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Abstract

Melanoma Differentiation-Associated gene 5 (MDAD), encoded by the gene IFIH1, is a
cytoplasmic sensor for viral double-stranded RNAs (dsRNAs). MDADS activates the type |
interferon signaling pathway upon detection of long viral dSRNA generated during replication of
picornaviruses. Studies have shown that MDAS forms a filament along the length of dsSRNA and
utilizes ATP-dependent filament dynamics to discriminate between self vs non-self on the basis of
dsRNA length. This review summarizes our current understanding of how the MDADS filament
assembles and disassembles, how this filament dynamics are utilized in dSRNA length-dependent
signaling, and how dysregulated filament dynamics lead to pathogenesis of immune disorders.

Introduction

Melanoma Differentiation-Associated gene 5 (MDADS), encoded by the gene IFIH1, is a
cytoplasmic sensor for viral double-stranded RNAs (dsRNAs). It is a paralog of Retinoic
acid Inducible Gene-1 (RIG-I), sharing the same domain architecture and activating the same
interferon (IFN) signaling pathway through the common adaptor molecule, MAVS (Fig. 1).
Earlier studies described MDADS as a protein involved in tumor differentiation and apoptosis
[1, 2]. In 2004, the Fujita and Randall groups independently showed that RIG-1 and MDAS5,
respectively, are pattern recognition receptors that activate the type I IFN signaling pathway
in response to viral dsSRNA or its mimetic, polyinosinic-polycytidylic acid (polyIC) [3, 4].
Subsequent studies from multiple laboratories have demonstrated that RIG-1 and MDA5
play non-redundant roles by recognizing largely distinct groups of viral RNAs [5-7]. While
RIG-I1 recognizes relatively short dsSRNA (< 1 kb) with 5’ppp or 5’pp often present in the
genome of negative strand RNA viruses or their defective interfering particles [8-11],
MDAJS5 was shown to detect long dsRNA replicative form of picornaviruses (Fig. 1) [12, 13].
The Akira group further showed that MDA5-mediated IFN signaling progressively increases
with the length of dsSRNA over ~1-7 kilobases (kb) [14]. This unusual length dependence
has provided an explanation for how MDADS selectively recognizes long viral dSRNA and
discriminates against short cellular dSRNAs. However, it also raised the question of how
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MDAJS can measure the length of dsSRNA that is orders of magnitude larger than the size of
the protein itself. While some studies have suggested that MDA also detect other types of
viral RNAs [15, 16], this review focuses on the molecular mechanism by which MDA5
selectively recognizes long vs. short viral dSSRNA and the immune disorders caused by
failure of self vs non-self discrimination.

Cooperative Filament Assembly

Our initial investigation with human MDAJ5 showed that MDADS binds to various types of
nucleic acids, including ssSRNA and dsDNA, with comparable affinities, but only with
dsRNA it assembles into a filament along the dSRNA axis (Fig. 2) [17]. Filament formation
was observed even in the presence of an excess amount of free dsRNA, clearly showing the
cooperative nature of this assembly [17, 18]. No RNA sequence specificity has been
observed so far for the filament assembly [17]. Similar filaments were observed with mouse
MDAJS suggesting it is a conserved feature of MDADS [19]. While the biological importance
of the observed affinity for sSRNA/dsDNA is still unclear, the robust MDAS5-stimulatory
activity of dsRNA (not ssRNA or dsDNA) suggests that nucleic acid binding is insufficient,
and filament formation plays an important role. In fact, filament formation is essential for
dsRNA recognition by MDAS as monomeric MDAS binds to dsRNA with poor affinity
(Fig. 2) [17]. Tight protein-protein interaction along the axis of dSRNA increases the affinity
by >100 fold [17]. The instability of monomeric interaction with dsSRNA explains the slow
nucleation kinetics observed for the MDAS filament [18].

MDAS consists of the N-terminal signaling domain, tandem caspase activation recruitment
domain (2CARD), the central DExD/H motif helicase domain and the C-terminal domain
(CTD) (Fig. 2). Our crystal structure of 2CARD-truncation mutant in complex with 12 bp
dsRNA showed that the helicase domain and CTD together function as a RNA recognition
unit, forming a ring-like structure around dsRNA (Fig. 2) [20]. This ring architecture of
MDAS5 is similar to that of RIG-I [21-23], but differs in the orientation of CTD. In RIG-I,
the CTD is tilted towards the dsSRNA end, allowing CTD to sense the 5’ppp and blunt end of
dsRNA. By contrast, CTD of MDAJ is parallel to the dsRNA axis, allowing dsRNA to pass
through the ring structure without any steric clash. Thus, the differential orientation of CTD
allows RIG-1 and MDAG5 to adopt the dsSRNA end-capping and stem-binding modes,
respectively, which in turn leads to divergent viral RNA recognition by these receptors.

Filament structure, as determined by protein-protein crosslinking [20] and electron
microscopy (EM) helical reconstruction [24], showed that monomer is stacked head-to-tail
with ~70° turn per monomer. There is an extensive monomer:monomer contact along the
axis of the filament, explaining how filament formation compensates for the weak
monomeric interaction with dsSRNA. Mutations in the filament interface impair filament
formation in vitro and IFN signaling in cells, further supporting the role of filament
formation for dsRNA recognition and signal activation by MDAS5.

How does the MDADS filament activate MAVS and the downstream signaling pathway?
Investigation of isolated 2CARD of MDAGS revealed that it oligomerizes in a concentration-
dependent manner (> 10 pM), and that this oligomeric 2CARD induces the monomer-to-
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filament transition of MAVS CARD [20], a pre-requisite for the downstream IFN signal
activation [25]. Since 2CARD within the full-length MDAGS filament would be at
sufficiently high local concentrations, this observation provides the plausible model that
filament assembly by the RNA-binding domain (helicase-CTD) induces proximity and
subsequent oligomerization of 2CARD (Fig. 2). In fact, the linker (~100 residues) between
2CARD and the helicase domain is long enough for oligomerization of ~10-11 neighboring
2CARD:s [20]. Unanchored K63-linked polyubiquitin chains (K63-Uby) were also proposed
to assist 2CARD oligomerization of MDADS (as well as RIG-I) [26]. Future investigation is
required to dissect the importance of K63-Uby, in the context of full-length MDAS filament
and the potential synergism between proximity- and K63-Ub,-mediated mechanisms.

Is the filament formation sufficient to explain the dsRNA length discrimination observed
over the range of ~1-7 kb? This seems not to be the case. While dsRNA affinity of MDA5
generally increases with the length of dsSRNA, this increase is most significant under ~100—
500 bp and little increase was observed above this range [18]. In addition, 10-11 MDA5
molecules (which occupy ~150 bp) appear sufficient to form the signaling-competent
2CARD oligomer, raising the question of how MDAGS discriminates between, for example,
10 molecules of 150 bp dsRNA and 1 molecule of 1.5 kb dsRNA with equal number of
MDAJS binding sites? Answers to these questions lie in the ATP-dependent dynamic
instability of the MDADS filament, as discussed below.

Dynamic Instability & dsRNA Length Discrimination

Analysis of the MDAJS filament stability with and without ATP revealed that ATP markedly
increases the dsRNA length dependence above ~500 bp, to the extent that closely
recapitulates the length dependence observed in its cellular signaling activity [18]. How does
ATP increase the sensitivity of the MDADS filament to dsSRNA length? Based on a series of
bulk and single-molecule kinetic analyses, we found that there are two properties of the
MDAS5 filament responsible for this enhanced length discrimination in the presence of ATP;
ATP hydrolysis-driven end disassembly and rate-limiting nucleation kinetics [18].

While the MDAGS filament is stable in the absence of ATP, in the presence of ATP, it
undergoes rapid cycles of assembly and disassembly (Fig. 3A) [17-19]. This is because ATP
hydrolysis weakens the MDA5-dsRNA interaction, and thus accelerates filament
disassembly. This dynamic instability of the filament is reminiscent of those of microtubule,
actin filament [27] and RecA filament [28]. More detailed examination revealed that ATP
hydrolysis occurs throughout the MDADS filament, seemingly independent of the relative
position within the filament, but dissociation from dsRNA occurs primarily at dSRNA ends
as interior molecules are stabilized by the interaction with the adjacent molecules [18]. Since
higher fraction of MDAS5 molecules would be placed at filament termini on short dsRNA,
this end-disassembly mechanism results in more rapid filament disassembly on short
dsRNAs.

What happens if multiple filaments nucleate on the same dsSRNA molecule? The single
molecule analysis showed that multiple nucleation indeed occurs and is often required to
coat the entire length of dSRNA (due to interior nucleation and unidirectional propagation of
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the filament) (Fig. 3B) [18]. Multiple filaments often co-exist on the same RNA molecule
even when no gaps are visible by EM [18]. ATP-driven filament disassembly occurs at the
ends of these individually nucleated filaments (rather than dsSRNA ends), resulting in
apparent interior breaking of the filament [18, 19]. Interestingly, when filament is formed in
the presence of ATP, repeated cycles of assembly and disassembly repair gaps in the
filament and promote formation of longer and more continuous filaments (Fig. 3B) [18].
Thus, MDAGS utilizes ATP hydrolysis to promote filament end-disassembly while repairing
gaps on long dsRNA, which together contribute to the dsSRNA length dependent stability of
the filament.

We also found that nucleation of the MDADS filament is slow and rate-limiting relative to
filament elongation, and this further suppresses stable accumulation of MDA5 molecules on
short dsRNA [18]. This is because MDAS5 binds short dsSRNA predominantly through de
novo nucleation rather than filament elongation. Additionally, filament disassembly often
occurs to completion on short dSRNA, which makes re-binding to again require de novo
nucleation (Fig. 3C). On long dsRNA, on the other hand, MDAS filaments cycle between
partial disassembly and elongation, bypassing nucleation and allowing stable accumulation
of MDAS5 molecules on RNA (Fig. 3C).

Thus, the unique combination of the filament assembly and disassembly kinetics enables
MDAS to regulate the stability of the filament according to the length of dsSRNA. Since
2CARD oligomerization requires MDAS5 filament formation, this kinetic mechanism of the
filament provides an explanation for the dsRNA length-dependent signaling activity of
MDAJ5. Note that RIG-1 also forms filaments [29, 30], but utilize distinct assembly and
disassembly mechanisms, and thus adopt different dSRNA length specificity.

Dysregulation and Immune Disorders

Multiple Genome Wide Association (GWA) studies have shown that MDAS is not only
involved in antiviral immunity [31], but also in pathogenesis of several immune disorders,
such as type 1 diabetes [32, 33], systemic lupus erythematosus [34, 35], multiple sclerosis
[36] and rheumatoid arthritis [37]. Single nucleotide polymorphisms (SNPs) in the MDA5
gene (IFIHZ1), such as T946A, R843H, E627X and 1923V, were shown to be complete or
partial loss-of-function mutations and to be associated with protection from these diseases
[17, 31, 38, 39]. Although linkage disequilibrium between MDADS and other genes in the
disease-associated region complicates pinpointing the specific causal variant [40], the
importance of MDAGS in type I IFN signaling pathway and the known role of IFN in these
diseases have raised the intriguing possibility that hyper-activation of MDAS contributes to
pathogenesis of these immune disorders.

More clear demonstration of the causal role of MDADS in inflammatory and autoimmune
diseases came from studies involving mouse models and Mendelian genetic studies of
monogenic inflammatory disease, Aicardi-Goutieres Syndrome (AGS). Transgenic mice
bearing multiple copies of the MDAGS gene displayed systemic up-regulation of type | IFN
[41]. While high basal expression of IFN was insufficient to cause overt inflammatory and
autoimmune phenotypes in these mouse models, it exacerbated the autoimmune pathology

Curr Opin Virol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duany et al.

Page 5

in mice with the lupus-susceptible genetic background [41]. More recently, chemically
induced mutation (G821S) in the MDAS gene was shown to cause lupus-like nephritis with
wide spread systemic inflammation [42]. Biochemical examination of G821S suggested that
this mutation renders MDADS unresponsive to dsSRNA, but constitutively activates its
signaling activity [42]. Finally, genetic analysis of AGS revealed that several gain-of-
function mutations in MDADS can cause a spectrum of neuro-inflammatory phenotypes with
atype | IFN signature [43, 44]. These mutations over-stabilize the MDAS filament in vitro
(either by impairing ATP hydrolysis or by increasing dsSRNA affinity), sensitize MDAS5 to
short dsRNAs (~150 bp), and increase the basal signaling activity in the absence of viral
infection (Fig. 4) [43]. Additional analyses showed that this basal signaling activity is
dependent on the mutants’ ability to bind dsSRNA and assemble into filaments [43],
suggesting the presence of endogenous dsRNAs stimulating these mutants (Fig. 4). Future
research is required to determine the identity of the endogenous ligands for MDAS and the
mechanistic explanation for the brain specificity of the AGS phenotype.

Conclusion & Future Direction

We here summarize our current understanding of how the MDADS filament assembles and
disassembles, how its Kinetic properties regulate self vs. non-self discrimination on the basis
of dsRNA length, and how its dysregulation results in inflammatory and autoimmune
pathology. Current data indicate at least three functional roles of MDADS filament formation:
(i) it enables tight binding of MDAS to dsRNA to compensate for the low affinity interaction
between monomeric protein and dsRNA, (ii) it allows MDADS to regulate its interaction with
dsRNA according to the length of dsRNA, and (iii) it brings together neighboring 2CARDs
into proximity to induce 2CARD oligomerization and MAVS stimulation.

Several important issues remain to be investigated. First, ATP hydrolysis appears to play
multiple roles in MDADS function, in addition to promoting filament disassembly as
described in this review. While some ATP hydrolysis-deficient mutants display gain-of-
function properties (as expected from stabilization of the filament), others show loss-of-
function phenotype [45], indicating that ATP hydrolysis activity per se does not determine
the functional outcome. Specific conformation stabilized by each of these mutations may
bear clues as to how these mutation have divergent consequence in IFN signaling. Second,
the fate of MDAJS filament during the course of infection and IFN response is still unclear.
Reported challenges in isolating the MDAS5:dsRNA complex or the filament from cells
suggest the dynamic, and potentially transient, nature of the filament. Some studies have
suggested localization of MDADS to stress granules during viral infection [46, 47], although
the temporal order between this relocalization event and viral RNA recognition is still
unclear. Direct visualization of MDAS filaments in cells would provide additional insights.
Finally, very few cellular proteins have so far been demonstrated to specifically interact with
the MDADS filament and regulate its function. One example is LGP2, a homologous helicase
lacking 2CARD, which promotes MDAGS filament nucleation and stabilizes short filaments,
thereby enhancing MDAS5-mediated IFN induction [48]. Future studies aimed at identifying
other such regulatory factors would reveal an additional layer of complexity in MDA5
function, and would be likely important for therapeutic targeting of MDAGS for both antiviral
immunity and treatment of immune disorders.
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Fig 1.

Schematic of viral RNA recognition and signal activation by RIG-1 and MDADS. These
receptors recognize distinct groups of viral RNAs but activate the IFNa/p signaling pathway
through the common adaptor molecule, MAVS.
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Fig 2.

Model of MDAS5 filament formation and signal activation. MDAS5 contains the 2CARD,
helicase domain and CTD. Upon dsRNA binding, helicase-CTD forms a ring-like structure,
which cooperatively stacks along dsSRNA to assemble into a filament. Filament formation
brings together neighboring 2CARDs into proximity and induces oligomerization of
2CARD alongside the filament. The 2CARD oligomer then triggers monomer-to-filament
transition of MAVS and activates the downstream IFN signaling pathway.
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Fig 3.

Kignetic model for dsRNA length discrimination by the MDADS filament. (A) ATP hydrolysis
promotes end-disassembly of the MDADS filament, which results in dsSRNA length-dependent
stability. (B) Multi-nucleated filament repairs gaps (or discontinuity) during ATP-mediated
filament rearrangement. During dynamic equilibrium between assembly and ATP-driven
end disassembly reactions, short filaments disassemble faster than longer ones, allowing
continued elongation of longer filaments to more accurately reflect the length of underlying
dsRNA scaffolds. (C) The role of slow nucleation kinetics in dsSRNA length discrimination
by MDAJ5. On short dsRNA, RNA binding occurs primarily by rate-limiting nucleation,
whereas on long dsRNA, it is mediated by rapid filament elongation. Thus, slow nucleation
selectively suppresses MDADS binding to short dsSRNA.
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Fig 4.

Model of how the gain-of-function (GOF) mutations in MDADS cause Aicardi-Goutieres
Syndrome (AGS). These mis-sense mutations over-stabilize the MDAGS filament, resulting in
increased sensitivity to short dSRNAs and aberrant activation by as-yet-unidentified cellular
RNAs.
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