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Introduction

Induced by type I and type I interferons (IFN), Mx pro-
teins are important mediators of innate immunity against a
broad spectrum of RNA and DNA viruses. The discovery of
the first Mx protein, Mx1, dates back to 1962 when an inbred
mouse strain showed resistance against lethal doses of influenza
A virus IVA) [1]. The resistance was caused by the gene MXI.
Most of the other inbred strains of mice which carried nonfunc-
tional MX1 alleles with large deletions or nonsense mutations
were susceptible to FLUAV infection [2]. Human Mx proteins
were discovered later via coincidence. A monoclonal antibody
against mouse Mx1 exhibited cross-reaction against an inter-
feron-induced protein in human cells. Two cytoplasmic Mx
proteins, MxA and MxB, which are encoded by human MX/
and MX2 genes, respectively, were then identified [3]. Both
genes are located on the distal part of the long arm of the human
chromosome 21 [4]. Mx proteins are vertebrate-specific
proteins found in zebrafish to humans.

Human MxA is a 78 kDa cytoplasmic protein closely
associated with the smooth endoplasmic reticulum (ER) [5].
The importance of MxA as part of innate immunity has been
underlined in extensive cell cultures and animal model studies.
MxA was first discovered as an antiviral factor against nega-
tive-stranded RNA viruses, including the Orthomyxoviridae
[6-8], Paramyxoviridae [9], Rhabdoviridae [6], and Bunyaviri-
dae families [10, 11]. Further studies revealed that the antiviral
activity of MxA stretches far beyond negative-stranded RNA
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human immunity against a broad spectrum of viruses. Evasion from MxA restriction accounts for the zoonotic trans-
mission of many pathogenic viruses. In addition to its antiviral activity, MxA has also been implicated as an inhibitor
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Iutions. Together, they provide exciting insights into the antiviral function of MxA, laying a solid foundation for antivi-
ral drug development and pandemic virus infection control, and also shed light on the development of novel
approaches for the prevention and treatment against cancer metastasis.

viruses, including a striking diversity of positive-stranded
RNA viruses [12], double-stranded RNA viruses [13], and
some DNA viruses [14-17]. To avoid antibiotic abuse, clinical
studies have shown that the combined interpretation of MxA
with C-reactive protein (CRP) and/or procalcitonin dramatically
improves the clinical sensitivity and specificity in discriminat-
ing between viral and bacterial infections (reviewed in [18]).
However, the detailed molecular mechanisms underlying the
antiviral activity of MxA remained elusive for a long time.

In addition to its antiviral activity, recent studies revealed
the functions of MxA in different cancer types. An international
multicenter study indicated that robust MxA expression is a
positive indicator for breast cancer patients who might benefit
from adjuvant chemotherapy [19]. In another retrospective
study, a positive correlation between MxA and tumor-infiltrat-
ing lymphocytes (TIL) levels was revealed in triple-negative
breast cancer (TNBC) cases [20]. Mushinski et al. demonstrated
that stable exogenous MxA expression inhibited the motility
and invasiveness of prostate carcinoma cells, both in vitro
and in vivo [21]. Therefore, MxA may serve as a potential
target for novel anti-cancer drug development.

Viral targets of MxA

Extensive efforts have been made among various viruses to
identify the viral targets of MxA, as well as the molecular mech-
anism of MxA-mediated autoimmunity against virus infections.

The influenza virus belongs to the family of Orthomyx-
oviridae, which is the most well-studied myxovirus family.
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Accumulating evidence has demonstrated that the nucleoprotein
(NP) component of Orthomyxoviruses is the main determinant
of MxA susceptibility. Sequestration of NP by MxA in the cyto-
plasm leads to the block of viral amplification and infection [22].

As the key effector protein against [VAs, MxA has been
shown to block viral replication at an early stage of the infection
[7]. Upon IVA infection, viral mRNA synthesis in MxA-
positive cells was reported to be within a normal level, while
viral protein synthesis and genome amplification was strongly
inhibited, suggesting that MxA interferes with either viral
protein translation in the cytoplasm or translocation of newly
synthesized viral proteins to the cell nucleus [7]. Growing
evidence suggests that MxA confers protection against [IVA
by targeting the viral NP protein [23-26]. The genome of the
IVA is segmented into eight RNA molecules, each compacted
as a rod-shaped ribonucleoprotein complex (RNP) with the NP
proteins. The RNP structure is crucial for the viral infection
cycle. Upon infection, RNPs are delivered to the cytoplasm
of host cells through endocytosis, followed by active transporta-
tion into the nucleus. After transcription of the VRNAS in the
nucleus, mRNAs are exported to the cytoplasm for translation
of the viral proteins NP, PB1, PB2, and PA. Newly synthesized
NP is then imported back into the nucleus for the production of
nascent virions (reviewed in [27]). Therefore, sequestration of
the viral RNP in the cytoplasm by MxA upon infection can
impair the IVA replication process at an early stage, providing
protection against further infection.

There are several lines of evidence supporting the impor-
tance of MxA-NP interaction against IVA infection. Utilizing
a transient influenza virus transcription reporter assay system,
Turan et al. revealed that the nuclear-localized MxA strongly
inhibits the influenza virus transcription, which may be neutral-
ized by over-expression of NP, but not (or only slightly) by
other RNA polymerase subunits PB1, PB2, and PA [24].
Furthermore, studies using influenza virus-infected cells proved
that apart from the nuclear-localized MxA, cytosolic MxA also
interacts with NP in vitro, which may confer resistance upon
infection of the influenza virus.

Besides blocking the infection of human viruses, human
MxA also acts as an efficient protective barrier against the zoo-
notic introduction of pathogenic viruses into the human popula-
tion. However, some viruses have successfully evaded MxA
restriction through evolution, such as the IVA HINI strain,
which caused the 2009 pandemic, and a thogotovirus isolate,
another member of the Orthomyxoviridae [28]. Individual
substitution of each HIN1 component involved in vRNA repli-
cation with the HSN1 counterpart in a polymerase reconstitu-
tion assay proved that NP was the main determinant of MxA
sensitivity [25]. An analysis of the adaptive mutations in the
NPs of two MxA resistant IVA strains revealed that the resis-
tance-related mutations were clustered in a surface-exposed
region in the body domain of NP. The introduction of this clus-
ter into the MxA-sensitive strain resulted in a gain of resistance,
although viral replication fitness was affected [26]. Similarly,
two amino acid substitutions (G327R and R328V) in the viral
nucleoprotein of the MxA-resistant thogotovirus isolate were
shown to be responsible for its resistance. Unlike in the cases
of IVAs [26], when the R328V mutation was introduced into
the MxA-sensitive thogotovirus isolate SiAr126, the resulting

recombinant virus gained complete MxA resistance without
any viral fitness loss, indicating even greater zoonotic potential
than previously expected. These studies demonstrate that NP is
the essential viral component underlying MxA susceptibility
and that NP alone is sufficient to determine MxA susceptibility
in Orthomyxoviruses. Experimental evidence with the La Crosse
Virus (LACV), which belongs to the Bunyaviridae family,
demonstrated a direct interaction between MxA and the virus
nucleocapsid (N) protein, suggesting a similar working mode
of MxA with the Orthomyxoviruse NP. Replication of LACV
takes place in the cytoplasm of infected cells through the
budding of nucleocapsids into the Golgi apparatus. Electron
microscopy (EM) studies have shown that Mx A binds to the viral
N protein and forms cytoplasmic complexes which accumulate
in the perinuclear area, forming highly ordered fibrillary struc-
tures [29]. Further studies have revealed that MxA and the viral
N protein both localize to a specific sub-compartment of the
smooth ER, resulting in efficient sequestration of N, which leads
to the depletion of this important viral component from viral
replication sites, thereby preventing the assembly of new virus
particles [30]. Interestingly, tubular structures of MxA entangled
with a viral structural protein were also observed in another study
with the West Nile virus (WNV), which belongs to the
Flaviviridae family. While MxA was reported to be less impor-
tant in restricting HCV and WNV,,, replication [31, 32], one
study has shown that in an expression-replication system, in
which MxA is retargeted from cytoplasmic inclusions to the
ER during WNV,,, replication, the MxA protein can sequester
the capsid (C) protein of WNV in tubular structures in the cyto-
plasm and reduce the titers of secreted viral particles [33]. Using
arapid and compartmentalized replication and assembly strategy,
WNV can hinder the recognition of the capsid protein by MxA
in vivo, resulting in evasion from MxA-mediated host surveil-
lance. More importantly, this evasion can actually be reversed
by the expression of recombinant ER-targeting MxA, which is
translocated to intracellular viral assembly sites upon infection.

Although the formation of tubular bundles indicates an inter-
action between MxA and the C protein of the WNVy,, there is
no direct evidence showing the physical interaction between
these two proteins, probably due to lack of other cellular factors
[33]. In hepatitis B virus (HBV) infected cells, physical interac-
tion between MxA and the HBV core antigen protein (HBcAg)
has been elucidated, which results in the immobilization of
HBcAg in the cytoplasm and hampers viral capsid formation
[15]. Interestingly, MxA seems to restrict the positive-sense
RNA virus Semliki Forest virus (SFV) by targeting a component
of the replicase but not the structural protein [12].

In summary, MxA targets highly divergent proteins in
different types of viruses. And the molecular mechanisms for
MXxA to recognize distinct viral proteins, which evolve rapidly
to evade recognition by the host immune system, are of vital
importance for containing the epidemic caused by these viruses.

Crystal structure and the ring-like model of MxA
depicting its antiviral mechanism

The MxA protein belongs to the dynamin superfamily
of multi-domain GTPases, which are characterized by the
self-assembly ability and assembly-stimulated GTPase activity.
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Figure 1. Structure of the MxA monomer. Ribbon-type representation of an MxA monomer. The G domain, BSE, and stalk domain are

colored ruby, light blue and pale yellow, respectively.

Like dynamin, MxA can form highly-ordered oligomers and
self-assemble into ring-like or helical structures in vitro [34].
Both MxA and dynamin can tubulate liposomes [35], but stim-
ulated GTPase activity upon this liposome-induced assembly is
observed only for dynamin, not MxA [36], suggesting different
cellular functions of these two mechano-chemical GTPases
upon activation. GTP binding allows for the dimerization of
MxA via the GTPase (G) domain and facilitates ER mem-
brane-associated assembly of MxA, whereas GTP hydrolysis
promotes the redistribution of MxA from cellular membranes
to viral targets [37].

In order to elucidate the molecular mechanisms of MxA
action as a broadly-acting antiviral effector, high-resolution
crystal structures of the MxA stalk region and the full-length
MxA protein were determined successively. Together with the
results of biochemical studies and EM studies, a more detailed
picture of MxA’s antiviral function has now been elucidated.

Back in 2010, we solved the crystal structure of the stalk
region of MxA (PDB: 3LJB) [38], followed by the near-full-
length MxA crystal structure in 2011 (PDB: 3SZR) [39].
MxA is an elongated molecule composed of three domains,
an N-terminal GTPase domain, a bundle-signaling-element
(BSE), and a C-terminal stalk responsible for self-assembly
(Figure 1). The unstructured L4 loop has been proposed as the
lipid-binding moiety of MxA based on biochemical analysis
[36]. The most variable region of Mx proteins is L4, which
accounts for the antiviral specificity probably by direct interac-
tion with different target viral proteins [40]. Biochemical
studies using single-molecule fluorescence resonance energy
transfer (SmFRET) revealed that while the G domain-BSE
region prefers to adopt an “open” state in nucleotide-free condi-
tions, loading of GTP changed the conformational preference to
the “closed” state. The frequent relative movement was also
observed between the BSE and the stalk via hinge 1, which
may be key elements for mechano-chemical coupling of MxA
molecules [41]. Unlike the linear MxA filaments in our crystal
structure, MxA oligomerizes into ring-like structures around
tubulated liposomes were observed in EM studies [36]. As the
experimental data supporting the role of MxA-NP interaction
during MxA-mediated influenza virus restriction was accumu-
lating, a theory was put forward that the oligomeric rings repre-
sent antiviral molecular machines that oligomerize around the
tubular structure of viral ribonucleocapsids (RNPs) [39].

Based on the evidence from previous EM studies, this theory
was subsequently depicted by a ring-like MxA oligomer model,
which was constructed using the structure of near-full-length
MxA as the building block (Figure 2) [39, 42]. This MxA-ring
has a diameter of 24 nm, and a 23° rotation around the
hydrophobic interface-1 was introduced between the building
block dimers to facilitate the formation of the ring. The inner
layer of the MxA-ring is composed of the stalk domains and
the outer layer of the G domains, allowing for transient dimeriza-
tion with the G domains from adjacent rings (Video 1). The pre-
dicted substrate-binding loop L4 points towards the center of the
ring and allowed for interactions with viral components, like
nucleocapsids. The architecture of this MxA-ring model was
later substantiated by a subsequent cryo-EM analysis on
MxA-decorated lipid tubules [36, 43]. Upon GTP binding, the
G domains from neighboring rings come into contact and confer
stimulated GTP hydrolysis. These actions trigger conforma-
tional changes of MxA molecules, which collectively produce
a synchronized power stroke, resulting in the sequestration
and disintegration of enwrapped essential viral components
and eventually the disruption of viral replication [39, 44].

Remarkably, MxA and the WNV C protein form tightly
packed bundles built from hollow tubes with a diameter of
~30 nm [33]. A similar ultrastructure was also reported for
the complex of MxA LACV NP [29]. In both cases, the
viral-component sequestration manner of MxA resembles what
was found for the influenza virus. The flexibility of interface-1,
to a certain extent, provides freedom of rotation between the
building block MxA dimers, which facilitates the formation
of MxA-rings with proper diameters to contain target viral
structures with various sizes, thereby explaining the broad
antiviral spectrum of MxA (reviewed in [45]).

Future prospects

Substantial efforts and achievements have been made by
researchers over the past few decades in studying the highly
diverse viral targets of MxA, as well as the evolutionary strate-
gies of viruses in evading MxA-mediated host surveillance.
Further studies, especially the high-resolution interpretation
of MxA-viral component complexes, are required to elucidate
this issue, which will contribute to the development of novel



S. Liao and S. Gao: Vis Cancer Med 2022, 3, 2 4

Interface-1

Figure 2. Model of Ring-like MxA Oligomer. A. Structural model of the MxA tetramer. The indicated 23° rotation around the hydrophobic
interface-1 leads to the formation of the ring-like MxA oligomer model. B. A model of the ring-like MxA oligomer. The MxA-ring is
composed of 16 constitutive dimers, each represented by a distinct color.

Video 1. To better present the 3D structure of the ring-like MxA
oligomer, this movie was made using PyMOL. The first and second
appearing MxA monomers are colored cyan and green, respectively.
The other 15 dimers are differently colored and gradually emerge to
form the ring-like structure. https://vem.edpsciences.org/10.1051/vem/
2022002#V1

and timely antiviral means against corresponding infectious
diseases.
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