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a b s t r a c t

The ongoing pandemic of COVID-19 (Coronavirus Disease-2019), a respiratory disease caused by the
novel coronavirus strain, SARS-CoV-2, has affected more than 42 million people already, with more than
one million deaths worldwide (as of October 25, 2020). We are in urgent need of therapeutic in-
terventions that target the host-virus interface, which requires a molecular understanding of the SARS-
CoV-2 life-cycle. Like other positive-sense RNA viruses, coronaviruses remodel intracellular membranes
to form specialized viral replication compartments, including double-membrane vesicles (DMVs), where
viral RNA genome replication takes place. Here we review the current knowledge of the structure, lipid
composition, function, and biogenesis of coronavirus-induced DMVs, highlighting the druggable viral
and cellular factors that are involved in the formation and function of DMVs.

© 2020 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction

Prior to the emergence of Coronavirus Disease-2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the outbreak of highly pathogenic SARS-CoV (2003) and
Middle East respiratory syndrome coronavirus (MERS-CoV) (2012)
[1] in the past few years had already raised awareness towards the
urgent need to develop effective therapeutic options to combat
coronavirus infections.

Like other positive-sense (þ) RNA viruses, including hepatitis C
virus (HCV), dengue virus, Zika virus, and polioviruses, coronaviruses
share the feature of establishing specializedmembranous replication
organelles with unique lipid compositions to enable robust viral
replication [2]. Depending on the groups of the viruses and the time
course of the infection, the structure, composition, and formation of
(þ) RNAvirus replication organelles appear to be varied and dynamic
[3]. The accumulating knowledge concerning the involvement and
requirementof cellularmembranes forviralRNAsynthesis specify the
establishment of these viral replication organelles as an evolution-
arily conserved and essential step in the early stages of the viral life
cycle. The replication organelles serve multiple purposes: first of all,
they provide an optimal microenvironment specialized for the syn-
thesis of viral RNA by concentrating viral components (RNA and
proteins) and host factors (specific proteins and lipid species)
required for viral RNA synthesis. Because host factors are actively
recruited to appropriate membrane sites in and around replication
organelles, viruses can interactwith themwithinmicroenvironments
(thereby generating higher local concentrations) and with less
interference from host membrane protein traffic or the possibility of
diffusion of soluble factors. Furthermore, viral replication very likely
takes place in the innermembrane facing the cytosolic interior of the
replication organelles. Therefore, replication intermediates (e.g.
double-stranded (ds)RNA) could be physically shielded from the host
innate immune defenses [4]. In addition, formation of replication
organelles allows spatial orchestration of the different steps of viral
replication and assembly. Hence, membrane remodeling plays a
crucial role in the (þ) RNA virus life cycle.

(þ) RNA virus-induced replication organelles can be classified
into single-membrane spherules, double-membrane vesicles
(DMVs), cubic membranes/membranous webs, and planar oligo-
meric arrays according to their morphological features [3,5]. Iden-
tifying both viral and cellular factors involved in the formation of
these replication organelles is anticipated to facilitate the devel-
opment of novel therapeutics or enable repurposing of existing
antiviral drugs [6].

This review focuses particularly on coronaviral DMVs, which are
structurally complex and frequently accompanied by other mem-
brane rearrangements [4], with a spot light on the viral and cellular
factors involved in DMV formation that may serve as druggable
targets.

2. Characteristics of DMVs generated during coronavirus
replication

2.1. Morphological features of coronavirus-induced DMVs

The morphological features of DMVs vary between different (þ)
RNA viruses (Fig. 1). DMVs are typically generated via bending of
the donor membrane into the cytoplasm, resulting in the induction
230
of positive membrane curvature [7]. One of the most studied ex-
amples is HCV-induced membrane rearrangements [3,5,8]. HCV
infection induces significant rearrangements of intracellular
membranes in a time-dependent manner. At early stages of infec-
tion, HCV-induced DMVs appear as protrusions from the ER into the
cytosol, often connected to the ER membrane via a neck-like
structure (Fig. 1B) [9]. Electron microscopy analyses have revealed
a diameter of approximately 50e250 nm of these DMVs as
described in detail elsewhere [9,10]. The remodeled membranes in
poliovirus-infected cells, however, show a distinctive morphology
with single-walled, connected and branched tubular compart-
ments at early stages of infection, which later transform into
double-membrane structures with a diameter of 100e300 nm via
extending the membranous walls and/or collapsing of the lumenal
cavity of the single-walled structures [11] (Fig. 1C).

Two highly pathogenic human coronaviruses, MERS-CoV and
SARS-CoV, are well documented to induce ER-derived DMVs
[12,13]. In SARS-CoV-infected Vero E6 cells, DMVs that are
distributed throughout the cytoplasm can be observed as early as
2 h post-infection (p.i.), with a diameter of 150e300 nm. The
number of DMVs increases dramatically at 4 h p. i., accompanied by
their connection to ER structures. The DMVs become more clus-
tered in the perinuclear area of the cell as the infection develops
[12,14]. SARS-CoV-induced DMVs are interconnected by their outer
membrane via a narrow 8 nm neck. In addition, they form a part of
an elaborate network that remains connected with the rough ER.
Distinct from HCV-induced DMVs, in-depth analysis of 3D tomo-
graphic reconstructions of SARS-CoV-induced DMVs failed to reveal
any membrane openings between DMVs and the cytoplasm [12]
(Fig. 1A). MERS-CoV-induced DMVs also range from 150 to 320 nm.
Similar to SARS-CoV, these DMV clusters also change in number
and distribution in the cytosol along with the progress of the
infection [13]. Furthermore, there are no clear openings connecting
the interior of the MERS-CoV-induced DMVs and the cytosol. In
addition to DMVs, double-membrane spherules (DMS) were also
detected in MERS-CoV-infected cells. These DMSs are smaller in
size (80 nm in diameter) and without a clear opening to the cytosol.
DMSs are linked to convoluted membranes (CM), and CM to ER,
while ER membranes are continuous with DMVs [15]. Hence,
MERS-CoV infection also creates a network of largely inter-
connected modified ER membrane structures as its replication
organelle (Fig. 1A). The generation of DMSs was also observed in
murine hepatitis virus (MHV)-infected and human coronavirus
229E (HCoV-299E)-infected cells, suggesting that inducing the
same replication organelle elements is a shared feature by coro-
naviruses [15].

A very recent report unveiled a molecular pore complex that
spans bothmembranes of the DMVs induced byMHV or SARS-CoV-
2 [16]. Using cellular electron cryo-microscopy, 6-fold symmetrized
subtomogram average of the pore complexes in MHV-induced
DMVs were observed. A cytosolic structure with a crown-like
morphology extends approximately 13 nm into the cytosol and is
based on a ~24 nm wide platform embedded between the two
layers of DMV membranes, which maintain the typical inter-
membrane spacing found in DMVs. The complex towards the
cytosol side has an opening of ~2 3 nm, allowing the transition of
RNA strands that later would be encapsidated in the cytosol [16].
This discovery provides more insights on the detailed roles that
coronavirus-induced DMVs play during viral replication and



Fig. 1. A brief comparation of typical DMVs generated by (þ) RNA viruses. A) Coronavirus-induced DMVs are interconnected by their outer membrane via a narrow neck. These
DMVs are part of an elaborate network that is connected with the rough ER. B) HCV-induced DMVs emerge as protrusions from the ER into the cytosol, connected to the ER
membrane via a neck-like structure and in a close proximity to lipid droplets (LDs). This is different from the membrane invagination induced during replication of members of the
Flavivirus genus [19]. C) Poliovirus-induced DMVs are generated from single-walled connecting and branching tubular compartments, which later transform into double-membrane
structures by extending the membranous walls and/or collapsing of the lumenal cavity of the single-walled structures.
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assembly.
By comparing the morphology of DMVs induced by different (þ)

RNA viruses (Fig. 1), it is clear that despite significant similarities
shared by DMVs, the architecture of membrane rearrangements
induced by different (þ) RNA viruses are unique, which may be due
to the specific roles they serve in the viral life cycle. In the case of
coronavirus infection, it remains to be elucidated why and how the
DMVs form an interconnected network, a unique feature of coro-
naviral DMVs, that may relate to its biological functions.
2.2. Lipid composition of coronavirus-induced DMVs

As the major components of cell membranes, host lipids play
indispensable roles in membrane flexibility and rigidity, which are
important for multiple morphological transformation-related
membrane functions, including those of DMVs during the replica-
tion of (þ) RNAviruses [17]. Each lipid molecule has a specific shape
(cylindrical, conical, or inverted conical). The formation of the viral
replication organelles requires the bending of membranes, hence,
enrichment of certain types of lipids are necessary to achieve these
membrane structures [17]. Therefore, specific lipid compositions
are preferred by different viruses for the development of their
optimal replication organelles [18]. (þ) RNA viruses, including
coronaviruses, manipulate host cellular lipid metabolism, as well as
lipid trafficking pathways, to ensure certain types of lipids are
available [17,19].

To cope with the rapidly elevated anabolic demands during viral
replication, and to provide building blocks while maintaining the
specific composition of cellular lipids required for DMV formation,
coronaviruses often employ multiple strategies to reprogram the
host lipids metabolic network. One strategy is to up-regulate lipid
biosynthesis pathways. Sterol regulatory element-binding proteins
(SREBPs) are a group of transcription factors that regulate the
biosynthesis of cellular cholesterol and fatty acids [20], and have
been reported to be activated during Flavivirus infections [21]. As
one of the major regulators for lipid biosynthesis, the ER-resident
SREBP is activated through proteolytic processing to release its N-
terminal domain (nSREBP), which subsequently translocates to the
nucleus and binds to a nonpalindromic sterol response elements
(SRE). Binding between nSREBP and SRE activates the transcription
of lipid biosynthesis pathways [20,22]. Yuan et al discovered that
SREBPs play an essential role in MERS-CoV viral replication,
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particularly in DMV formation and viral protein palmitoylation.
Pharmacological inhibition of SREBP activation significantly in-
hibits viral replication and DMV formation. Moreover, targeting
SREBP downstream pathways, such as fatty acid and cholesterol
synthesis pathways, can also suppress MERS-CoV replication [23].

The extensive membrane rearrangements induced during
coronavirus replication necessitates that besides significantly
enhanced lipid biosynthesis, lipid metabolic enzymes also regulate
DMV formation. Cytosolic phospholipase A2a (cPLA2a) is a lipolytic
enzyme that catalyzes the hydrolysis of membrane phospholipids
at the sn2-position and releases fatty acid, lysophospholipid (LPL),
and arachidonic acid (AA). Several mass spectra-based lipidomic
studies have shown selective upregulation of downstream products
of cPLA2a activation, including glycerophospholipids, LPL, and fatty
acid in MERS-CoV-infected or HCoV-229E-infected cells [18,23,24],
and long-chain polyunsaturated fatty acids (PUFA) in SARS-CoV-2
infected patient sera [25]. As a non-bilayer lipid, LPL can intro-
duce curvature stress to the bio-membranes and induce their
fission and fusion [26]. Treatment of a low-molecular-weight
nonpeptidic inhibitor, pyrrolidine-2, which inhibits production of
LPL, significantly reduced formation of DMVs and DMV-associated
replication/transcription complexes (RTC) in HCoV-299E-infected
cells, indicating that LPL is a crucial component of HCoV-299E-
induced DMVs and the virus may manipulate LPL levels through
activating cPLA2a [24].
2.3. Functions of coronavirus-induced DMVs

Like other types of viral replication compartments, DMVs pro-
vide a favorable environment for viral RNA replication by creating
an appropriate replicase topology and a barrier between viral RNA
replication compartments and the innate immune sensors, as well
as RNA degradation machinery that are present in the cytosol [4].

The HCV-induced DMVs fit in this classic scenario. The co-
purification of HCV-induced DMVs together with essential viral/
cellular factors for de novo synthesis of HCV RNA suggests that the
major role of the HCV-induced DMVs is to support viral RNA
replication [10]. Moreover, the HCV-induced membranous web
structure protects the viral genome from being recognized by
cytoplasmic pattern recognition receptors and therefore avoids
activation of cellular innate immune responses [27].

In contrast, polioviral RNA does not replicate inside the DMVs
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[28]. Nevertheless, polioviral DMVs, which resemble autophago-
somes, can fuse with late endosomes to form amphisomes [29].
Interfering with this fusion process impairs the final maturation
step in viral particle production, indicating the importance of DMVs
in virion maturation and the non-lytic release of progeny poliovirus
[30].

Coronavirus replicase proteins are mostly detected in CMs but
not in DMVs. However, dsRNA, which is an intermediate of viral
RNA replication, and a marker for this process, is predominantly
found in coronaviral DMVs [12]. A previous study reported the
existence of a pore in the DMVs generated during infection byMHV
[72], which could potentially enable transport of viral RNA, and was
corroborated in a more recent electron cryo-microscopy study [16].
Another recent study by Klein and colleagues using cryo-
transmission electron microscopy clearly showed the presence of
strands reminiscent of RNA inside the DMVs, suggesting that they
may be the site of coronavirus RNA synthesis [70]. Additionally,
SARS-CoV viral capsid proteins were found at the budding sites in
close proximity to the DMVs [31], and SARS-CoV virions budded
into membranes directly adjacent to and continuous with the outer
DMVs membranes at the later stage of infection cycle [12]. The
observation of double-membrane-spanning molecular pore in
MHV-infected cells further elaborated how viral genomic RNA from
the putative site of RNA synthesis inside DMVs gets transported via
the channel of the pore into the cytoplasm, where it would be
encapsidated [16]. These emerging data reinforce the hypothesis
that coronavirus-induced DMVs participate in viral replication and
budding. However, the size and number of DMVs in infected cells
are not correlated with competitive fitness of viral progenies. Viral
mutants that generate smaller DMVs or less DMVs replicated as
efficiently as wild-type virus [32]. In addition, coronavirus-induced
membrane rearrangements are not determinants of viral patho-
genicity [33]. Collectively, these evidences suggest that coronavi-
ruses have evolved to have tremendous plasticity in the capability
to form membrane-associated replication complexes for efficient
viral replication [32,33].

3. The interaction between coronavirus non-structural
proteins and DMVs

The striking similarities in morphology and architecture of
DMVs across different genera of coronavirus, including the
emerging SARS-CoV-2 [15], suggests a conservative mechanism
behind the formation of these organelles. The biogenesis of
coronavirus-induced DMVs relies on the interactions between
nonstructural viral proteins and the host factors. The replication of
two thirds of the human coronaviruses is initiated by translation of
the two overlapping open reading frames (ORF1a and ORF1b) to
generate two polyproteins, pp1a and pp1ab. The polyproteins are
further processed by several viral proteases to generate 16
nonstructural proteins (nsp1e16) which are involved in different
stages of viral life cycle. The other ORFs encode four structural
proteins (spike, membrane, nucleocapsid, and envelope). A variable
number of accessory proteins are also encoded by different coro-
naviruses [71]. Among the nonstructural proteins, nsp3, 4, and 6 are
demonstrated to play fundamental roles in the replication of
coronaviruses, particularly the biogenesis of DMVs [34]. Co-
transfection of plasmids encoding the full-length nsp3, 4, and 6
can induce formation of CMs and DMVs in the ER region that
resemble viral replication organelles observed in SARS-CoV infec-
ted cells [35]. In addition to their functions in host membrane
rearrangement, these nsps also interact with host and viral proteins
to ensure the successful replication process. Their distinctive
impact in DMV formation and functions will be discussed in the
following sections.
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3.1. Non-structural proteins as structural scaffolds for DMV
formation

3.1.1. Nsp3
Coronavirus nsp3 is considered to be the central scaffolding

protein involved in the formation of DMVs. Despite the different
genera of coronavirus, all nsp3 proteins broadly contain six func-
tional domains, including a ubiquitin-like (Ubl1) domain that binds
to single-stranded RNA (ssRNA) and nucelocapsid; macrodomain 1
(X domain) that possess ADP-ribose binding activity; macrodomain
2 which binds to ssRNA; a papain-like viral protease; a nucleic acid-
binding (NAB) domain; a transmembrane domain, and seven-
transmembrane G protein-coupled receptor C [36e38].

Formation of distinctive double-membrane structures of DMVs
requires 1) excessive membrane materials; 2) folding and rear-
rangement of the membrane to form paired membrane structures.
Nsp3 alone is capable of inducing ER membrane proliferation and
expansion to provide membrane materials for the formation of
DMVs [35].

Wolff et al. identified nsp3 as one of the major constituents of
the double-membrane spanning pore complex on MHV-induced
DMVs, with its Ubl1 domain residing in the cytosolic prongs of
the complex (Fig. 2D). Other membrane spanning nsps (i.e. nsp4
and 6) and host factors are also potential candidates for the pore
complex formation, although further investigation is required
[16].

In addition to its central role in DMV formation, nsp3 also serves
as part of the viral immune defense machinery by promoting
cytokine expression through its ADP-ribose binding, de-
ubiquitylation, and de-ISGylation activities [38]. Moreover, nsp3
can also bind to cognate nucleocapsid protein mainly via its Ubl1
domain and tether the infecting nucleocapsid to the newly trans-
lated RTC at early stage of infection [13].

3.1.2. Nsp4
Nsp4 of coronavirus is a tetraspanning membrane protein

[39,40]. Nsp4 binds to the transmembrane domain of nsp3 through
its first large lumenal loop, whereas two amino acids H120 and
F121 are identified to be essential for the binding, and the subse-
quent membrane rearrangement functions [41].

The importance of coronavirus nsp4 in biogenesis of DMVs has
been observed in different studies. MHV mutant carrying nsp4
N258T caused a temperature-sensitive phenotype, accompanied
with decreased numbers of DMVs. Moreover, nsp4-N258T, together
with other replicase components (e.g. nsp3) localized on mito-
chondria, which were abnormally enlarged in size and extensively
vacuolated that may due to fusion of DMVs [42]. Abolition of the N-
glycosylation sites of MHV nsp4 resulted in suppressed viral RNA
synthesis in addition to the appearance of aberrant DMVs and
elevated numbers of CMs [43].

3.1.3. Nsp6
Coronavirus Nsp6 is an ER-located integral membrane protein

with multiple transmembrane domains. Nsp6 itself can induce
membrane proliferation and rearrangements. Overexpression of
SARS-CoV nsp6 alone resulted in formation of vesicles named
microtubule organizing center vesiculation (MTOCV) [35]. Nsp6 of
avian coronavirus, infectious bronchitis virus (IBV), SARS-CoV, and
MERS-CoV is capable of generating Atg5- and LC3ІІ-positive auto-
phagosomes via an omegasome intermediate from the ER [44].
Interestingly, nsp6 appeared to limit the expansion of endogenous
autophagosome and autolysosome, possibly providing a means to
compromise the ability of autophagosomes to deliver viral com-
ponents to lysosomes for degradation [45].

A recent bioinformatic and evolutionary study showed that



Fig. 2. Biogenesis and architecture of coronavirus-induced DMVs with druggable targets and their pharmacological inhibitors. Formation of DMV is induced by viral
nonstructural proteins (nsp3, nsp4, and nsp6) and host proteins involved in the ERAD machinery (EDEM1/OS9/SEL1). Two models have been proposed for the biogenesis of the
coronavirus-induced DMVs: A) Model 1: viral infection triggers the generation of reticulovesicular network (RVN) of modified ER that integrates convoluted membranes (CMs) and
numerous interconnected DMVs, which also connect to the ER. B) Model 2: by the action of nsp3, nsp4, and nsp6, formation of DMVs starts with exvaginations of the ER membrane,
which then pinch off to form single-membraned EDEMsomes. These vesicles then undergo partial invagination to form cup-like structures that are then sealed to form DMVs. C)
Heterotypical interaction between nsp3-nsp4 via their lumenal domains can induce membrane zipping and curvature which are essential for the formation of DMVs. D) nsp3 is one
of the major constituents of the double-membrane spanning pore complex on coronavirus induced DMVs. VP: vesicle packets; SRE: sterol response elements; SREBP: sterol
regulatory element-binding protein; vRNA: viral RNA.
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SARS-CoV-2 nsp6 contains mutations in the outer membrane
binding region that may favor a more stable binding of nsp6 to the
ER membrane. However, whether the mutation would further
enhance the ability of nsp6 to limit the antiviral autophagy re-
sponses requires more experimental evidence [46].
3.1.4. Heterotypical interactions between the nsps and other viral
proteins

Although nsp3, 4, and 6 of coronavirus have their unique roles in
viral replication, paralleledmembrane structure formation involves
different membranes and interactions from different sides of the
233
membranes. Therefore, heterotypical interactions between nsp3-
nsp4-nsp6 is necessary for the formation of DMVs.

The protein-protein binding between nsp3 and nsp4 is indis-
pensable for the re-localization of this nsp3-4 complex from ER to
RTC and the membrane pairing required during the formation of
DMVs in SARS-CoV [35,39], MHV [47], andMERS-CoV [48] -infected
cells (Fig. 2C). Loss of this nsp3-nsp4 interaction abolishes viral
replication in SARS-CoV replicon systems [35,39,41]. Interaction
between nsp3 and nsp4 is, however, insufficient to induce the
formation of DMVs in the case of SARS-CoV and MHV. Rather, nsp6
and multiple host factors from the ER-turning machineries are
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involved in DMV formation with an exception of MERS-CoV, where
co-expression of nsp3 and nsp4 is sufficient to form MERS-CoV-
induced DMVs [48].

Coronavirus accessary protein ORF6 interacts with nsp3 and
nsp8 [49e51]. As a multifunctional Golgi - ER membrane-
associated protein, the N-terminal region of ORF6 induces the for-
mation of membranous structures, which partially resemble DMVs
that are observed in native virus replication [51]. Given the critical
function of nsp3 in DMV formation and of nsp8 in viral RNA syn-
thesis, it is possible that coronaviral ORF6 is also involved in the
formation/function of DMVs via its interaction with these two nsps
which may have an impact on virulence and pathogenicity [50].

Another accessory protein of coronavirus, ORF9b, has a central
hydrophobic cavity that binds lipid molecules. ORF9b colocalizes
with intracellular vesicles, suggesting a possible role in virus as-
sembly via membrane association [52]. Despite the fact that ORF9b
is dispensable for viral replication, its interactions with nsp8,
nsp14, and ORF6 still strongly indicate the involvement of this
lipid-binding viral protein in viral replication and assembly [53,54].

3.2. Non-structural proteins and biogenesis of DMVs

As discussed in the previous sections, the membrane-spanning
nsp 3, 4, and 6 provide a structural scaffold for coronavirus-
induced DMVs. Their lumenal domains are N-glycosylated – a
posttranslational modification that takes place on the ER. More-
over, when expressed alone intracellularly, ER resident nsp4 re-
localized to the DMVs upon infection [40]. In addition, ultrastruc-
ture analysis of SARS-CoV-induced DMVs showed that they are part
of a unique reticulovesicular network which connects to the rough
ER [12]. Multiple lines of findings strongly suggest that coronavi-
ruses hijack ER or ER-derived membranes to generate the lipid
bilayer of the DMVs [12,55e57]. Two models have been proposed
by which the coronavirus-induced DMVs are assembled and
modified.

3.2.1. Via ER-spanning
In an early proposed model by Knoops et al, coronavirus infec-

tion leads to the formation of reticulovesicular network with
multiple interconnected DMVs, which remain connected to ER
membranes via their outer membrane [12] (Fig. 1A). The hydro-
phobic domains of the nsp 3, 4, and 6 anchored to the ERmembrane
and target the viral RTC to the unmodified ER. Particularly, heter-
otypical interaction between nsp3-nsp4 via their lumenal domains
can induce membrane zipping and curvature that are essential for
the formation of DMVs (Fig. 2C). As the viral replication proceeds,
locally accumulated transmembrane nsps may induce further
expansion, distortion, and rearrangement of ER membrane, while
recruiting host factors required for viral replication (Fig. 2A).

In this model, apart from the hydrophobic transmembrane do-
mains, the occurrence of non-membrane-spanning hydrophobic/
amphipathic regions in nsp3 and nsp6 may also contribute to their
membrane bending ability, and this feature seems to be common
among DMV-inducing RNA viruses [58].

3.2.2. Via autophagy-independent LC3 engagement
Both macro and selective forms of autophagy have been

described for (þ) RNA viruses for various steps in the viral lifecycle
[59,60]. Given the distinctive zipper membrane architecture of
coronavirus-induced DMVs, it was speculated initially that the vi-
rus may hijack double-membraned autophagosome to generate
DMVs. However, up to date, the role of autophagy in coronavirus
replication remains controversial. Two earlier studies from the
same group showed a decreased replication of MHV in autophagy
essential gene Atg5 deleted cells and later co-localization of nsp 2, 3
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and 8 with endogenous LC3, suggesting a pro-viral role of auto-
phagy [55,61]. However, these findings could not be reproduced in
later studies with MHV and SARS-CoV models by other groups, in
which deletion of ATG5 and ATG7 had no significant impact on viral
replication [62,63]. It seems more plausible that autophagy is not
directly involved in either the replication or DMV formation, rather,
single components of the autophagy pathways (e.g. LC3) are likely
utilized by coronaviruses.

As the central hub for host membrane and protein synthesis,
maturation and secretion, ER-associated degradation (ERAD)
pathway is at the core of ER homeostasis. The level of ERAD is fine-
tuned by selectively discarding ERAD effectors (such as man-
nosidase alpha-like 1 (EDEM1), osteosarcoma amplified 9 (OS9),
and ERAD component SEL1) from the ER via ER-derived vesicles
named EDEMosomes [63]. Unlike autophagosomes, which contain
the lipidated form of LC3 (LC3ІІ), EDEMosomes are coated with
LC3І. Surprisingly, MHV-induced DMVs contain multiple compo-
nents of EDEMosomes, including LC3І, EDEM1, and OS-9 [62, 64]. In
addition, siRNA-mediated LC3І knockdown led to severe block of
viral replication and defective DMV production, indicating that LC3І
is directly involved in the replication of the virus and formation of
DMVs. These results suggest a mechanism by which coronaviruses
hijack the LC3І-positive EDEMosomes for the biogenesis of DMVs.
In this scenario, coronaviruses could recruit either EDEMosome-
cargo receptors or directly LC3І as well as other ERAD effectors to
the site of replication by one or more of the transmembrane nsps
(nsp3, 4, and/or 6). The formation of DMVs starts with evaginations
of the ER membrane, which then pinches off to form single-
membraned EDEMsomes. These vesicles then undergo partial
invagination to form a cup-like structure that is then sealed to form
a DMV [63,65] (Fig. 2B). Although the direct interactions between
coronavirus nsps and EDEMsome components have not yet been
identified, EDEM1, OS9, and LC3І were detected to co-localize with
nsp2/3. Moreover, EDEM1 is involved in the ER N-glycosylation
processing [66]. It is possible that the interaction between EDEM1
and glycoprotein nsp6 is essential for the formation of DMVs [65].

4. Druggable targets of coronaviral DMVs

As elaborated above, the importance of DMVs during (þ) RNA
viruses replication makes this type of membrane compartments a
very attractive target for drug development. The formation of DMVs
involves 1) induction of membrane curvature via viral and cellular
factors (e.g., insertion of transmembrane proteins and/or irregu-
larly shaped lipids); 2) modification of DMV lipid composition,
either via lipid transfer proteins or de novo lipid synthesis [4]. The
identification of pharmacological inhibitors or dominant-negative
mutants of viral or host proteins involved in the formation of
coronavirus-induced DMVs may facilitate the development of
antiviral treatment of related infectious diseases, including the
highly pathogenic SARS-CoV-2 (Fig. 2).

4.1. Targeting viral factors

Anti-HCoV-229E compound K22 inhibits early yet post entry
phase of the HCoV-229E replication cycle via diminishing the for-
mation of DMVs. This antiviral effect of K22 is probably due to its
interaction with nsp6. Moreover, K22 inhibits a broad range of
coronaviruses, including MERS-CoV, making K22 a promising anti-
coronavirus candidate for further development [67,68].

A very recent SARS-CoV-2 drug screening project using affinity-
purification mass spectrometry successfully identified more than
three hundred cellular factors that interact with viral proteins,
among which there are 66 druggable human factors targeted by 69
compounds. Amongst the identified hits, the authors found an
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interaction between SARS-CoV-2 nsp6 and human sigmaR1 [6].
SigmaR1 is a unique multifunctional ER membrane protein that is
involved in lipid transport, ER stress, and autophagy [69]. The
interaction between nsp6 and sigmaR1 can be targeted by four
approved drugs (e.g. Haloperidol, E�52862), one drug that is in
clinical trial, and three preclinical agents [6].

4.2. Targeting cellular factors

Targeting SREBP and its downstream fatty acid synthesis path-
ways provide a broad spectrum of potential antivirals against
coronaviruses. Small molecular inhibitor AM580, which blocks
SREBP activation by disrupting the binding of n-terminal SREBP1
and SRE, significantly abolishes the production of DMVs in MERS-
CoV-infected cells and SARS-CoV-infected cells [23]. In line with
the antiviral effect of AM580, several pharmacological inhibitors of
the SREBP-associated pathways, such as PF 429242 and Betulin that
inhibit SREBP cleavage and maturation, C75 that inhibits fatty acid
biosynthesis, and 2-BP that inhibits palmitoylation, all effectively
reduce MERS-CoV production [23].

As discussed above, cPLA2a is the crucial component of HCoV-
299E-induced DMVs. Inhibition of cPLA2a with a nonpeptidic in-
hibitor, pyrrolidine-2, significantly decrease the formation of DMVs
as well as the production of infectious virus progeny [24].

5. Conclusion

The replication organelles formed by (þ) RNA viruses are
remarkably sophisticated and complex, particularly the DMVs
induced by HCV, coronaviruses, and poliovirus, that are intricate
labyrinths of modified host membranes with specific composition
of lipids as well as viral and host proteins. In this review, we have
summarized the current knowledge on the architecture, function,
and biogenesis of DMVs with a focus on those induced by
coronaviruses.
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