Peroxisomes

Organelles that are found in
virtually all eukaryotic cells and
are involved in the catabolism
of fatty acids, b-amino acids
and polyamines. Peroxisomes
are important for energy
metabolism.
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The dependence of viral RNA
replication on co-opted host factors

Peter D. Nagy and Judit Pogany

The success of viruses as pathogens depends on their
ability to replicate within host cells. They achieve this by
actively reprogramming host cell metabolism to support
the infection process and to allow viruses to escape or
suppress host defence mechanisms. As a result, virus-
infected cells undergo a series of major changes during
infection.

Positive-sense RNA ((+)RNA) viruses include
the human pathogens hepatitis C virus (HCV), West
Nile virus (WNV), dengue virus (DENV) and severe
acute respiratory syndrome coronavirus (SARS CoV).
Although (+)RNA viruses have limited coding poten-
tial, containing between three and ten genes, these
viruses can replicate efficiently in infected host cells
owing to their use of host proteins, membranes, lipids
and metabolites. Using molecular mimicry, a virus can
trick host factors into performing novel functions that
frequently target host cells. However, (+)RNA viruses
can also induce strong antiviral responses. Viral infec-
tion, then, often represents a race between the virus
and the host to gain control over the resources of the
infected cell.

Following viral entry, the viral (+)RNAs are released
and then translated to produce viral replication proteins.
These proteins recruit the viral (+)RNA for replication,
which requires the assembly of viral replication complexes
(VRCs) on subcellular membrane surfaces. Each VRC
first produces a complementary negative-sense RNA
((—)RNA) using the original (+)RNA as a template. The
(—)RNA is then used by the viral replicase to synthesize
new (+)RNA molecules that undergo additional rounds
of translation and replication to form new viral particles

Abstract | Positive-sense RNA ((+)RNA) viruses such as hepatitis C virus exploit host cells by
subverting host proteins, remodelling subcellular membranes, co-opting and modulating
protein and ribonucleoprotein complexes, and altering cellular metabolic pathways during
infection. To facilitate RNA replication, (+)RNA viruses interact with numerous host molecules
through protein—protein, RNA-protein and protein-lipid interactions. These interactions
lead to the formation of viral replication complexes, which produce new viral RNA progeny in
host cells. This Review presents the recent progress that has been made in understanding the
role of co-opted host proteins and membranes during (+)RNA virus replication, and discusses
common themes employed by different viruses.

that can egress from cells, or move from cell to cell in the
case of plant (+)RNA viruses'™ (FIG. 1).

The replication of (+)RNA viruses involves numer-
ous interactions between components from the virus
(RNA and proteins) and the host (proteins, membranes
and lipids). All characterized (+)RNA viruses assemble
VRCs, which contain both viral and host proteins, on
intracellular membranes-'°. These membranes can
be derived from various organelles, such as the endo-
plasmic reticulum (ER), mitochondria, vacuole, Golgi,
chloroplasts and peroxisomes, or from plasma mem-
branes, or they emerge through the formation of novel
cytoplasmic vesicular compartments derived from the
ER or, possibly, autophagosomal membranes''-*. Thus,
subverted host factors have crucial roles in all steps of
(+)RNA virus replication. It follows, therefore, that host
factors are key determinants of viral pathology as well as
viral evolution**'**!,

This Review outlines our current understanding of
the host factors that facilitate the replication of (+)RNA
viruses. Recent progress has come from in vitro replicase
assays, reverse genetics approaches, intracellular localiza-
tion studies, genome-wide screens to identify host fac-
tors affecting viral replication, and the use of natural or
model hosts. The replication of RNA viruses has been
described in several recent publications**'***?2, Here, an
in-depth description of co-opted host factors is provided
for representative (+)RNA viruses, including flaviviruses,
coronaviruses, picornaviruses, plant tombusviruses
and plant bromoviruses. A better understanding of the
functions of the co-opted host factors could lead to
the development of more potent antiviral strategies.
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Figure 1| Schematic infection cycle of positive-sense RNA viruses. Positive-sense
RNA ((+)RNA) viruses enter animal cells by endocytosis and plant cells through wounds.
When the virus is inside the cell, the (+)RNA genome is released into the cytosol, where it
is translated by the host ribosomes. The resulting viral replication proteins then recruit
the (+)RNA to subcellular membrane compartments, where functional viral replication
complexes (VRCs) are assembled. A small amount of negative-sense RNA ((-)RNA) is
synthesized and serves as a template for the synthesis of a large number of (+)RNA
progeny. The new (+)RNAs are released from the VRCs, whereas the (-)RNA is retained.
The released (+)RNAs start a new cycle of translation and replication, become
encapsidated, and then exit the cells (in the case of animal viruses) or move to
neighbouring cells through plasmodesmata (in the case of plant viruses).

Genome-wide approaches
Studies based on
high-throughput screens that
include a systematic analysis
of all or most of the genes
encoded by the genome of

a particular host organism.

RNA interference

(RNA). A pathway that, in most
eukaryotes, controls which
genes are active and their
relative activities. The pathway
is induced by small interfering
RNAs (siRNAs), which are small
double-stranded RNAs. Using
a library of siRNAs, the
expression of each gene in a
given cell line or organism can
artificially be knocked down.

The discovery of co-opted host factors

As there can be ~20,000-30,000 different proteins in a
typical eukaryotic cell, identifying all the proteins that
are subverted by a given (+)RNA virus is a daunting
task. Numerous approaches have been developed in
recent years, and in this section we briefly describe some
successful strategies.

Genome-wide approaches have emerged as a powerful
means to identify the host factors involved in (+)RNA
virus replication. For example, genome-wide screens of
Saccharomyces cerevisiae (BOX 1) led to the identification
of ~1308. cerevisiae genes that affect the replication of
tomato bushy stunt virus (TBSV)*?*, ~30 genes that affect
TBSV RNA recombination®-?, and ~100 genes that
influence the replication of brome mosaic virus (BMV)?*.
Interestingly, only a small subset of S. cerevisiae genes
affects replication of both BMV and TBSV, suggesting

that these distantly related (+)RNA viruses depend on
mostly different host factors and cellular processes**2.

Genome-wide approaches based on RNA interfer-
ence (RNAI) have been carried out with Drosophila C
virus'*?, WNV*, DENV?" and HCV*** in various ani-
mal cell types. This approach led to the identification of
several hundred host genes that affect (+)RNA virus rep-
lication, but this is probably an underestimation owing
to the considerable level of genetic redundancy in ani-
mals, the variable efficiency of the protein knockdowns,
the diversity of experimental conditions and cell types
used, and the possible ‘off-target’ effects of some small
interfering RNAs (that is, unwanted silencing of non-
target genes). Further analysis of the functions of the
identified genes will be necessary to confirm that they
are indeed co-opted for viral replication.

Global proteomic approaches have also been widely
used to identify host components that are part of VRCs
or interact with viral replication proteins. For example,
yeast two-hybrid screens using proteins from HCV and its
human host™ revealed that viral non-structural protein 3
(NS3) and NS5A, which are involved in HCV RNA repli-
cation, had the largest number of interacting proteins (214
and 96, respectively). These data indicate that NS3 and
NS5A might have crucial roles in reprogramming host
cell metabolism during HCV infection through altering
the cellular functions of the interacting host proteins.
Proteomic approaches have also been used to identify
host proteins that interact directly with the viral RNA of
coronaviruses, alphaviruses and WNV (viral RNA was
purified, and bound host proteins were then identified by
mass spectrometry®*-*) and with the viral RNA of TBSV
and BMV (using a protein microarray)**.

Taken together, the results of global screens involving
HCV, TBSV, BMV, WNV, DENV and Drosophila C virus
confirm that (+)RNA viruses depend on numerous host
cell components for robust RNA replication. Moreover,
the overlap among the sets of host proteins identified by
different screens for the same virus is low, which sug-
gests that the screens have not yet reached saturation
levels; one alternative explanation, however, is that some
interactions identified in these screens are fortuitous,
nonspecific or non-functional. In any case, these stud-
ies clearly indicate that multiple approaches are needed
to catalogue the host-virus ‘interactome’ (that is, all the
host proteins that specifically interact with viral RNAs
and proteins).

The host factors that have been identified through
such approaches are likely to have diverse roles during
(+)RNA virus replication, including roles as media-
tors of the intracellular transport of viral proteins and
viral RNA; as chaperones that facilitate folding of viral
proteins; as helicases or RNA chaperones that assist the
folding of viral RNA; as regulators of the switch from
translation to replication (by promoting template recog-
nition); and as enzymes involved in lipid metabolism
to drive membrane proliferation'+*25%474% Notable
surprises from the genome-wide screens include the
alteration of host lipid metabolism by DENV hijack-
ing of autophagosomes*’, the requirement for a host
microRNA in HCV replication®, the involvement of
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Box 1| Saccharomyces cerevisiae as a model host

The use of Saccharomyces cerevisiae as a model organism to study host-virus
interactions has several advantages. Plants and most animals have large genomes with
extensive genetic redundancy (functional duplications) in various functions, whereas
S. cerevisiae has a small genome with only ~6,000 genes, more than 60% of which have
been characterized to some extent. The small genome size also means that there is a
reduced level of redundancy. In addition, less than 7% of the genes carry introns, which
greatly simplifies prediction of the encoded proteins. Moreover, toolboxes and gene
libraries are available for the controlled expression of selected genes. One advantage
to performing genome-wide screens in S. cerevisiae is the availability of collections of
knockout mutants, such as the yeast single-gene-knockout (YKO) library, or libraries
containing gene sets with regulated expression, such as the yTHC library**. Gene
libraries with fluorescent tags or affinity tags for identification of the subcellular
localization of proteins and for protein purification, respectively, are also available!*.
Microarray chips with DNA oligonucleotides for most S. cerevisiae genes, and protein
arrays with 4,100 purified proteins from this organism, have been produced'’. Finally,
the databanks for S. cerevisiae genes are the most complete among those for
eukaryotes. For example, a global analysis of protein localization has been carried out,
and detailed protein—protein interaction networks and genetic interaction maps have

been constructed!1%,

Proteomic approaches
Global approaches that involve
all or most of the proteins
encoded by the genome of the
particular host.

Yeast two-hybrid screens
Screens looking for protein—
protein or protein—nucleic acid
interactions in Saccharomyces
cerevisiae cells. The target
protein is screened for physical
interaction against a library of
full-length or truncated genes
that are expressed from a
plasmid.

Protein microarray

A microarray based on purified
(host) proteins fixed to the chip
surface. These arrays are used
to identify protein—protein or
protein—nucleic acid
interactions, substrates of
proteins or targets of
biologically active small
molecules.

Cap-independent
translation

A method of translation used
by several positive-sense RNA
viruses, in which the usual
requirement for the interaction
of host translation initiation
factors with the 5’-cap (a
special tag bound to the 5" end
of an mRNA molecule) is
circumvented, and select host
initiation factors are recruited
by alternative means to
participate in translation.

SNARE-like protein

One of a large superfamily of
proteins with a primary role in
vesicle fusion.

membrane-bending host proteins in TBSV and BMV
replication®"*?, and the effect of a Ca?",Mn?*-ATPase
pump on TBSV RNA replication and recombination®.
Interestingly, many of the identified host factors are con-
served in eukaryotes, suggesting that (+)RNA viruses
selectively target conserved host functions as opposed
to host species-specific factors. Such a strategy would
help viruses broaden their host range.

Roles of host factors in (+)RNA virus replication

One emerging theme from the genome-wide screens
is that many of the host genes that are apparently
subverted for (+)RNA virus replication are unique
for a given virus. This suggests that (+)RNA viruses
have evolved different ways to utilize host cell
resources. However, in spite of the diverse sets of
host factors that are co-opted by different viruses,
functional and mechanistic studies suggest that dif-
ferent host proteins could provide similar functions
during replication of viral RNA. The common func-
tions performed by diverse host proteins during
various steps of viral replication are discussed below.

Selection and recruitment of viral (+)RNA for replica-
tion. The viral (+)RNA participates in several compet-
ing processes that are required for successful infection
and are also highly regulated and compartmentalized to
escape RNA degradation® (FIC. 1). Therefore, for replica-
tion to take place, the viral genomic RNA, together with
viral and host factors, must be actively recruited to the
appropriate subcellular membrane surfaces.

Viral replication proteins can bind selectively to viral
(+)RNA, which probably leads to recruitment of the
viral RNA from translation to replication®*>°. However,
host proteins are also involved. For example, in the case of
human poliovirus (PV), a central role for host poly(rC)-
binding protein 2 (PCBP2) in RNA template recruitment
has been suggested (FIG. 2). PCBP2 is an RNA-binding
protein involved in mRNA stabilization and the regula-
tion of transcription and translation, and it binds to the

REVIEWS

internal ribosome entry site (IRES) in PV (+)RNA to
promote cap-independent translation. When bound to the
viral RNA, PCBP2 is cleaved by the PV-encoded RNA-
dependent RNA polymerase (RdRp) precursor (3CD)
or protease (3C) proteins and, as a result, loses one of
its three RNA-binding sites. However, the cleaved form
of PCBP2 retains two RNA-binding sites that allows
the protein to bind to the cloverleaf structure at the
5" untranslated region (UTR) of PV (+)RNA (FIG. 2a). This
is crucial for PV RNA replication, as it brings together
the 3 and 5” ends of the viral RNA through interaction
with another host protein family, the poly(A)-binding
proteins (PABPs)*¢! (FIC. 2a). The PV-encoded 3CD is
also involved in RNA template selection and in switch-
ing of the viral RNA from translation to replication by
binding to the cloverleaf-like structure at the 5 UTR and
influencing genome circularization®*>6062¢,

Additional host proteins with documented roles in
the recruitment of viral (+)RNA from translation to
replication are listed in TABLE 1. Overall, these proteins
facilitate the recruitment of different viral (+)RNAs for
replication (FIC. 1) by protecting the viral (+)RNA from
degradation, preventing a collision between the ribo-
some and the VRC (which compete for the same viral
(+)RNA while progressing in opposite directions) and
facilitating the selection of a cognate viral (+)RNA for
replication (as VRCs of a given virus do not usually sup-
port the replication of RNAs from other viruses or from
the host).

Targeting viral replication proteins to the replication
site. Host proteins participate in targeting the virally
encoded replication proteins to their replication sites
within the appropriate subcellular compartments. For
example, replication of tomato mosaic virus (ToMV)
depends on two Arabidopsis thaliana membrane pro-
teins termed TOM1 and TOM3, which interact with the
helicase-like ToMV replication protein, 130K*¢. TOM1
and TOM3 are also part of the ToMV VRC, in which
they probably act as membrane anchors for the replica-
tion proteins®*®°. Similarly, the human vesicle-associated
membrane protein-associated protein A (VAPA), a
SNARE-like protein, might serve as a membrane anchor
for HCV replication proteins. Indeed, VAPA interacts
with the HCV replication proteins NS5A and NS5B%, an
interaction that could be important for the association
of NS5A and NS5B with the intracellular ER-derived
membranes that constitute the site of HCV replication.
Inhibiting the expression of VAPA, which is partially
associated with lipid rafts, results in relocation of NS5B
from detergent-resistant to detergent-sensitive mem-
branes®. Detergent-resistant lipid rafts — cholesterol-
and sphingolipid-rich microdomains — in subcellular
membranes could serve as nucleation sites to increase
the local concentration of viral replication proteins
and facilitate the selective binding of key host factors,
ultimately leading to the formation of VRCs®. In
addition, a geranylgeranylated cellular protein, FBXL2
(F-box and LRR-repeat protein 2; also known as FBL2),
might be involved in the recruitment of HCV NS5A to
intracellular membranes®.
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Figure 2 | Remodelling the cellular secretory pathway to support human poliovirus replication. a | The human
poliovirus (PV) viral replication complex (VRC) assembles on the Golgi-trans-Golgi network (TGN) membrane and contains
proteolytically cleaved host poly(rC)-binding protein 2 (PCBP2) and the virally encoded RNA-dependent RNA polymerase
(RdRp) precursor protein, 3CD, bound to the 5 cloverleaf-like structure of the positive-sense RNA ((+)RNA), with a host
poly(A)-binding protein (PABP) bound to the 3" poly(A) tail. As a result of the interaction between PCBP2 and PABP, the
ends of the PV RNA genome are brought into proximity, facilitating the cleavage of 3CD and the release of the RdRp
(3D-POL). 3D-POL then starts synthesis of the negative-sense RNA (HRNA) using VPg-UU (di-uridylated VPg protein) as
a primer. The newly made double-stranded RNA (dsRNA) replicative form (RF), which consists of hybridized (+)RNA and
(-)RNA, is partly unwound by the chaperone activity of the host heterogeneous nuclear ribonucleoprotein C (hnnRNPC)
and the binding of PCBP2 and 3CD to the 5" end of the (+)RNA. After cleavage of 3CD, the released 3D-POL starts (+)RNA
synthesis, which will go on for many rounds to produce excess amounts of (+)RNA progeny. b | PV begins replicating in
the Golgi—-TGN compartment. The virally encoded tail-anchored membrane protein 3A binds to the small GTPase
ADP-ribosylation factor 1 (ARF1) and promotes the degradation of the host general vesicular transport protein p115,
preventing the recruitment of e-COP and B-COP (components of the vesicle coatomer complex 1, which surrounds
transport vesicles in the early secretory pathway) to ERGIC. These events slow down vesicular transport from the
endoplasmic reticulum (ER) to the Golgi-TGN. The production of additional 3A molecules on the newly made PV (+)RNAs
results in remodelling of the Golgi-TGN and ERGIC compartments into viral replication organelles (the VRCs). These
organelles provide optimal replication for PV owing to the presence of an increased amount of the lipid phosphatidylinositol
4-phosphate (PtdIns4P), which is produced by the recruited host PtdIns4P synthesis enzyme, PtdIns4-kinase-f (P14KIIIf).
c| Trafficking between the ER and the Golgi in uninfected cells. The ERGIC is decorated with COP1, which is recruited by
ARF1 and its guanine nucleotide exchange factor, GBF1.

Geranylgeranylated cellular
protein
A protein that has been

modified post-translationally
by the attachment of one or
two 20-carbon lipophilic
geranylgeranyl isoprene

units (from geranylgeranyl
diphosphate) to a cysteine at
the carboxy-terminus of the
protein. Geranylgeranylation is
proposed to function as a
membrane anchor for proteins.

Actomyosin
A protein complex composed
of actin and myosin.

The transport of potyvirus replication proteins and
RNA to the sites of replication occurs in viral protein-
induced vesicles that move from the ER to the outer
chloroplast membrane. This process seems to rely on
the endosomal trafficking pathway and the actomyosin
system”. It has been proposed that only a single
genomic RNA molecule is transported in each vesicle”.
TBSV requires the peroxisomal shuttle protein PEX19,
which is necessary for the formation of the peroxisome
membrane, and the chaperone heat shock protein 70
(HSP70) to target viral replication proteins to the
peroxisome’>”>. However, the peroxisomal membrane

is not essential for TBSV replication, as TBSV RNA
can replicate in a pexA S. cerevisiae strain, (which is
defective in peroxisome biogenesis) as efficiently as in
a wild-type strain?*’®. The finding that TBSV can rep-
licate efficiently on the ER membrane in the absence
of peroxisomes suggests that some RNA viruses have
the flexibility to use different host membranes for their
replication. In addition, TBSV replication proteins can
be transported to the sites of replication in the form of
multimolecular complexes that include viral RNA and
some host factors”. Pre-organization of replication fac-
tors into multicomponent complexes in the cytoplasm
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Table 1| Roles of host factors in replication of positive-sense RNA viruses

Host factors
RNA-binding proteins
eEFla

PCBP2

PABP

PTB

LSM1

hnRNPs

TIAL, TIAR

GAPDH (Tdh2 and Tdh3)
Cellular chaperones
HSP70

HSP90

HSP40

CYPA

CYPB

FKBP8

Protein targeting
TOM1 and TOM3
VAPA

FBXL2

PEX19

P14KIIIB

Membrane remodelling and lipid synthesis

ARF1, GBF1
PI4KIIIB
P14Klla
EDEM1,0S9
LC3-I

FASN

HLH106

Olel
Erg25,SMO1, SMO2
Cellular lipids
Sterols

Fatty acids
Phospholipids
PtdIns4P

Membrane-shaping proteins

ESCRT proteins
Reticulons

Other host proteins
PMR1, ECA1 and ECA3

Viruses

TBSV, WNV

PV

PV

HCV, coronaviruses
BMV, HCV

PV, HCV, coronaviruses

WNV
TBSV

TBSV, FHV

FHV,HCV

FHV, BMV, flaviviruses
HCV

HCV

HCV

ToMV
HCV
HCV
TBSV
PV

PV

PV

HCV
Coronaviruses
Coronaviruses
DENV

DCV

BMV

TBSV

TBSV, WNV, HCV
DENV, BMV, DCV,HCV
TBSV, FHV

HCV, PV

TBSV
BMV

TBSV

Functions

RNA recruitment and (-)RNA synthesis

RNA recruitment and (-)RNA synthesis

RNA recruitment and (-)RNA synthesis

RNA recruitment and (-)RNA synthesis

RNA recruitment

RNA recruitment, and (+)RNA and (-)RNA synthesis

(+)RNA synthesis
Asymmetric (+)RNA synthesis

VRC assembly or activation and replication protein recruitment

VRC assembly or activation

VRC assembly or activation

Polyprotein processing and RdRp NS5B folding
Conformation of the RdRp NS5B

Interaction with NS5A and VRC stabilization

Replication protein targeting, and anchoring to membranes
NS5A and NS5B binding, and anchoring to membranes
NS5A recruitment to membranes

Replication protein recruitment to peroxisome membranes

Viral RdRp 3D-POL recruitment to membranes

Viral replication organelle formation

PtdIns4P enrichment in membranes co-opted for VRCs
PtdIns4P enrichment in membranes co-opted for VRCs
Edemosome formation (possibly containing VRCs)
VRC formation

Fatty acid synthesis and VRC formation

Fatty acid synthesis and, possibly, VRC formation

Fatty acid desaturation and VRC formation

Sterol synthesis and VRC formation

VRC formation
VRC formation
VRC formation

Replication protein binding to membranes, and VRC formation

VRC formation
VRC formation

VRC activity and RNA recombination

Refs

123,125
60,61
62

141
142,143

129,130,

144,145
131
133,134

75,113,117

115,120
118,119
121
122
120

65
66,67
69
73
82

82
82
87
90
90
91
16
92
94

94,99
92,101
104,106
82,87

52
51

53

ARF1, ADP-ribosylation factor 1; BMV, brome mosaic virus; CYP, cyclophilin; DCV, Drosophila C virus; DENV, dengue virus; ECA, calcium-transporting ATPase, ED
type; EDEM1, ER degradation-enhancing a-mannosidase-like 1; eEF1a, elongation factor 1a; ESCRT, endosomal sorting complexes required for transport; FASN,
fatty acid synthase; FBXL2, F-box and LRR-repeat protein 2; FHV, Flock House virus; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HCV, hepatitis C virus;
hnRNPs, heterogeneous nuclear ribonucleoproteins; HSP, heat shock protein; LC3-I, non-lipidated microtubule-associated proteins 1A and 1B light chain 3A;
NS, non-structural protein; PABP, poly(A)-binding protein; PCBP2, poly(rC)-binding protein 2; PI4K, PtdIns 4-kinase; PTB, polypyrimidine tract-binding protein;
PtdIns4P, phosphatidylinositol-4-phosphate; PV, human poliovirus; RdRp, RNA-dependent RNA polymerase; (+)RNA, positive-sense RNA; (-)RNA, negative-sense
RNA; TBSV, tomato bushy stunt virus; TIAR, TIA1-related protein; ToMV, tomato mosaic virus; VAPA, vesicle-associated membrane protein-associated protein A;
VRC, viral replication complex; WNV, West Nile virus.
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Viral replication organelles
Large cellular structures that
contain many individual viral
replication complexes.

Trans-Golgi network

A complex network of
membranes and associated
vesicles in the so-called
trans-face of the Golgi, which is
involved in sorting and shipping
proteins to their intended
destinations in the cell.

ER exit sites

Selected areas within the
endoplasmic reticulum (ER)
from which transport vesicles
carrying newly synthesized
proteins and lipids bud off for
transport to the Golgi
apparatus.

ERGIC

(Endoplasmic reticulum-Golgi
intermediate compartment).
An organelle in eukaryotic cells
that mediates trafficking
between the ER and the Golgi,
facilitating the sorting of cargo.

could facilitate efficient transport and colocalization of
these components to the replication sites and, thus, the
assembly of functional VRCs.

Assembly of the VRC

The assembly of a functional VRC occurs on intra-
cellular membrane surfaces and appears to be a highly
regulated event. Long-range RNA-RNA interactions,
cis-acting viral RNA elements and trans-acting viral and
host factors contribute to the fidelity and efficiency of
VRC assembly. The formation of VRCs probably serves
to concentrate crucial viral and host factors, facilitate
optimal conditions for viral RNA synthesis, and protect
sensitive RNA and protein components from recogni-
tion and destruction by the host antiviral surveillance
system.

Detailed studies of VRCs are challenging, as these
complexes form complicated and fragile structures that
are frequently part of large viral replication organelles. The
HCV VRC contains approximately one viral (-)RNA
molecule and five viral (+)RNA molecules, together with
hundreds of viral NS proteins, the viral RARp and sub-
verted host proteins’. All these components are present
within spherules (invaginations of lipid membranes) that
are resistant to proteases and nucleases and are formed
from ER-derived membrane. Similar structures have
been also observed with alphaviruses, Flock House virus,
BMYV and TBSV'13527980,

Cellular membrane remodelling during VRC assembly.
(+)RNA viruses subvert selected organellar membranes
by dynamically remodelling and deforming them, giv-
ing rise to spherules and vesicles, or by inducing the
formation of viral replication organelles****27°-8! For
example, a recent model proposed that PV initially starts
replication on pre-existing Golgi and trans-Golgi network
(TGN) membranes followed, at the peak of PV infec-
tion, by redistribution of the newly made viral proteins
to viral replication organelles® (FIC. 2b,c). These orga-
nelles form close to the ER exit sites and are enriched
in various host proteins such as the small RAS-family
GTPase ADP-ribosylation factor 1 (ARF1), GBF1 (a
guanine nucleotide exchange factor (GEF) for ARF1)
and phosphatidylinositol 4-kinase-p (PI4KIIIf; also
known as PI4Kp), which is involved in phosphatidyl-
inositol-4-phosphate (PtdIns4P) synthesis®. The subver-
sion of PI4KIIIP leads to enrichment of the membrane
compartment with phosphoinositide lipids such as
PtdIns4P® (FIC. 2b). This helps to recruit the PV RdRp,
3D-POL, which binds selectively to PtdIns4P in the
membrane. The probable role of GTP-bound ARF1
(the membrane-associated active form) is to recruit
other cellular effector proteins to change the membrane
curvature, induce the formation of transport vesicles
from intracellular organelles and modify the lipid com-
position of membranes®**. It is likely that PV proteins
3A and 3CD act synergistically to reorganize the host
secretory trafficking pathway in order to facilitate the
formation of individual VRCs and replication orga-
nelles®>®. Similar replication organelles are probably
also formed during flaviviral infections®.

HCYV uses a similar strategy to build subcellular vesi-
cles or ER-derived ‘membranous webs, in which HCV
VRCs are found®. The ER-bound HCV protein NS5A
recruits the host kinase PI4KIIIa (also known as PI4Ka),
another protein involved in PtdIns4P synthesis®*>%,
NS5A binding stimulates PI4KIIIa kinase activity to
enrich the membrane compartment with PtdIns4P%.
The PtdIns4P-rich membrane can then facilitate the
recruitment of additional host factors, such as oxysterol-
binding protein 1 (OSBP1), which is required for HCV
replication®. Both PI4KIIIa kinase and PtdIns4P are
crucial for the formation and integrity of the membra-
nous web structure of the HCV replication organelle”
(FIC. 3a). Remarkably, both PV and HCV seem to use
PtdIns4P enrichment to create a favourable micro-
environment for RNA replication, but they co-opt dif-
ferent cellular kinases to do so. One possible explanation
for this is the availability of these host kinases in differ-
ent subcellular compartments. For example, ER-bound
NS5A co-opts PI4KIIIa kinase, which is also ER local-
ized and thus likely to be readily available. By contrast,
PV co-opts the Golgi-localized PI4KIIIpB, which could be
available in the ERCIC compartment (FIG. 2). The mecha-
nisms used by HCV and PV for PtdIns4P enrichment
of cellular membranes provide a good illustration of a
common theme in the biology of (+)RNA viruses: dif-
ferent host proteins can be co-opted by different viruses
to provide mechanistically similar functions during viral
replication.

In addition, coronaviruses induce the formation of
interconnected double-membraned vesicles (DMV's)®
by exploiting a regulatory pathway that controls
ER-associated protein degradation (ERAD)®. Mouse
hepatitis virus (MHV), a coronavirus, seems to prevent
degradation of the short-lived ER chaperones ER degra-
dation-enhancing a-mannosidase-like 1 (EDEM1) and
089, which are crucial regulators of ERAD, by trapping
them in structures called edemosomes (FIC. 4). It has been
hypothesized that the accumulation of MHV replica-
tion proteins in edemosomes, which are decorated with
LC3-I (non-lipidated microtubule-associated proteins
1A and 1B light chain 3A; a homologue of yeast Atgs8,
a ubiquitin-like protein that is required for the forma-
tion of autophagosomal membranes), transforms these
structures into permanent DMVs®. The coronaviral
replication proteins nsp2 and nsp3 are colocalized with
LC3-I on the surface of DM Vs during the entire course
of MHV infection. Indeed, depletion of LC3 (which
results in a reduction of both the lipidated form, LC3-II,
and the non-lipidated form) by RNAi severely inhibits
DMV formation and MHV replication®. The actual
function of DMVs has not been fully defined, but they
could be the sites of viral replication and virion assem-
bly. The viral content could be released from DMV by
fusion with other membranes or by disintegration of the
DMV membranes.

The role of lipids in VRC assembly. Another major
group of host factors that affects VRC assembly is
involved in regulating the lipid composition of selected
intracellular membranes. Membrane lipids can serve as
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Figure 3| Structures of the flavivirus replication complexes. a | Hepatitis C virus
(HCV) replication takes place at a unique subcellular compartment, the endoplasmic
reticulum (ER)-derived membranous web, which consists of clusters of HCV-induced
vesicles and lipid droplets (LD) and is the proposed site of viral assembly. The
virus-encoded replication protein non-structural protein 5A (NS5A) binds to human
vesicle-associated membrane protein-associated protein A (VAPA), which, together with
NS4B, seems to be important for the association of NS5A and NS5B with cholesterol-rich
lipid rafts in the ER-derived membranes. The membrane-bound NS5A then recruits and
activates the host kinase phosphatidylinositol 4-kinase-a (P14Kllla), which leads to an
enrichment of phosphatidylinositol-4-phosphate (PtdIns4P) that could facilitate
recruitment of oxysterol-binding protein 1 (OSBP1) and the formation of the sterol-rich
‘membranous web’ to support HCV replication. The high concentration of PtdIns4P
probably also facilitates the recruitment of additional host factors to the membranous
web. The viral protein NS4B is also important for the formation of the membranous web,
possibly by inducing membrane curvature (not shown). b | Electron micrograph of the
viral replication complexes (VRCs) induced during dengue virus (DENV) infections. The
white arrowhead indicates a DENV-induced vesicle in the ER with an opening towards
the nuclear envelope; the black arrowhead points to a virus particle in a cisterna close
to a Golgi stack. ¢ | Three-dimensional modelling of the VRCs induced during DENV
infections. The arrow indicates a putative virus budding site, and red spheres represent
virus particles. ARF1, ADP-ribosylation factor 1; NE, nuclear envelope; Ve, vesicle. Parts
b,c are reproduced, with permission, from REF. 140 © (2009) Elsevier.

scaffolds for the assembly of VRCs or can provide cru-
cial lipid cofactors to regulate the function of the viral
replicase. For example, the DENV protein NS3 recruits
fatty acid synthase (FASN), a major rate-limiting enzyme
in fatty acid biosynthesis, to the ER membrane, where
DENV replicates® (FIG. 3b,c). Moreover, the interaction
between NS3 and FASN results in increased FASN activ-
ity®". This leads to de novo synthesis of fatty acids that
then integrate into the ER and DENV VRC membranes,
suggesting that the local synthesis of fatty acids facilitates
the expansion of the ER and the formation of DENV
VRCs in infected cells. DENV also increases the amount
of free fatty acids derived from lipid droplets in mam-
malian cells by inducing autophagy®. The released free
fatty acids become available for the assembly of DENV
VRCs and lead to an increase in cellular ATP, as they
are metabolized by B-oxidation in the mitochondria.
Increased ATP is expected to enhance cellular processes

Autophagy

A tightly regulated catabolic
process involving the
degradation of cellular
components through the
lysosomal machinery.
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and stimulate DENV replication®. Thus, DENV and the
closely related HCV seem to rely on the local enrichment
of different lipids (fatty acids versus PtdIns4P) to pro-
mote the assembly of VRCs. These differences could be
explained by the different cell types or hosts infected by
these viruses (HCV infects liver cells in humans, whereas
DENV not only infects humans and non-human pri-
mates but also persists in the mosquito vector), which
could dictate the available lipid synthesis pathways.

The generation of new membrane surfaces via
fatty acid biosynthesis also has a major effect on
Drosophila C virus replication in Drosophila melano-
gaster cells: depletion of host HLH106, a protein that
regulates fatty acid metabolism, blocks the formation of
Drosophila C virus-induced vesicular compartments'®. In
addition, in S. cerevisiae inactivation of the gene encoding
Olel, a fatty acid A9-desaturase that participates in the
synthesis of unsaturated fatty acids, reduces the activity of
the BMV replicase, probably owing to reduced binding
of one of the replicase components (BMV replication
protein la) to membranes with a lower ratio of unsatu-
rated fatty acids®. This results in reduced efficiency of
VRC assembly and a low level of replication.

Lipids also seem to affect tombusvirus replication.
Electron microscopy images of plant cells infected with
tombusviruses show extensive remodelling of membranes
and indicate that active lipid biosynthesis occurs™5"%.
Moreover, genome-wide screens in S. cerevisiae identi-
fied 14 host genes involved in lipid metabolism that
affect tombusvirus replication and recombination®>>?’.
Detailed studies with Erg25, an important enzyme in
the sterol biosynthesis pathway in S. cerevisiae, revealed
that sterols are crucial for TBSV replication®. Sterols are
ubiquitous and essential membrane components in all
eukaryotes, affecting membrane rigidity, fluidity and per-
meability by interacting with other membrane lipids and
proteins®*. Sterols are also important for the replication
of other (+)RNA viruses, such as HCV, WNV, DENV and
Norwalk virus®'*!. For example, infection of mammalian
cells with WNV leads to redistribution of cholesterol from
the plasma membrane to the sites of viral replication and
also results in reduced antiviral responses®.

Phospholipids are major components of cellular mem-
branes, affecting the size, shape and rigidity of cells and
intracellular organelles'®, and they affect the replication of
several (+)RNA viruses by their effects on the binding
of viral replication proteins to membranes'®*'%. For
example, reducing phospholipid levels in S. cerevisiae
cells affects TBSV replication in various ways, leading
to reduced template activity of the viral replicase, and to
altered subcellular localization and reduced stability of
the viral replication proteins**'®®. Interestingly, genes
involved in the production of phosphatidylcholine in
D. melanogaster are crucial for Flock House virus repli-
cation!”’. Therefore, the amount and ratio of various
phospholipids are important for the replication of several
(+)RNA viruses.

Membrane-shaping proteins. Other host factors recruited
by some (+)RNA viruses for their own replication are
involved in bending membranes. Indeed, dynamic
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Figure 4 | Proposed remodelling of the endoplasmic reticulum-associated protein degradation tuning
pathway during coronavirus replication. a | In normal, uninfected cells, the endoplasmic reticulum-associated
protein degradation (ERAD) tuning pathway downregulates the levels of the ER chaperones EDEM1 (ER degradation-
enhancing a-mannosidase-like 1) and OS9 in the ER via transport to the lysosome, mediated by LC3-I (non-lipidated
microtubule-associated proteins 1A and 1B light chain 3A)-coated edemosomes. b | Coronavirus (CoV) infection
transforms the edemosomes into double-membraned vesicles (DMVs) that probably contain viral replication
complexes (VRCs). The actual orientation of the CoV VRCs in DMVs is not yet known. ¢ | Electron tomography-based
model of CoV DMVs. Narrow connections between several DMVs form a network that is also connected to the ER.

Part ¢ is reproduced from REF. 9.

remodelling and deforming of membranes to give rise
to unique spherule structures seem to require host
proteins. For example, tombusviruses recruit ESCRT
(endosomal sorting complexes required for trans-
port) proteins*, which have a major role in sorting
cargo proteins from the endosomes to multivesicular
bodies by membrane invagination and vesicle forma-
tion'®""". Recruitment of ESCRT proteins for TBSV
replication might facilitate VRC assembly, includ-
ing the formation of TBSV-induced spherules (FIC. 5)
and vesicles in infected plant cells*>. Accordingly, the
ubiquitylated TBSV p33 was found to interact with S. cere-
visiae vacuolar protein sorting-associated protein 23
(Vps23; an ESCRT-I protein) and Brol (an accessory
ESCRT factor)*>'"?, resulting in the recruitment of Vps23
and possibly Brol to peroxisomes, the sites of TBSV
replication. This is followed by the recruitment of
ESCRT-III proteins (Snf7 and Vps24), which could assist
optimal assembly of the VRC, facilitate colocalization of
the viral replication proteins p33 and p92 within selected
areas in the membrane, and promote the formation of
viral spherules by deforming the membranes or stabi-
lizing the ‘neck’ structure (the narrow opening in the
spherules that faces the cytosol) (FIC. 5). It seems that
protection of the viral RNA is compromised if the VRC
assembles in the absence of ESCRT proteins®>. Thus,
ESCRT proteins appear to affect the quality of VRC
assembly by contributing to the protection of viral RNA
from ribonucleases.

Anther group of membrane-shaping proteins, the
reticulon homology proteins (Rhps), are involved in
assembly of the spherule-like structures during BMV
replication in S. cerevisiae®’. The BMV helicase-like
replication protein la recruits Rhps to the perinuclear
ER, resulting in spherule formation. In addition, Rhps

affect some functions of protein 1a, such as induction
of VRC formation or recruitment of viral RNA. Thus,
membrane-shaping proteins of the ESCRT and Rhp
groups appear to be involved in the formation of spher-
ules, in which (+)RNA replication can be protected from
host immune surveillance.

Roles of host chaperones. Cellular chaperones are also
involved in VRC assembly. For example, the tombus-
virus replicase was completely inactive when assem-
bled in vitro using an S. cerevisiae cell-free extract that
lacked heat shock protein 70 (Hsp70)'**. The addition
of purified recombinant Hsp70 to cell-free extracts was
necessary for VRC assembly and replication of the viral
RNA', Therefore, it seems that Hsp70 is necessary for
TBSV replication (FIC. 5). In addition, Hsp70 seems to be
important for the insertion of tombusvirus replication
proteins into intracellular membranes™ and for the fold-
ing and stability of the tombusvirus VRC'“. Inhibition of
the activity or expression of Hsp70 also affects the repli-
cation of ToMV and turnip crinkle virus, suggesting that
subversion of Hsp70 is common among (+)RNA viruses™.

Another example of the role of cellular chaperones
is found in the replication of Flock House virus, which is
affected by HSP70 and HSP90 proteins as well as by
J-domain HSP40-family chaperones'*'"”. Moreover,
Ydj1, a J-domain protein of the HSP40 chaperone family,
was proposed to affect the assembly and/or activation of
the BMV VRC before (-)RNA synthesis in S. cerevisiae'*®.
Also, the assembly or activity of flaviviral VRCs is affected
by DNAJC14, an HSP40 family chaperone in mamma-
lian cells'. Thus, various host chaperones are involved in
activation and assembly of several (+)RNA virus VRCs,
making these chaperones potential targets for antiviral
approaches.
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Figure 5 | Functions of host factors during tombusvirus replication in
Saccharomyces cerevisiae. Tombusvirus (such as tomato bushy stunt virus (TBSV))
RNA translation and replication, and the host proteins that affect these processesin a
Saccharomyces cerevisiae model host. The TBSV RNA-dependent RNA polymerase
(RdRp) precursor p92 is activated during the assembly process (as indicated by the
colour change) in an as-yet-unknown way. TBSV p33 is an RNA chaperone involved in
viral RNA recruitment and assembly of the viral replication complexes (VRCs). The
presence of host proteins (denoted host factor (HF) here) is currently hypothetical, and
they could be ESCRT-IIl (endosomal sorting complexes required for transport lll) factors.
The known cellular functions for the shown host proteins are: elongation factor 1a
(eEF1a), required for translation elongation; Pex19, a cytosolic shuttle protein involved
in transporting peroxisomal membrane proteins to the peroxisome; heat shock protein
70 (Hsp70), a molecular chaperone involved in protein folding, mostly in the cytosol;
Erg25, an enzyme for sterol biosynthesis; Cpr1 (also called cyclophilin), a cytosolic
prolylisomerase; ESCRT, a large family of proteins involved in membrane bending,
protein transport and degradation via the endosomal pathway; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) enzymes, a ubiquitous protein family that is a
key component of cytosolic energy production; Ded1, a DEAD box helicase involved

in translation initiation.
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In addition, prolyl isomerases (PPIases) are involved
in the assembly of the HCV VRCs. The immunophilin
FKBP8 (a PPIase) interacts with the HCV phospho-
protein NS5A and with HSP90, and this interaction
may have a role in stabilizing the VRC'®. Even more
importantly, the cytosolic protein cyclophilin A (CYPA;
also known as PPIase A), which has PPlIase activity, is
crucial for assembly of the HCV VRC, probably because
it affects processing of the HCV polyprotein and folding
of the RARp NS5B''. CYPB (also known as PPIase B),
another cellular PPTase, also affects the conformation of
NS5B, which in turn affects the RNA-binding ability and
template activity of this viral protein'?.

Synthesis of progeny viral RNA

Another common theme in the replication of (+)RNA
viruses is the subversion of various host RBPs to facili-
tate viral RNA synthesis. Several of the RBPs that are
co-opted by different viruses probably have mecha-
nistically similar functions during viral replication, as
discussed below.

Host factors that regulate (—)RNA synthesis. Although
all (+)RNA viruses encode their own RdRps and usu-
ally 1-6 auxiliary replication proteins, host proteins are
predicted to participate in each step of RNA synthesis.
For example, elongation factor la (eEFla), which is
a highly abundant cellular protein that delivers the
aminoacyl-tRNA to the elongating ribosome, is a per-
manent resident of the tombusvirus VRC and binds
to the 3" UTR of the TBSV RNA (in yeast, this is the
TEF1 and TEF2 forms of eEFla, but in plants and
mammals the specific form of eEFla involved is not
yet known)*. Mutational analysis of eEFla, in com-
bination with in vitro replication studies, suggests that
eEF1a promotes (—)RNA synthesis by the tombusvirus
VRC by binding to both the RdRp and the 3 UTR of the
(+)RNA molecule, thus facilitating the proper position-
ing of the RdRp on the template RNA for efficient initia-
tion of RNA synthesis'*. Similarly, eEF1a binds to the
3’ UTR of the (+)RNA of WNV, and certain mutations
introduced at the eEFla-binding sites of the viral RNA
inhibit both (+)RNA-eEF1a binding and (—)RNA syn-
thesis?"!?*, Moreover, eEF1a colocalizes with the WNV
VRC in infected cells, indicating that eEF1a facilitates
the interaction between the viral replicase and the WNV
RNA 3’ UTR'®. The involvement of eEFla in viral
(+)RNA replication might be common, as eEFla binds
to many viral (+)RNAs and replication proteins, and its
high abundance in cells might facilitate its recruitment
for viral replication. Indeed, the bacterial homologue of
eEF1a, termed EF-Tu, is known to affect (-)RNA syn-
thesis for the bacteriophage QB'**'%, suggesting that sub-
version of eEF1a-like host proteins by (+)RNA viruses
might be an ancient process.

Other host RBPs seem to facilitate proper position-
ing of the viral RdRp on the RNA template to promote
(—)RNA synthesis. For example, co-opted PCBP2 forms
a complex with PV 3CD while bound to the cloverleaf
structure in the PV (+)RNA 5 UTR'? (FIC. 2a). After acti-
vation of PV RdRp by cleavage of 3CD, the replication
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Stress granule

A type of dense protein—RNA
aggregation in the cytosol, not
surrounded by membrane, that
appears when the cell is under
stress. Stress granules may
store and protect RNAs from
harmful conditions under
stress, and they serve as
decision points for
untranslated mRNAs for
further storage, degradation
or translation re-initiation.

P-bodies

(Processing bodies). Distinct
foci within the cytoplasm,
consisting of enzymes involved
in mRNA turnover.

initiation complex at the 5" end is brought to the 3" end
by genome circularization through the interaction of
PCBP2 with the PABP bound to the poly(A) sequence in
the 3" UTR® (FIG. 2a). Interactions between polypyrimi-
dine tract-binding protein (PTB; also known as hetero-
geneous nuclear ribonucleoprotein I), which is bound to
the 5 UTR of the MHV genome, and hnRNPA1, which
is bound to 3" UTR, might have a comparable role in
facilitating (—)RNA synthesis by viral RdRp. Mutations
in MHV RNA that impair binding of host factors to the
UTRs inhibit replication of the viral RNA'?,

Host factors that regulate (+)RNA synthesis. Host RBPs
are also important for (+)RNA synthesis. For example,
hnRNPC, which binds to the 3" end of the PV (-)RNA
through its RNA recognition motif (RRM) domain
(containing an arginine-rich motif), also interacts with
the replication protein 3CD, probably recruiting 3CD
to the (—)RNA template'*’. The RNA chaperone activity
of hnRNPC could facilitate the folding of (~)RNA or
the replicative double-stranded RNA intermediate into
areplication-compatible conformation, thus promoting
RNA synthesis' (FIC. 2a).

Other host proteins involved in (+)RNA synthesis
are the stress granule protein TIA1 and TTIA1-related
protein (TIAR), which contain three RRM motifs.
TIA1 and TIAR have been proposed to bind to WNV
(—)RNA, promoting efficient (+)RNA synthesis*>'*'. In
addition, the sequestration of these proteins for WNV
replication might inhibit the formation of stress gran-
ules and P-bodies, thus potentially blocking mRNA
degradation'".

Regulation of asymmetric RNA synthesis by host fac-
tors. During TBSV replication, host glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is involved in
regulation of asymmetric RNA synthesis (FIG. 5). This
hallmark feature of (+)RNA viruses leads to the gen-
eration of 10- to-100-fold more (+)RNA progeny than
(—)RNA replication intermediates. GAPDH, which is
present in the tombusvirus VRC', is a highly con-
served, abundant and ubiquitous protein that is a
key component of cytosolic energy production'®.
Downregulation of GAPDH inhibits TBSV replication
in S. cerevisiae and in plants and results in produc-
tion of (+)RNAs and (-)RNAs in a 1:1 ratio, instead of
asymmetric RNA synthesis'**. GAPDH might promote
asymmetric RNA synthesis by selectively anchoring the
(—)RNA template to the VRC, allowing efficient access
of the (—)RNA replication intermediate to viral RdRp,
whereas (+)RNA progeny (which are not bound by
GAPDH) are released from VRC into the cytosol'*. In
addition, GAPDH stimulates (+)RNA synthesis in vitro
by recruiting the TBSV replication protein p92 to the
(—)RNA template within the VRC"*.

Other host factors that affect RNA synthesis. In addi-
tion to the above RBPs, other host factors can affect viral
RNA synthesis by regulating VRC activity. For example,
Pmrl, an S. cerevisiae Ca**,Mn*"-ATPase pump, affects
the activity of the tombusvirus replicase. Inactivation of

PMRI increases the rate of TBSV RNA recombination
and replication®. It has been proposed that the viral
replicase uses the far more abundant Mg?* over Mn**
when Pmr1 works efficiently (that is, at low cytosolic
Mn?* concentrations), leading to a normal replication
rate and low-frequency RNA recombination®. However,
inhibiting Pmrl increases the level of cytosolic Mn*,
promoting more efficient use of Mn** by the viral repli-
case, resulting in an increased replication rate and high-
frequency RNA recombination. Host Ca**,Mn?*-ATPase
pumps might also influence other viral RdRps, as Mn?*
is known to affect the activity of several DNA and RNA
polymerases in vitro.

Conclusions and future directions

Several common themes are emerging from studies of
the functions of host factors in (+)RNA virus replica-
tion. Many of the identified host factors are conserved
in eukaryotes, suggesting that these viruses selectively
target highly conserved host functions. Moreover, a
large fraction of the subverted host proteins is unique
for a given virus, indicating that (+)RNA viruses have
evolved different ways to exploit host cells. However,
although the co-opted host proteins are diverse, they
might fulfil similar or related functions during viral
RNA replication.

Common host factors that are recruited by (+)RNA
viruses for their replication include: RBPs that facilitate
viral RNA synthesis; proteins involved in membrane
bending that contribute to the formation of membrane-
bound replication complexes; lipid synthesis enzymes
(such as FASN and PI4KIIIP) that affect lipid compo-
sition and have a role in creating a favourable micro-
environment for viral replication; and chaperones and
PPTlases that facilitate the proper folding and functions of
viral replication proteins during VRC assembly.

In spite of these recent advances, our current under-
standing of (+)RNA virus replication and virus-host
interactions is far from complete. Further application of
proteomics and genome-wide studies will expand this
area of research. Importantly, functional and mechanis-
tic studies based on biochemical approaches (such as the
use of cell-free extracts and single-molecule techniques)
in combination with live-cell imaging will be needed to
test all the candidate proteins identified. In vitro recon-
stitution of VRCs would be extremely useful for the
dissection of unknown functions of the host proteins
that are co-opted for viral replication. Super-resolution
imaging and electron tomography to determine the
position and orientation of host proteins within VRCs
will advance our understanding of the mechanisms
involved in (+)RNA virus replication. In addition, pro-
teomics can be used to study the possible roles of post-
translational modifications of viral replication proteins.
These advances should lead to a better understanding of
viral replication and the interactions between host fac-
tors and (+)RNA viruses, which are key aspects of viral
pathogenesis. Characterizing the functions of host factors
in (+)RNA virus replication might also help develop
novel antiviral strategies and potential biotechnological
applications of these viruses.
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