adenosines within them are deaminated by ADARSs to create
inosine (Box 2),°°°” which serves as a mark for “self” if the
dsRNA makes it to the cytoplasm (Box 3).°% Although both iso-
forms of ADAR1 can shuttle to the nucleus and carry out edit-
ing,>® the p110 isoform is responsible for most nuclear A-to-|
editing.**%°

Other RNA modifications that mark “self” RNAs also occur co-
transcriptionally, such as pseudouridylation”’""? and methyl-
ation, to create N6-methyladenosine (m6A).”>""> m6A has been
reported to preclude the formation of dsRNA’® and thus indi-
rectly protect against aberrant immune responses. Uridines
within single-stranded RNAs (ssRNAs) induce an innate immune
response via the ssRNA-specific endosomal receptors TLR7 and
TLR8,””"® and the demonstration that pseudouridine reduces
this response’® gained notoriety with the recent Nobel Prize to
Katalin Kariké and Drew Weissman. The “cap” structure that is
added during RNAP Il transcription also marks transcripts as
“self,”®° and prevents them from subsequently activating the
dsRNA sensor RIG-I in the cytoplasm. RIG-I recognizes the di
and triphosphates on viral dsRNA (non-self) but cannot recog-
nize the m7GpppNm “cap 1” modification that occurs on all
host mRNAs (Box 1).8"

RNA-seq analyses readily detect dsRNA within the steady-
state population of intronic sequences in the nucleus,”® but
direct evidence into mechanisms of nuclear dsRNA degradation
is elusive and worthy of future studies. Humans encode two
dsRNA endonucleases of the RNase Il family, DROSHA, which
processes primary miRNAs (pri-miRNAs) in the nucleus, and
DICER, which processes pre-miRNAs in the cytoplasm.®* Non-
canonical functions in the nucleus have been suggested for
both enzymes,®® with some studies indicating that DICER is
involved in degrading intermolecular dsRNA from converging
transcripts.®* Although direct evidence is lacking, the exclusive
nuclear localization of DROSHA, and its preference for cleavage
at the base of a stem flanked by two single-stranded regions,
makes it more suitable than DICER for cleavage of the intramo-
lecular dsRNAs that occur in introns. Indeed, DROSHA cleavage
in regions that do not encode MiRNAs has been reported.®®
Additionally, the vast majority of human dsRNA is found in in-
trons, and after splicing and debranching, it is also possible
that dsRNA-containing introns are rapidly degraded by the nu-
clear exosome.®®®” Interestingly, in processing pri-miRNAs,
DROSHA associates with the accessory factor DGCRS8, but
some studies indicate DGCR8 also has functions separate
from DROSHA that are mediated by interaction with exosomal
components.®®

Although early reports indicated that edited dsRNAs were re-
tained in the nucleus,®®°° other studies showed that edited
dsRNA within 3" UTRs was exported to the cytoplasm and found
on polysomes.®' This discrepancy might be explained if certain
experimental conditions unintentionally caused stress, which
sometimes leads to formation of paraspeckles, subnuclear
structures that sequester RNAs.®” Being composed of RNA
and protein, paraspeckles have a well-defined architecture that
is coordinated by the long noncoding RNA (IncRNA) NEAT1, as
well as several proteins that are essential for their formation,®
including NONO (formerly known as p54nrb), which can bind to
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Box 2. ADARs

All members of the ADAR family contain dsRBDs and a deaminase (“editase”) domain (Figure 1). They are highly conserved and
found in all metazoa so far analyzed,”® allowing for researchers to determine their conserved and divergent functions, from
C. elegans to humans. Although the deaminase domain itself can bind dsRNA,?® dsRNA affinity is further conferred via different
configurations of dsRNA- and Z-DNA-binding domains (ZBDs).

ADAR1

As illustrated in Figure 1, mammals have three ADARSs, each with a C-terminal catalytic domain and 2 or 3 dsRBDs. ADAR1, en-
coded by the ADAR gene in humans, has two isoforms, p150 and p110, and it is p150 that is responsible for suppression of dsRNA
sensing by MDAS5 and PKR (Box 3).°"22%:31-%¢ The two isoforms are generated through the use of two promoters, and although
the longer isoform is canonically thought of as being IFN inducible, both isoforms are induced to some extent by IFN signaling.®”-*®
In addition to the dsRBDs and deaminase domain, p110 and p150 both possess one or two ZBDs, respectively.*® Only the first
ZBD of p150 (Za) is capable of binding Z-DNA and Z-RNA.“° Although ADAR1 and ADAR2 (below) are capable of editing a
wide range of dsRNA substrates, they do have some preferences. Deamination by ADAR1 and ADAR2 requires flipping of the edi-
ted adenosine out of the double helix, thus leaving an unpaired “orphan base.”*"** This mechanism favors an A-C mismatch at the
edited site” and disfavors a 5’ guanosine of the targeted adenosine.”' Additionally, there is a preference fora5’ U or Aand a 3’ G or
C for both ADAR1 and ADAR2.%“ The ability to bind Z-RNA, which takes on a left-handed helical structure, contributes to the editing
of a small portion of the total number of RNAs edited by p150.*°

ADAR2

The human ADAR2 protein is encoded by the gene ADARB1 (Adarb1, mice). Expression of ADAR2 is largely confined to the brain.*®
The editing function of ADAR2 is essential in mice where it edits the GRIA2 mRNA, which encodes an AMPA (a-amino-3-hydroxy-
5-methyl-4-isoxazole propionate) glutamate receptor.”” Editing of GRIA2 mRNA converts a CAG codon to CIG, thus recoding the
mRNA to make Arg in place of Gin in the protein product.*” This is the only known essential recoding event in mammals.*®

ADAR3

In humans, the ADAR3 protein is encoded by the gene ADARB2 (Adarb2, mice). Unlike ADAR1 and ADAR2, ADAR3 has no catalytic
activity and has the ability to bind single-stranded RNA.“® ADAR3 expression is largely confined to the brain,”° where it is involved
in learning and memory.>' Recent work has revealed a role for ADARS in glioblastoma where it regulates A-to-l editing by ADAR,
MAVS protein expression, and NF-kB signaling.®*°*

inosine-containing RNAs.2° Other reports show that export of 3’
UTRs that contain inverted Alus can be regulated by methylation
of NONO®* or binding of the dsRBP STAU1 (Figure 1),°° which
might also explain discrepancies in reports of nuclear retention
of 3’ UTRs that contain inverted Alus.

EXPORT OF dsRNA OUT OF THE NUCLEUS

Although dsRNA within introns would presumably stay in the nu-
cleus, at least some 3’ UTRs that contain dsRNA are exported to
the cytoplasm and found on polysomes;°'*°° however, the export
mechanisms involved have not been clearly defined. Mature
mRNAs with dsRNA in their 3’ UTRs might be exported via con-
ventional pathways,®” albeit some studies indicate STAU1 bind-
ing is important to overcome nuclear retention.®
Hypothetically, dsRNA could take advantage of alternative
mechanisms to enter the cytoplasm. One possibility is via the ex-
portin protein XPO5, which shuttles pre-miRNAs from the nu-
cleus into the cytoplasm. Although the binding of XPO5 to its
pre-miRNA substrate is specific and mediated by recognition
of the two-nucleotide 3’ overhang left after DROSHA cleavage,®®
XPOS5 is also known to export dsRBPs, including ADAR1-p110,
ILF3, PKR, and STAU1, and in some cases, this export is stimu-

lated by dsRNA.*%°° Could these secondary interactions with
dsRBPs facilitate more general dsRNA export? Additionally, dur-
ing mitosis, cytoplasmic PKR is activated by nuclear dsRNAs, '*°
suggesting that, at least in some cases, dsRNAs could
simply diffuse to the cytoplasm when the nuclear envelope
breaks down.

Understanding mechanisms of dsRNA export is extremely
important because aberrant export of dsRNA increases the
chance of activation of dsRNA sensors in the cytoplasm; indeed,
some studies indicate that certain viruses arrest export to
decrease activation of innate immune pathways.'° Tight regula-
tion of export might be important during times of stress, which, in
some cases, leads to increased dsRNA. For example, after DNA
double-strand breaks occur, transcription of antisense RNA is
upregulated, leading to an increase in highly paired intermolec-
ular dsRNA.2*1°? |f these long, perfectly paired sense-antisense
dsRNAs made it to the cytoplasm, they would stimulate dsRNA
immune sensors.

WHAT HAPPENS TO dsRNA IN THE CYTOPLASM?

For the dsRNAs that make it to the cytoplasm, their future is
largely determined by what proteins they encounter, but how
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subcellular locations of dsRBPs

Domain arrangements of human dsRBPs and RLRs
are depicted as colored boxes (in legend) along the
length of the peptide chain (gray). Lengths and
domain architectures approximately to scale. Adja-
cent to each schematic is the subcellular location(s)
for each: N for nuclear, C for cytoplasmic, M for
mitochondrial, and S for nuclear speckles. All an-
notations were retrieved from the UniProt database
on October 13, 2023; we note that nuclear-
cytoplasmic shuttling is pervasive, and it is difficult
to prove exclusivity to a subcellular compartment.

simply loaded onto ribosomes and trans-
lated.®’ During translation, mRNAs can
be subject to nonsense-mediated decay
(NMD), a process that serves to degrade
faulty mRNAs or regulate their levels.'"”
Interestingly, there is a related decay pro-
cess called Staufen-mediated decay
(SMD),"°” which, in mammals, involves
STAU1 and STAUZ2 (Figure 1) and targets
mRNAs containing regions of dsRNA in
their 3’ UTRs. For example, the ADP ribo-
sylation factor (ARF1) mRNA has a
short stem-loop in its 3’ UTR that binds
STAU1 and leads to SMD.'® Other exam-
ples involve Alu elements within 3" UTRs
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that form dsRNA by pairing intermolecu-
larly with complementary Alu elements
in INcRNAs.'%° At present, it is somewhat
mysterious as to which dsRNA-containing
transcripts are subject to SMD, but
compelling models have been pro-
posed.'®

Subcellular Location
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immunogenic, and what is their
identity?
Of the ADAR family members, ADAR1-

this is controlled is unclear. In healthy cells, in the absence of
stress or viral infection, innate immune dsRNA sensors, such
as the RLRs and PKR (Box 1), are expressed at low levels, %9
and cytoplasmic dsRBPs carry out their normal functions on
endogenous dsRNA. A well-characterized and obvious example
is the processing of pre-miRNAs in the cytoplasm by the dsRBP
DICER."%"%¢ This exemplifies the importance of segregating
longer dsRNAs, for example, the pri-miRNAs, in the nucleus
where they will not encounter dsRNA sensors. The shorter pre-
miRNAs do not have the triphosphorylated 5’ end that would
be expected to trigger RIG-I, and their short length and mis-
matches would preclude activation of MDAS.

Presumably, longer dsRNAs that enter the cytoplasm from the
nucleus are primarily located in 3" UTRs that have been edited by
ADARSs. The inosines in these RNAs means that MDAS5 will not be
activated (Box 3), and in some cases, it is clear the mRNAs are
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p150 seems most important for marking
endogenous dsRNA as self, and loss of
ADAR1 causes activation of MDA5*"2%%" and PKR®(:%236
(Box 3). Most assume that the dsRNAs that activate MDA5
and/or PKR following loss of ADAR1 arise from the
inverted Alu sequences that inhabit many 3’ UTRs, but in
truth, the identity of the immunogenic dsRNAs is not proven.
RNase A protection assays performed in cells support
binding of MDA5 to Alu sequences and a decreased
binding in the presence of ADAR1,""" but definitive evidence
that inverted Alus are responsible for inducing an MDAS5-
dependent interferon response is lacking. Indeed, in vitro
studies show that the oligomerization of MDAS required for
interferon induction is impeded by the mismatches that typi-
cally are found in base-paired inverted Alus, even without
A-to-l editing sites; however, at higher MDA5 concentrations,
binding can be observed and is decreased by ADAR-editing
sites. !
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Box 3. A-to-l editing and suppression of innate immunity

A-to-l editing by ADART is essential for marking “self” RNAs and suppressing activation of dsRNA sensors. Mutations in ADAR1
cause the interferonopathy Aicardi-Goutiéres syndrome (AGS).°" (For an up to date and thorough review of the role of ADART in
innate immunity, see de Reuver and Maelfait.°?) Mouse knockouts of ADAR1 are embryonic lethal, with death at E11.0-E12.5.%°
The Adar1™~ embryos show elevated IFN signaling and defective hematopoiesis.® Knockout of MDA5 (encoded by the gene
Ifih1) or MAVS suppresses the embryonic lethality of Adar? /=, with mice surviving to post-natal day 1.2” ADAR1-p150-specific
knockouts largely phenocopy knockout of ADAR1, suggesting that ADAR1-p150 is responsible for suppression of dsRNA sensing
by MDA5.?® This function of ADAR1-p150 requires A-to-l editing activity as a knockin mutant of ADAR1 that is catalytically inactive
(Adar1E8S1A/EE61A) closely phenocopies knockout of Adar?, and can be rescued by knockout of MDA5.?° Interestingly, the
Adar1E8614/E881A ifin 1=/~ mice live much longer than the Adar?~/~ Ifih1~/~ mice, suggesting editing-independent roles for
ADAR1. Although these data strongly support the model that ADAR1-p150 suppresses MDA5 activation through A-to-l editing,
some questions have remained unanswered until more recently. Foremost, what causes post-natal lethality of Adar? '~ Ifih1~/~
mice. Recent work shows that PKR is activated in Adar? ™/~ Ifih1~/~ but not Adar1586"4/E867A jfih 1=/~ mice and that knockout of
PKR in addition to MDA5 (Adar1~'~ Ifih1~/~ Eif2ak2~'~) rescues the lethality of Adar? knockout to adulthood.®>® In the main
text, we describe the mechanism of PKR inhibition by ADAR1, which does not require editing by ADAR1.

Although ADAR1-p110 and ADAR1-p150 are nearly identical, both containing a deaminase domain and three dsRBDs, they are not
redundant in the role of preventing PKR and MDAJ5 activation. This is partially driven by the localization of the two proteins with the
nuclear ADAR1-p110 primarily editing introns, whereas the generally cytoplasmic ADAR1-p150 primarily edits 3’ UTRs, which are
more likely to encounter MDA5 and PKR in the cytoplasm.*® Another key difference between the proteins is the active ZBD of
ADAR1-p150, Za. Mutations in the Za domain are common in AGS,®' suggesting that Za has an important role in suppressing acti-
vation of dsRNA sensors. Mouse models of AGS that have hemizygous mutations of Adar7, combining point mutations in Za with
knockout of Adar1 or Adar1-p150, show varying degrees of lethality and activation of IFN signaling through MDAS5. %75 Similarly,
the ability of ADAR1 to bind Z-RNA prevents activation of ZBP1, the only other human protein that contains a ZBD.?®"° These data

highlight the importance of the ZBD for ADAR1’s ability to suppress activation of dsRNA sensors by endogenous dsRNAs.

An increasingly popular view is that only a small subset of
dsRNAs are responsible for activating MDAS following loss of
ADAR1-p150*>%° and that possibly their features have made
them difficult to find."'® In a mouse mutant lacking ADAR1-
p110 and ADAR2, leaving only ADAR1-p150 to carryout A-to-I
editing, only 2% of edits remained.®® This 2% of remaining edits,
however, was sufficient to prevent activation of type | IFN
signaling downstream of MDAS5.

Recent work sought to identify the “immunogenic” dsRNAs
that activate MDADS following loss of ADAR1-p150 by identifying
the RNAs specifically edited by ADAR1-p150 and ADAR1-p110
in human cells."'® This analysis revealed that a small subset of
A-to-l edits are responsible for suppression of MDAS activation,
in agreement with prior work in mice described above. These
edits largely occurred in 3 UTRs, generally within inverted Alu re-
peats, and varied greatly between cell lines. Overexpression of
the ADAR1-p150-specific dsRNAs caused activation of IFN
signaling in the absence of ADAR1-p150 when MDA5 was over-
expressed. These findings suggest that only a small number of
endogenous dsRNAs are responsible for the activation of
MDAS5 in the absence of ADAR1. Given the variability of editing
across tissues, and possible changes in the expression of
endogenous dsRNAs, it may be the case that the dsRNAs that
activate MDA5 and/or PKR following loss of ADAR1 vary by tis-
sue or cell type. Furthermore, given the binding preferences of
PKR and MDAS5, the RNAs that activate each protein in the
absence of ADAR1 may not be the same. Future work is still
needed to definitively identify the RNAs that bind to and activate
MDAS, and importantly, PKR, following loss of ADAR1.

Although our discussion above highlights the search for nu-
clear-derived immunogenic RNAs, in particular those edited

by ADAR1-p150 to prevent activation of PKR and MDA5, it is
important to note that mitochondrially encoded RNAs can
also form dsRNA that can bind to and activate dsRNA sensors,
such as PKR."' Bidirectional transcription of mitochondrial
DNA can generate intermolecular dsRNA with perfect base
pairing in lengths much longer than the dsRNA regions arising
from repetitive elements, up to several kilobases.''® These mt-
dsRNAs can represent a significant proportion of the RNAs
identified by pull-down with a dsRNA-specific antibody or by
pull-down of PKR."'* In some cell lines, such as Hela or
HEK293T, mt-dsRNAs represent the majority of dsRNA in the
cell (70%-90%), whereas in other cell types, such as neurons,
mt-dsRNAs represent a small proportion (40%).''® Given the
endosymbiotic evolution of the mitochondrion within eukary-
otes, it is interesting to think about what systems may have
evolved to prevent sensing of mt-dsRNA as foreign RNA—
although it was originally foreign.

REGULATION BY COMPETITION: THE INTRICATE
BALANCE OF dsRBPs AND dsRNAs

Because dsRBPs are not sequence specific, changes in the con-
centration of a dsRBP or dsRNA, whether it derives from a virus
or endogenous transcript, has the potential to change biological
outcome by competition. It is our hypothesis that competition
between dsRBPs and dsRNAs is operating in the nucleus, the
cytoplasm, and throughout the life of a dsRNA. In the sections
below, we review existing examples of competition between
dsRBPs and dsRNA, using these to build models whereby
competition plays a natural role in the regulation of dsRBPs
and their functions.
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Competition between viral and host dsRBPs

The molecular arms race between viruses and the mammalian
innate immune system offers numerous long-recognized'"'” ex-
amples of non-sequence-specific dsRBPs competing for dsRNA
substrates."®""° For example, in chicken, similar to that in hu-
mans, MDA5 activates the type | IFN pathway upon infection
with an RNA virus. The infectious bursal disease virus of
chickens evades this activation via its VP3 protein.'° VP3 com-
petes directly with MDAS5 for binding to the viral dsRNA via
its dsRBD.

Although the favored model for the mechanism of these viral
suppressors of RNA sensors (VSRs) involves the viral-encoded
protein coating the dsRNA to sequester it from dsRNA sensors,
such as MDA5 or RIG-I, in many cases, this has not been proven.
Although dsRBDs are defined by their ability to bind dsRNA, they
can also form direct protein-protein interactions, such as the
interaction of TRBP with DICER.'%>'?" Experimental mutations
that disrupt dsRNA binding may also disrupt protein-protein
interaction; therefore, dsRBD mutations that preclude inhibition
do not prove the VSR is coating dsRNA. Indeed, paramyxovirus
V protein acts as a VSR by interacting directly with MDAS5 to
disrupt its folding.'??

Competition between endogenous dsRBPs

Although it is straightforward to understand why viruses might
capitalize on the non-sequence specificity of dsRBPs and
encode dsRBPs that compete with dsRNA sensors for binding
to viral dsRNA, there are also many examples indicating that
host dsRBPs bind each other’s substrates. Although it is easy
to categorize these examples as artifacts of the experimental
setup, it also seems possible that competition is an intrinsic
feature of the regulation of dsRBPs in cells.

Recent work shows that activation of dsRNA sensors by
endogenous dsRNA can be inhibited by increased levels of
endogenous dsRBPs, because the dsRBPs compete with
the sensors for binding to the endogenous RNA. As discussed
in Box 3, ADAR1 is essential for suppression of dsRNA
sensing by MDA5 and has also been implicated in suppres-
sion of PKR activation.’®*>%® \Whereas suppression of
MDAS5 activation by ADAR1-p150 is dependent on A-to-I edit-
ing, studies in ADAR1-dependent cell lines (cell lines that acti-
vate dsRNA-sensing pathways following loss of ADART)
show that overexpression of catalytically inactive ADAR1-
p150 is sufficient to suppress PKR activation and rescue cell
viability.**** These findings suggest that ADAR1 suppresses
PKR activation by endogenous dsRNA by some means other
than editing, presumably through competition with PKR for
dsRNA binding. More recent work directly establishes that
ADAR1-p150 suppresses PKR activation through its ability
to bind dsRNA.°® In this study, overexpression of the
dsRBDs of ADAR1, ADAR2, and STAU1 each could prevent
activation of PKR in the absence of ADAR1, suggesting that
the identity of the dsRBD was not as important as its general
ability to bind dsRNA. Similar to ADAR1-p150, STAU1 has
been shown to bind dsRNA within the 3 UTRs of some
mRNAs and prevent the activation of PKR.°> ADAR1 also in-
hibits STAU1 function in an editing-independent way, by
competing for its dsRNA-binding sites.'”® These findings
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highlight the complex competition between these three
dsRBPs—STAU1, ADART1, and PKR.

In yet another example, the RNA helicase DHX9 functions
redundantly with ADAR1 to suppress several dsRNA-sensing
pathways.'* It was found that, in ADAR1-dependent cell lines,
depletion of DHX9 caused activation of PKR, whereas in
ADAR1-independent cell lines, depletion of both ADAR1 and
DHX9 was required for activation of multiple dsRNA-sensing
pathways, resulting in a viral mimicry phenotype. Mechanistic
studies revealed that the dsRBDs of DHX9 were sufficient to
rescue activation of PKR. Given the nuclear localization of
DHX9, these findings suggest that DHX9 sequesters some
endogenous dsRNAs in the nucleus to prevent PKR activation.

In many of the examples above, effects were rescued simply
by expressing a dsRBD. Interestingly, in other cases, the dsRBP
may contain other domains that are important for a biological
function, and competition between dsRBDs may bring in new
functions. For example, by binding to mRNAs important for
proper mitotic progression, the dsRBP NF90 (encoded by ILF3)
stabilizes the mRNAs by competing with the dsRBPs STAU1
and STAU2 for binding, thus preventing SMD of pro-mitotic
mRNAs.'?® This function of NF90 is enabled by interaction with
NF45 via the DZF (domain associated with zinc fingers) of both
proteins, which other studies show increases dsRNA binding
by 10-fold,"*® possibly allowing NF90-NF45 to better compete
with STAU1 and STAU2.

Although, so far, our discussion of competition has focused on
examples involving the dsRBD, there are similar examples
involving the helicase domain of DICER. RNA-independent inter-
actions occur between DICER’s helicase domain and ADAR1, %"
TRBP, and PACT,'® and competition with these interactions
could also affect the balance of dsRNA and dsRBPs.'?”:128
RNA-dependent interactions with DICER’s helicase domain
also seem likely to affect the balance.'® Immunoprecipitation
of tagged DICER followed by LC-MS/MS, to determine interact-
ing proteins, identified the direct interaction with TRBP, with or
without viral infection, and a slew of other proteins that are signif-
icantly enriched in the presence of infection with either Sindbis
virus or Semliki forest virus,'*® including PKR, ADAR1, PACT,
and DHX9.'?® Treatment with ribonuclease confirmed that
DICER and TRBP interacted via a direct protein - protein interac-
tion, whereas interactions of DICER with PKR, PACT, and DHX9
were almost completely lost after RNase treatment. Intriguingly,
deletion of DICER’s helicase domain triggered a PKR-dependent
decrease in viral titer, suggesting that, by sequestering PKR, the
helicase domain prevented an antiviral response.

Competition is conserved

Observations of competition are not limited to mammalian cells.
Similar to mammalian ADARs, ADARs from both C. elegans and
D. melanogaster have editing-independent effects.’?*"*" In
C. elegans, deletion of the gene encoding the catalytically inac-
tive ADAR homolog, ADR-1, causes accumulation of mature
miRNAs and depletion of pri-miRNAs,'?° consistent with the
idea that ADR-1 competes with DROSHA for pri-miRNA binding
to affect miRNA processing. Similarly, careful examination of the
miR-376 cluster in human cell lines revealed that ADAR2 blocks
pri-miRNA processing by DROSHA through its dsRNA-binding
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ability."*° Similar observations have been made in human em-
bryonic stem cells, where ADAR1 has an important role in sup-
pressing processing of miR-302, which promotes stem cell
self-renewal, by preventing processing of pri-miR-302 in an
RNA-editing-independent manner.'*?

Invertebrates lack a canonical IFN pathway, and it is Dicer that
mediates antiviral defense. Yet, despite the differences between
vertebrate and invertebrate immune responses, the role
for ADARs in modulating the response is conserved. The
invertebrate C. elegans triggers an antiviral RNAi response in
the absence of its ADAR RNA-editing enzyme.'** Similarly, in
D. melanogaster, loss of A-to-l editing by Drosophila ADAR
(a homolog of human ADAR2)"** causes an innate immune
response.'®' The aberrant immune response caused by deple-
tion of Drosophila ADAR is rescued by overexpression of catalyt-
ically inactive ADAR, suggesting that RNA-editing-independent
roles for ADAR in suppression of dsRNA sensing have been
conserved across species.

Foci and clusters

Although the examples discussed so far address the competi-
tion that occurs after a change in the levels of dsRBPs, it is
also important to consider what happens when levels of
dsRNA increase. Recent studies show that introduction of
dsRNA into the cytoplasm due to viral infection, expression
from a reporter, during mitosis, or after knockdown of
ADART induces the formation of foci'*® or clusters'® that
are distinct from stress granules. Both recent studies show
that the localization of proteins to these foci/clusters is depen-
dent on dsRBDs, and when analyzed, the foci/clusters contain
dsRNA. Together the studies indicate the foci/clusters contain
PKR, ADAR1, PACT, STAU1, NLRP1, and DHX9 (Figure 1). The
reports offer opposing speculations on function, proposing
either that the foci/clusters contribute to PKR activation or
that they are inhibitory to PKR activation.'®>'*® As described
below, in our favorite model, PKR would be subject to sub-
strate inhibition in foci/clusters.

A model

Regulation by competition mandates a fine balance between
dsRNA and dsRBPs. Indeed, one wonders if the many repetitive
elements retained in our genomes serve to express dsRNA that
helps maintain this balance. Figure 2A illustrates how controlled
balance between dsRBP expression and dsRNA abundance
might determine whether or not dsRNA sensors involved in
innate immunity are active. Under healthy conditions, cellular
dsRBPs sequester dsRNA, and dsRNA sensors are inactive.
The increased abundance of dsRNA that would accompany viral
infection or stress would shift the balance and allow activation of
dsRNA sensors. This, in turn, would trigger an IFN response,
leading to increased expression of dsRNA sensors and defini-
tively tilting the balance to favor antiviral defense. Eventually
this feedback loop would be broken when the abundance of
dsRNA in the cytoplasm was reduced, either through degrada-
tion or editing by ADAR1. Finally, loss or reduced expression
of an endogenous dsRBP could also allow binding and activation
of innate immune dsRNA sensors. As discussed in the final
section of this article, recent studies indicate that changing the
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balance of cytoplasmic immunogenic dsRNA and dsRNA sen-
sors in a controlled way is a promising therapeutic option for
cancer.

If one believes in a primordial RNA world,"®’ replication likely
involved a dsRNA intermediate, and as proteins entered the
scene, the competition began. Modern day solutions were built
on a finely balanced interplay between dsRNA and dsRBPs. An
advantage for extant immune pathways is that the system allows
the cell to be ever ready to fight infection. dsRNA sensors can be
expressed even in the presence of endogenous dsRNAs that
could activate them, ready to come into play as the balance is
tited by high levels of viral dsRNA (Figure 2A). An interesting
example of the importance of this balance can be seen in human
neurons, which have unusually high levels of immunostimulatory
dsRNA. Recent studies show that this is due to ELAVL RNA-
binding proteins that increase 3’ UTR length, presumably to
encompass additional regions of dsRNA."'® The activation of
dsRNA sensors in these cells is fine-tuned, so as not to cause
cell death, but high enough that the cell is primed to respond
to viral infection. Shortening of 3’ UTRs leads to reduced dsRNA
sensor activation and susceptibility to viral infection. It is pro-
posed that this exemplifies a situation whereby self dsRNAs
are used to preemptively induce antiviral immunity to protect
neuronal cells from viral infection. This example emphasizes
the need to carefully evaluate different tissues to determine if
there is a unique balance of dsRBPs and dsRNA tuned for the
specific needs of the tissue.

There are many open questions in regard to how competi-
tion contributes to dsRNA sensing during an innate immune
response, or in the natural regulation of dsRBP function. For
instance, how many other dsRBPs compete with dsRNA sen-
sors for binding to endogenous or foreign RNA? For each
competing dsRBP found, it will be important to evaluate their
substrate specificity and affinity for dsRNA binding, as well
as their abundance in various cells and conditions. Some
work has been done in this area; surprisingly, the number of
dsRBDs is thus far not predictive of affinity.’® Additionally,
cooperative binding may influence competition between
dsRBPs. Cataloging proteins capable of binding dsRNA is
complicated by the fact that, as of yet, it is not clear that we
understand all of the motifs that allow dsRNA binding, such
as zinc-finger domains and diverse helicases,® hindering
sequence similarity searches. Although complex, identifying
the dsRBPs that are capable of suppressing dsRNA sensing
through competition, and gaining a mechanistic understanding
of how this happens, may offer important, therapeutically rele-
vant insight into the innate response to viral infection and auto-
immune disorders.

Intrinsic to the competition model is the dsRBD, which al-
lows dsRBPs that contain this motif to bind in a sequence-in-
dependent manner to any dsRNA. Each motif binds ~16 base
pairs, interacting with ~1.5 helical turns of an A-form RNA
duplex and spanning two minor grooves and the intervening
major groove®”; it is common to find multiple copies of the
dsRBD in a dsRBP. In Figure 2B, we go one step further in
our competition model, illustrating that “productive binding”
involves all dsRBDs of a given dsRBP interacting with a single
dsRNA (Figure 2B, left), whereas “nonproductive binding”
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Figure 2. A model for regulation by
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involves each dsRBD of a single protein interacting with
different dsRNAs to create an interconnected network of
dsRNA (Figure 2B, right). Nonproductive binding would be
more likely at high concentrations of dsRNA, such as what
might occur within foci or clusters, and has been used to
explain the substrate inhibition that has long been known to
occur with both ADARs'*® and PKR'“° at high concentrations
of dsRNA. In this light, foci/clusters may be a means of inacti-
vating the dsRBPs within them.

Although existing examples are limited, an intriguing prediction
of the model is that competition between dsRBDs could actually
regulate, or switch, biological outcome. Figure 2C illustrates two
dsRBD-containing proteins interacting with dsRNA in a produc-
tive manner, with each dsRBP including a third “functional”
domain (labeled 1 and 2), which might comprise a catalytic
domain, such as a kinase or deaminase. Competition between
such dsRBPs could actually switch which catalytic/functional
domain was interacting with the dsRNA, thus regulating biolog-
ical outcome. In this scenario the competition of NF90/45 and
STAU1/2 discussed above would be responsible for the regula-
tion of mMRNA degradation.
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Productive  binding involves each protein
interacting with a single dsRNA; in one example
the functional/catalytic domain also interacts with
dsRNA, as would occur with an ADAR. In
nonproductive binding, a high concentration of
dsRNA promotes dsRBD binding to different
dsRNAs to form foci or clusters.

(C) Competitive binding dynamics. Two distinct
dsRBPs, each with two dsRBDs (blue) and a single
functional domain (dsRBP-1, salmon rectangle;
dsRBP-2, green triangle), are first illustrated
productively binding a single dsRNA. Next,
dsRBP-2, with the help of accessory proteins
(bottom) that confer a competitive edge (pink
three-quarter circle), or increased concentration
(top), displaces dsRBP-1, showcasing potential
regulation of dsRBP functions through competition.

LOOKING TOWARD THE FUTURE:
ACTIVATION OF dsRNA SENSORS AS
A THERAPY FOR CANCER

An exciting and emerging twist to cancer
therapeutics involves shifting the balance
of immunogenic dsRNA in the cytoplasm
to trigger an innate immune response, sometimes referred to
as viral mimicry.'*" Viral mimicry has great potential as a thera-
peutic approach for cancer, and in addition to cell intrinsic ef-
fects, it can sometimes awaken the immune system to the pres-
ence of the tumor and promote anti-tumor immunity. For
example, knockdown of ADAR1-p150 in tumor cells reduces ed-
iting of dsRNA, inducing interferon and sensitizing the tumors to
immunotherapy.'#?

Given the above, it is not surprising that ADAR1-p150 is an
essential gene in many cancer cell lines—including those derived
from breast and lung.>*~° Depletion of ADAR1 in some cancer cell
lines with elevated IFN signaling causes cell death. In ADAR1-
dependent cells, following depletion of ADART, there is activation
of the type | IFN pathway downstream of MDA5 and activation of
PKR to drive translational repression.®*~° Although for some can-
cer cells depletion of ADAR1 alone is sufficient to induce a viral
mimicry phenotype, for other cells, this does not occur. As dis-
cussed above, depletion of DHX9 in combination with ADAR1
can induce a viral mimicry phenotype. In this case, the loss of
DHX9 and ADAR1 together is necessary to shift the balance of
dsRBPs in the cell and enable activation of dsRNA sensors.
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The same effect can be achieved by increasing the abundance
of dsRNAs in the cell. Cells treated with the DNA methyltransfer-
ase (DNMT) inhibitor 5-AZA-CdR induce transcription of
retroelements, including inverted SINEs, and thereby induce
ADAR1 dependency.’*® In some cell lines, DNMT inhibitors
alone are sufficient to induce a viral mimicry phenotype
through activation of dsRNA sensors.'*"'** The same pheno-
type can be accomplished by depletion of epigenetic silencing
complexes that are important for suppressing retroelement
expression.’*>'*% Similarly, certain splicing inhibitors lead to
export of unspliced transcripts that contain intronic dsRNA, re-
sulting in antiviral signaling and apoptosis,'*” and likewise,
disruption of splicing regulatory proteins can result in dsRNA
accumulation and immunostimulatory phenotypes. For example,
knockdown of proteins such as HNRPNM'“® and HNRNPC'#®
results in unspliced mRNAs that are transported to the cyto-
plasm and induce an innate immune response. Decreasing the
degradation of dsRNAs can also drive activation of dsRNA sen-
sors, and depletion of RNA exonuclease XRN1 in cancer cell
lines with elevated IFN signaling causes activation of PKR,
MAVS, and cell death.">%'>" Similarly, phosphorothioate DNA ol-
igonucleotides, similar to those used in some FDA-approved
therapies, have been shown to prevent nuclear decay of intronic
and intergenic retroelements leading to activation of PKR and
OAS/RNase L."*?

In each of the examples above, the balance between binding
of dsRNA by dsRBPs and dsRNA sensors has been shifted to-
ward the dsRNA sensors. As we have discussed above, this
can occur through loss of dsRBPs, increased expression of
dsRNA sensors, or increased dsRNA abundance. Disrupting
this balance has great potential for cancer therapies and, poten-
tially, antiviral therapies. Further, although we have focused on
using viral mimicry to treat cancer, other therapeutic applications
can be envisioned. The ELAVL proteins that increase immuno-
genic dsRNA in neurons could be expressed to increase dsRNA
levels for cancer treatment but also depleted to decrease dsRNA
as a therapeutic means to treat neuroinflammatory disease.''®
Therapies that shift the balance away from dsRNA sensors
may be beneficial for many autoimmune disorders that arise
from aberrant sensing of dsRNA.°
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