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Unfolded protein response (UPR) is a cellular homeostatic
response to endoplasmic reticulum (ER) stress. Increasing evi-
dence suggests an intimate relationship between virus and UPR.
This research topic collated a number of review articles and origi-
nal research article, in an attempt to highlight how viruses interact
with the host UPR in the establishment of acute, chronic and
latent infections.

Virus infection represents an arm race between virus and the
host. On one hand, the host mobilizes the UPR in an attempt
to restrict virus infection. On the other hand, virus subverts or
even manipulates the UPR to assist in its own infection. The con-
sequence of this is that the UPR is often skewed during virus
infections to either favor virus elimination or virus invasion.
Whoever won, the outcome could be pathogenic. The relation-
ship between virus and UPR and its associated autophagy is being
addressed in three reviews focusing on RNA viruses, as their life
cycles are closely associated with the ER (Blazquez et al., 2014;
Fung and Liu, 2014; Jheng et al., 2014). Miguel Martin-Acebes
and his group focuses on flaviviruses whereas To S. Fung and
Ding X. Liu focus on coronaviruses. Jim-Tong Horng’s group
takes a closer look at virus interaction with autophagy and also
discusses the potential of targeting UPR and autophagy as novel
anti-virals.

In contrast to acute virus, one can only imagine that virus
establishing a life-long chronic infection may interact with the
host UPR in a completely different way to maintain an envi-
ronment favorable for virus survival. Two reviews presented by
Shiu-Wan Chan and Norica Branza-Nichita’s group on hepatitis C
virus and hepatitis B virus, respectively, shed light on how persis-
tent virus interacts with the host UPR to benefit establishment of
a chronic infection and how chronic activation of the UPR leads
to diseases (Chan, 2014; Lazar et al., 2014).

UPR is prevalent in viruses establishing latent infections such
as herpesviruses. Herpesvirus is an ancient virus. During its
course of millions of years of co-inhabitation with its host, her-
pesvirus has borrowed a number of molecules from its host
to be used in its life cycle. There is no exception in UPR, in
which herpesviruses also share molecular mimicry with the UPR
molecules and utilize UPR to set up lytic infection and to break
dormancy, suggesting that interaction of virus with host UPR may
be very ancient. Varicella-zoster virus (VZV) possesses the small-
est genome of human herpesviruses and lacks some genes used by
other herpesviruses to manipulate the UPR. The key question is
therefore whether VZV UPR induction is merely a host response
or a result of viral manipulation. By using a UPR PCR array, John

Carpenter and Charles Grose demonstrated VZV differentially
induced the UPR to expand the ER to cope with viral glycoprotein
synthesis (Carpenter and Grose, 2014). This study also uncov-
ered VZV upregulation of an unusual UPR molecule, the cAMP
responsive element binding protein H. Clearly, this will pave the
way to future studies to disclose the relationship between VZV
and UPR.

ER-associated degradation (ERAD) is part of an UPR func-
tioning to extract unfolded/misfolded proteins from the ER into
the cytosol for proteasomal degradation. Not surprisingly, this
process is also targeted by virus. Jaquelin Dudley and her group
re-captures the ERAD process in details followed by an illus-
tration of how viruses exploit this process (Byun et al., 2014).
First, viruses can simply mobilize the ERAD to degrade impor-
tant immune molecules or viral envelope glycoproteins to evade
innate and adaptive immune responses. At a more intimate level,
some viruses have actually incorporated ERAD into their life
cycles for viral protein and even virion maturation. It is fascinat-
ing how naked polyomaviruses will make a de tour to the ER for
ERAD-assisted uncoating before re-entering the cytosol en route
to the nucleus. Lastly, viruses can interfere with ERAD tuning
and hijack certain ERAD cargo into forming double membrane
vesicles as sites of virus replication.

UPR has emerged to be more than a homeostatic cellular
response to virus infections. UPR has been intimately linked to
innate immunity; whether by modulating innate immunity or
as part of the innate immunity. Innate immunity is initiated
by the sensing of “danger signals” by host pattern recognition
receptors (PRRs), culminating in the release of interferon, which
in turn activates the professional virus killer, one of which is
RNase L. One of the proximal UPR sensors, inositol-requiring
enzyme 1 (IRE1), is evolutionarily related to RNase L. In the
review of Sankar Bhattacharyya, he provides a structural and
functional comparison between IRE1 and RNase L and com-
ments on a potential anti-viral function of IRE1 by the creation of
“danger signals” via the regulated IRE1-dependent decay (RIDD)
pathway (Bhattacharyya, 2014). An important question remains
as to whether UPR represents a new tool for sensing viruses
or select UPR molecules are merely being co-opted in “micro-
bial stress response.” This is being addressed in Judith Smith’s
review, in which she provides a critique on the intersection of
the UPR with the inflammatory pathways and innate immu-
nity and offers an insight into UPR-PRR synergy as an evolu-
tionary adaptation to ensure specificity of anti-viral responses
(Smith, 2014).
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It is increasingly popular to use viruses in clinical applications
such as gene therapy and oncolytic virotherapy. The use of viral
vectors/viruses in the clinics will not be valid without a thorough
understanding of virus-host interaction. Giridhara Jayandharan
and his group presents a review on the emerging impact of UPR
on gene therapy and how the understanding of this will allow us
to exploit and improve the use of viral vectors in gene therapy
(Sen et al., 2014).

To date we are still at the sprouting stage of understanding
this virus-host interaction. We hope that this selection of articles
will provide a foundation to spark more interest in this research
area. This will not only lead to a deeper understanding of virus
infection and pathogenesis but will also unravel novel anti-viral
mechanisms. Eventually it will help to unlock novel anti-viral tar-
gets and may also impact on optimizing the use of viruses in the
clinics.
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The Flavivirus is a genus of RNA viruses that includes multiple long known human,
animal, and zoonotic pathogens such as Dengue virus, yellow fever virus, West Nile
virus, or Japanese encephalitis virus, as well as other less known viruses that represent
potential threats for human and animal health such as Usutu or Zika viruses. Flavivirus
replication is based on endoplasmic reticulum-derived structures. Membrane remodeling
and accumulation of viral factors induce endoplasmic reticulum stress that results in
activation of a cellular signaling response termed unfolded protein response (UPR), which
can be modulated by the viruses for their own benefit. Concomitant with the activation
of the UPR, an upregulation of the autophagic pathway in cells infected with different
flaviviruses has also been described. This review addresses the current knowledge of
the relationship between endoplasmic reticulum stress, UPR, and autophagy in flavivirus-
infected cells and the growing evidences for an involvement of these cellular pathways in
the replication and pathogenesis of these viruses.

Keywords: flavivirus, unfolded protein response, autophagy, dengue virus,West Nile virus, endoplasmic reticulum

stress, virus replication

INTRODUCTION
In recent years, the knowledge of virus–host interactions has
unveiled multiple connections between virus life cycle steps and a
variety of cellular organelles and signaling pathways. Deciphering
the complexity of these interactions will provide key information
for the control of viral pathogens. This mini-review addresses the
current knowledge and challenges for a deep understanding of the
interactions of flaviviruses with the endoplasmic reticulum (ER)
and two related cellular pathways: the unfolded protein response
(UPR) and autophagy.

FLAVIVIRUS OVERVIEW
The Flavivirus genus comprises more than 50 distinct species
of enveloped positive single strand RNA viruses. This genus
is classified into the Flaviviridae family together with Pes-
tivirus, Hepacivirus, and Pegivirus (http://www.ictvonline.
org/virusTaxonomy.asp). Flaviviruses include multiple well
known human, animal, and zoonotic pathogens such as yellow
fever virus (YFV), dengue virus (DENV), tick-borne encephali-
tis virus (TBEV), Japanese encephalitis virus (JEV), St. Louis
encephalitis virus (SLEV), or West Nile virus (WNV), as well as
other emerging or re-emerging pathogens such as Usutu virus
(USUV) or Zika virus, which are now being considered as potential
threats for human and animal health (Weissenbock et al., 2010).
As arboviruses (arthropod-borne viruses), most flaviviruses are
transmitted by mosquitoes or ticks and maintained in nature
through complex infectious cycles that involve different hosts.
The variety of symptoms caused by flaviviruses includes jaundice

(YFV), febrile illnesses (YFV,DENV,orWNV),hemorrhagic fevers
(DENV), or encephalitis (JEV, SLEV, WNV, or TBEV). As a result
of different factors, including globalization of travel and trade,
climate warming, or changes in land use and vector behav-
ior, different flaviviruses are currently becoming global health
threats with DENV being amongst the most prominent human
pathogens. In fact, DENV is responsible for up to 50 million
infections each year, including 22,000 deaths, mostly among chil-
dren (http://www.who.int/csr/disease/dengue/impact/en/). There
are several vaccines against flaviviruses currently licensed for
use in humans (YFV, JEV, TBEV) or animals (WNV, louping ill
virus, Wesselsbron virus; Ishikawa et al., 2014). However, there
is still a need for specific vaccines or treatments to combat
many of these pathogens, i.e., DENV, and a detailed knowledge
of flavivirus–host interactions is considered crucial to develop
effective therapies.

ER AND FLAVIVIRUSES: AN INTIMATE RELATIONSHIP
Flavivirus replication takes place in association with intracellu-
lar membrane structures (Figure 1). As other positive-strand
RNA viruses, flaviviruses rearrange host cell membranes to build
organelle-like structures in order to establish the appropriate envi-
ronment for viral replication (Paul and Bartenschlager, 2013).
The main source of these membranes is provided by the ER
where both viral structural and non-structural proteins accumu-
late (Welsch et al., 2009; Gillespie et al., 2010; Martin-Acebes et al.,
2011; Miorin et al., 2013; Junjhon et al., 2014). Membrane reor-
ganizations are driven by viral proteins. These not only induce
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FIGURE 1 | Schematic view of flavivirus connection with the ER. The
alterations in the ER architecture in flavivirus-infected cells are highlighted.
A representative electron micrograph of HeLa cells infected with the

flavivirus WNV is shown as an example of these alterations in the ER. Note
electron dense virions and vesicle packets. Micrograph courtesy of Miguel A.
Martín-Acebes.

changes in the protein composition of ER membranes but also in
their lipid content (Mackenzie et al., 2007; Heaton et al., 2010;
Martin-Acebes et al., 2011; Perera et al., 2012). The formation
of the replication complex has been mainly associated with the
expression of hydrophobic transmembrane nonstructural pro-
teins NS4A (Roosendaal et al., 2006; Miller et al., 2007) and NS4B
(Kaufusi et al., 2014) that are involved in membrane remodel-
ing. The infection induces the formation of membrane vesicles
inside the lumen of the ER (an example of WNV-infected cells
is depicted in Figure 1). These characteristic structures usually
referred to as vesicle packets (VPs) or double membrane vesi-
cles (DMVs) have been associated with viral genome replication
(Welsch et al., 2009; Gillespie et al., 2010; Miorin et al., 2013;
Junjhon et al., 2014). Other flavivirus-induced membrane struc-
tures that could also be ER-related are the so-called paracrystalline
arrays or convoluted membranes (Mackenzie and Westaway, 2001;
Welsch et al., 2009). However, convoluted membranes are not
induced in all flavivirus-infected cell types and their specific func-
tion in viral infection remains unclear (Junjhon et al., 2014).
The newly synthesized viral genomes are enclosed into virions
that assemble and bud into the ER, and then traffic through
the Golgi complex along the secretory pathway and maturate
(Mukhopadhyay et al., 2005) prior to be released from infected
cell. In this way, the interaction of flaviviruses with the ER not
only provides a replication platform but also the membrane com-
ponents for the virions (Mukhopadhyay et al., 2005). All these
findings make the ER and ER-related pathways key players during
flavivirus infection.

ER, CELLULAR STRESS, AND UPR DURING FLAVIVIRUS
INFECTIONS
The ER is an essential organelle involved in many cellular
functions including protein folding and secretion, lipid biosyn-
thesis, and calcium homeostasis. A quality control mechanism
ensures that only properly folded proteins exit from the ER

while incorrectly folded proteins are retained and degraded. The
accumulation of misfolded or unfolded proteins can trigger ER
stress. To cope with stress, cells activate the intracellular signal-
ing pathway called UPR (Liu et al., 2000). The UPR includes
transcriptional induction of genes, attenuation of global pro-
tein synthesis, and ER-associated degradation (ERAD). The three
main branches of the UPR are the protein kinase-like ER resi-
dent kinase (PERK), the activating transcription factor 6 (ATF6),
and the inositol-requiring enzyme 1 (IRE1; Figure 2; Liu and
Kaufman, 2003). These proteins are associated with the ER chap-
erone BiP/Grp78, which prevents their aggregation and further
activation. But the UPR is not only triggered by misfolded pro-
teins, other perturbations can also alter the ER homeostasis such
as glucose deprivation, aberrant Ca2+ regulation or viral infec-
tions. Related to the Ca2+ balance, WNV for example induces
a Ca2+ influx early after infection of cells that has been associ-
ated with a virus-induced rearrangement of the ER membrane
and activation of different cellular kinases involved in stress
response and cell survival, focal adhesion kinase (FAK), mitogen-
activated extracellular signal-regulated protein kinase (ERK1/2),
and protein-serine kinase B alpha (Akt; Scherbik and Brinton,
2010).

Viruses have evolved to manipulate host UPR signaling path-
ways to promote viral translation and persistence in infected
cells (Chan and Egan, 2005; Tardif et al., 2005; Ke and Chen,
2011; Ambrose and Mackenzie, 2013b; Green et al., 2013). Stud-
ies that focused on the Flaviviridae family have documented the
activation of one or more of the three arms of the UPR. How-
ever controversial reports have been published even for the same
virus. The reasons for these different results are likely due to
differences in the strains or serotypes used, or derived from
the use of subgenomic replicons, isolated proteins or complete
viruses. For instance, it has been documented that infection
by the Hepacivirus hepatitis C virus (HCV) leads to the acti-
vation of the three UPR signaling pathways (Shinohara et al.,
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FIGURE 2 | Cell signaling pathways of the UPR, autophagy connections and flaviviruses. The three arms of UPR (PERK, ATF-6, IRE-1) are shown in the
figure. The viruses from the Flaviviridae family whose infection has been related to each process have been noted in the figure. See the text for details.

2013) including BiP expression, IRE1 activation, and Xbp-1 splic-
ing (Tardif et al., 2004), ATF6 cleavage (Tardif et al., 2002; Li
et al., 2009), eIF2α phosphorylation, and induction of CHOP
expression (Chan and Egan, 2005). In contrast, cells harboring
a neomycin-adapted subgenomic replicon of HCV that express
the nonstructural proteins showed a reduction of eIF2α phos-
phorylation (Tardif et al., 2002). For the Pestivirus bovine viral
diarrhea virus (BVDV), the stimulation of proapoptotic effectors
with high-level signaling through PERK and eIF2α phosphory-
lation resulting in CHOP activation and induction of apoptotic
effectors caspase 12 and poly ADP ribose polymerase (PARP) has
been described (Jordan et al., 2002). Specifically among Flavivirus,
infection with DENV showed a time dependent activation of the
UPR pathways, with PERK activation and eIF2α phosphorylation
during early stages of replication that rapidly switched off, with
IRE1 and ATF6 upregulation occurring at mid and late stages in
the replication cycle, respectively (Pena and Harris, 2011). How-
ever, it has also been described the induction of Xbp-1 splicing
(Yu et al., 2006; Umareddy et al., 2007; Pena and Harris, 2011),
ATF6 cleavage (Umareddy et al., 2007; Pena and Harris, 2011)
and activation of GADD34 and CHOP expression leading to
apoptosis (Umareddy et al., 2007). In the case of WNV, UPR
is activated towards chaperone production and membrane bio-
genesis to benefit replication (Medigeshi et al., 2007). ATF6 and

IRE1 upregulation has also been demonstrated, with Xbp-1s
induction, even though the IRE1–Xbp-1 pathway seems to be
non-essential for its replication (Medigeshi et al., 2007). In addi-
tion to this, WNV strain specific differences regarding regulation
of the PERK arm of the UPR have been described. For exam-
ple, while infection with a WNV attenuated strain prevents
PERK-mediated translation and CHOP transcription (Ambrose
and Mackenzie, 2010), infection with the highly neurovirulent
WNV NY-99 strain upregulates all three pathways of the UPR
(Medigeshi et al., 2007) with an early induction of eIF2α phos-
phorylation and upregulation of downstream apoptotic factors
such as CHOP, GADD34, caspase-3, and PARP, which may rep-
resent a host defense mechanism to limit viral replication. Other
members of the Flavivirus genus distinct from DENV and WNV
also activate different components of the UPR. For instance,
the induction of Xbp-1 splicing after infection with JEV, TBEV,
and USUV (Yu et al., 2006, 2013; Blazquez et al., 2013), the
expression of CHOP during JEV infection, and the cleavage of
ATF6 in TBEV-infected cells (Yu et al., 2006, 2013) have been
described.

It is important to highlight the described relevant func-
tion of viral proteins of the Flaviviridae in the regulation of
the UPR. For example, HCV NS4B is a strong regulator of
UPR signaling (Zheng et al., 2005; Li et al., 2009), while HCV
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envelope proteins activate IRE1 and Xbp-1 splicing, and upreg-
ulate Bip expression (mainly by E2; Chan and Egan, 2005).
WNV NS4A and NS4B strongly induce Xbp-1 transcription
and processing when individually expressed, and this ability is
directly related to the number of hydrophobic segments they con-
tain (Ambrose and Mackenzie, 2010). In the case of DENV-2,
Xbp-1 splicing is induced by NS2B/3 (Yu et al., 2006). There-
fore, the role of the UPR during flavivirus infections has been
associated with factors contributing to the establishment of an
environment more favorable for replication such as chaperone
expression, membrane biogenesis, or ATF4-mediated antioxi-
dant and amino acid transporter production. However, some
downstream UPR effects such as the inhibition of translation,
mRNA decay, production of degradative proteins, or induction
of apoptosis are not necessarily beneficial for viral replication
(Ambrose and Mackenzie, 2013b). Finally, interaction between
the UPR and interferon (IFN) signaling in flaviviral infections has
been reported, as ATF6 and IRE1 seem to be required for WNV
Kunjin-induced STAT1 phosphorylation and nuclear transloca-
tion in response to IFN stimulation (Ambrose and Mackenzie,
2013a). All these findings provide evidence for the multifaceted
roles of UPR during flavivirus infections and its connections
with cellular metabolism, apoptosis, and innate immunity. These
aspects remark the importance of a proper understanding of
the interaction of each flavivirus with this cellular signaling
pathway.

STRESS, UPR, AND AUTOPHAGY IN FLAVIVIRUS INFECTED
CELLS
Autophagy is a cellular process by which cytoplasmic compo-
nents are sequestered in double-membrane vesicles and degraded.
Autophagy is also intrinsically linked to ER function since the
ER provides the membranes involved autophagy (Lamb et al.,
2013). There are multiple connections between ER, UPR, and
autophagy and changes in ER architecture or composition can
trigger autophagy through activation of components of the UPR
(Suh et al., 2012; Figure 2). By facilitating the removal of dam-
aged organelles and cytoplasmic protein aggregates, autophagy
has been proven to be essential for the maintenance of cellular
homeostasis (Kudchodkar and Levine, 2009). In addition, this
constitutive degradation pathway also plays important roles in
development, differentiation, and stress responses (Levine and
Klionsky, 2004), and it is an important component of the innate
and adaptive immune response elicited against a variety of viral
and bacterial pathogens (reviewed in Deretic, 2005; Deretic and
Levine, 2009).

The process of autophagy comprises three steps starting with
the nucleation and elongation of vesicles to form the phagophore.
The edges of phagophore then fuse to assemble the autophago-
some. Finally, autophagosomes maturate to autolysosomes by
membrane fusion with endosomes (then called amphisomes)
or lysosomes (resulting in autolysosomes). Different roles for
multiple cellular proteins involved in autophagy have been
reported to date. One of the most widely used indicators of
upregulation of autophagy is the cytoplasmic aggregation of
microtubule-associated protein 1 light chain 3 (LC3), that is
modified by its conjugation to phosphatidylethanolamine and

targeted to autophagic membranes labeling autophagic vacuoles
(Kabeya et al., 2000; Klionsky et al., 2008). An upregulation of
the autophagic pathway, characterized by an increase in LC3
modification and its cytoplasmic aggregation, has been noticed
following infection by members of the Flaviviridae including the
flaviviruses DENV, Modoc virus, JEV, USUV (Khakpoor et al.,
2009; Panyasrivanit et al., 2009; Heaton and Randall, 2010; Li
et al., 2012; McLean et al., 2012; Blazquez et al., 2013; Jin et al.,
2013), the hepacivirus HCV (Sir et al., 2008b; Dreux et al., 2009),
and the pestivirus classical swine fever virus (CSFV; Pei et al.,
2014). Interestingly, upregulation of the autophagic pathway in
flavivirus-infected cells can occur without noticeable changes
in the levels of the polyubiquitin-binding protein that interacts
with LC3 p62/SQSTM1, whose degradation has been described
following autophagy induction under certain conditions (Klion-
sky et al., 2008). This may indicate the unique features of the
autophagic response during infections with at least some of
these viruses (Beatman et al., 2012; Blazquez et al., 2013). The
roles of the autophagic response in flavivirus-infected cells have
been associated with varied functions including lipid metabolism
reordering to support strong viral replication (Heaton and Ran-
dall, 2010), apoptosis inhibition (McLean et al., 2012), innate
immunity evasion (Jin et al., 2013), or adequate platforms provi-
sion for viral replication during early steps of infection (Khakpoor
et al., 2009; Panyasrivanit et al., 2009). Even more, high activa-
tion of autophagy has been associated with low neurovirulence
of JEV strains (Li et al., 2012), suggesting a protective role of
autophagy in vivo as already described for other viruses (Orvedahl
and Levine, 2008). However, for other flaviviruses like WNV,
the induction of an autophagic response in infected cells still
remains controversial (Beatman et al., 2012; Vandergaast and
Fredericksen, 2012). Nevertheless it seems clear that exogenous
stimulation of autophagy via a pro-autophagic peptide can protect
against neuronal cell death induced by WNV infection (Shoji-
Kawata et al., 2013), thus supporting again a protective role of
autophagy in vivo, at least against some members of the Flavivirus
genus.

An induction or manipulation of the UPR has also been
described for a wide variety of members of the Flaviviridae
(Figure 2), although relationships between activation of the
UPR, membrane remodeling, and autophagy induction have
not been addressed in most cases or remain controversial. For
instance, the induction of autophagy and UPR has been shown
for HCV, but the mechanistic link between the induction of
these two cellular processes remains unclear. Some authors have
addressed the relationship between both mechanisms, report-
ing that down-regulation of a variety of UPR modulators
inhibits HCV-induced LC3-phosphatidylethanolamine conjuga-
tion, a hallmark of autophagic vesicle accumulation (Sir et al.,
2008a; Ke and Chen, 2011), or suggesting that HCV-induced
eIF2α phosphorylation via PERK activates autophagy (Dreux
and Chisari, 2011). Conversely, rapid autophagy induction after
HCV infection with stimulation of the UPR at later stages
of the infection has been described, implying that autophagy
induction is independent of the UPR (Mohl et al., 2012). Sup-
porting the independence of UPR and autophagy, expression
of a subgenomic replicon of the pegivirus GB virus B, led
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to an elevated LC3-II level, but did not induce UPR (Mohl
et al., 2012). In the case of flaviviruses, a cause–effect relation-
ship between UPR and autophagy is still lacking. There are
contradictory evidences for and against a link between these
two processes. For instance, it has been reported that WNV
triggers UPR while not always upregulates the autophagic path-
way (Vandergaast and Fredericksen, 2012), thus supporting
that the induction of the UPR by WNV could be indepen-
dent of an autophagic response. The only flavivirus protein
associated with induction of autophagy has been the DENV
NS4A (McLean et al., 2012). This protein is responsible for
membrane rearrangements and, in WNV, it is also associated
with the induction of the UPR. Although this could support
a link between these cellular pathways in flavivirus infection,
the involvement of WNV NS4A in autophagy induction has
not yet been addressed. All these mixed observations show that
there is still a need of new studies to direct evaluate the con-
tribution of UPR to autophagy induction in flavivirus-infected
cells.

CONCLUSION AND FUTURE PERSPECTIVES
The detailed knowledge of the interaction of flaviviruses with the
ER is attractive to refine current antiviral strategies against these
viruses and to explore novel therapeutic approaches. The view
of the ER as a mere replication platform in flavivirus infection
should be changed and more emphasis should be given to its pro-
found remodeling of its architecture and composition induced
by the infection, including the activation/rearrangement of cellu-
lar pathways related to this organelle which are connected with
other relevant pathways as apoptosis and innate immunity. In this
way, deciphering the puzzle between autophagy, the UPR, and
their potential connections could help to build a more complete
picture of flavivirus interactions with host cells. An important
challenge will be the analysis of autophagy and UPR during fla-
vivirus infection in vivo using animal models, of course, having in
mind the complex biology of these pathogens that include infec-
tion of different host cells within their infectious cycle, which
could complicate the interpretation of these studies. In fact,
autophagy and UPR currently represent druggable pathways under
evaluation for the treatment of multiple human disorders (Suh
et al., 2012; Cao and Kaufman, 2013), and recent studies have
revealed that pharmacological activation of autophagy can be
protective in vivo against flavivirus infection (Shoji-Kawata et al.,
2013).
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The replication of coronavirus, a family of important animal and human pathogens, is
closely associated with the cellular membrane compartments, especially the endoplasmic
reticulum (ER). Coronavirus infection of cultured cells was previously shown to cause
ER stress and induce the unfolded protein response (UPR), a process that aims to
restore the ER homeostasis by global translation shutdown and increasing the ER folding
capacity. However, under prolonged ER stress, UPR can also induce apoptotic cell death.
Accumulating evidence from recent studies has shown that induction of ER stress and
UPR may constitute a major aspect of coronavirus–host interaction. Activation of the three
branches of UPR modulates a wide variety of signaling pathways, such as mitogen-activated
protein (MAP) kinase activation, autophagy, apoptosis, and innate immune response. ER
stress and UPR activation may therefore contribute significantly to the viral replication
and pathogenesis during coronavirus infection. In this review, we summarize the current
knowledge on coronavirus-induced ER stress and UPR activation, with emphasis on their
cross-talking to apoptotic signaling.

Keywords: coronavirus, ER stress, apoptosis, signal transduction pathways, proinflammatory cytokines, unfolded

protein response

INTRODUCTION
Coronaviruses are a family of enveloped viruses with positive
sense, non-segmented, single-stranded RNA genomes. Many
coronaviruses are important veterinary pathogens. For example,
avian infectious bronchitis virus (IBV) reduces the performance
of both meat-type and egg-laying chickens and causes severe
economic loss to the poultry industry worldwide (Cavanagh,
2007). Certain coronaviruses, such as HCoV-229E and HCoV-
OC43, infect humans and account for a significant percentage
of adult common colds (Hamre and Procknow, 1966; Kaye et al.,
1972). Moreover, in 2003, a highly pathogenic human coronavirus
(SARS-CoV) was identified as the causative agent of severe acute
respiratory syndrome (SARS) with high mortality rate and led to
global panic (Ksiazek et al., 2003). Later, it was found that the
SARS-CoV was originated from bat and likely jumped to humans
via some intermediate host (palm civets; Li et al., 2005; Wang
and Eaton, 2007). Recently, a live SARS-like coronavirus was iso-
lated from fecal samples of Chinese horseshoe bats, which could
use the SARS-CoV cellular receptor – human angiotensin con-
verting enzyme II (ACE2) for cell entry (Ge et al., 2013). This
indicates that an intermediate host may not be necessary and
direct human infection by some bat coronaviruses is possible.
Moreover, a novel human coronavirus – the Middle East res-
piratory syndrome coronavirus (MERS-CoV), emerged in Saudi
Arabia in September 2012 (de Groot et al., 2013). Although the risk
of sustained human-to-human transmission is considered low,
infection of MERS-CoV causes ∼50% mortality in patients with
comorbidities (Graham et al., 2013). Initial studies had pointed to
bats as the source of MERS-CoV (Annan et al., 2013); however,
accumulating evidence strongly suggested the dromedary camels

to be the natural reservoirs and animal source of MERS-CoV
(Hemida et al., 2013; Alagaili et al., 2014). Thus, coronaviruses
can cross the species barrier to become lethal human pathogens,
and studies on coronaviruses are both economically and medically
important.

Taxonomically, the family Coronaviridae is classified into two
subfamilies, the coronavirinae and the torovirinae. The coron-
avirinae is further classified into three genera, namely the Alpha-
coronavirus, Betacoronavirus, and Gammacoronavirus (Masters,
2006). The classification was originally based on antigenic rela-
tionships and later confirmed by sequence comparisons of entire
viral genomes (Gorbalenya et al., 2004). Almost all Alphacoron-
aviruses and Betacoronaviruses have mammalian hosts, including
humans. In contrast, Gammacoronaviruses have mainly been
isolated from avian hosts.

Morphologically, coronaviruses are spherical or pleomorphic
in shape with a mean diameter of 80–120 nm. They are char-
acterized by the large (20 nm) “club-like” projections on the
surface, which are the heavily glycosylated trimeric spike (S) pro-
teins (Masters, 2006). Two additional structural proteins are found
on the envelope. The abundant membrane (M) proteins give the
virion its shape, whereas the small envelope (E) proteins play an
essential role during assembly (Sturman et al., 1980; Liu and Inglis,
1991). Inside the envelope, the helical nucleocapsid is formed by
binding of the nucleocapsid (N) proteins on the genomic RNA in
a beads-on-a-string fashion. The genome, ranging from 27,000 to
32,000 nucleotides in size, is the largest RNA genomes known to
date.

Coronavirus infection starts with receptor binding via the S
protein (Figure 1). The S proteins of most coronaviruses are
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FIGURE 1 | Schematic diagram showing the replication cycle of

coronavirus and the stages in which ER stress may be induced

during coronavirus infection. Infection starts with receptor binding and
entry by membrane fusion. After uncoating, the genomic RNA is used
as a template to synthesize progeny genomes and a nested set of
subgenomic RNAs. The replication transcription centers are closely
associated with DMVs, which are proposed to be adopted from the
modified ER, possibly by the combined activities of non-structural

proteins nsp3, nsp4, and nsp6. The S, E, and M proteins are
synthesized and anchored on the ER, whereas the N protein is
translated in the cytosol. Assembly takes place in the ERGIC and
mature virions are released via smooth-walled vesicles by exocytosis.
The three stages that presumably induce ER stress are highlighted with
numbered star signs, namely: (1) formation of DMVs, (2) massive
production and modification of structural proteins, and (3) depletion of
ER membrane during budding.

cleaved by host protease into two functional subunits: an N-
terminal receptor binding domain (S1) and a C-terminal domain
(S2) responsible for membrane fusion (Huang et al., 2006; Qiu
et al., 2006; Yamada et al., 2009). The interaction between the
cell surface receptor and the S1 subunit is the major determi-
nant of the tropism of coronaviruses (Kuo et al., 2000). Upon
receptor binding of S1, a conformational change is triggered in
the S2 subunit, exposing its hidden fusion peptide for insertion
into the cellular membrane. This is followed by the packing of
the two heptad repeats in the three monomers into a six-helix
bundle fusion core. This close juxtaposition of the viral and
cellular membrane enables fusion of the lipid bilayers, and the
viral nucleocapsid is thus delivered into the cytoplasm (Masters,
2006).

After uncoating, the genomic RNA first acts as an mRNA for
translation of the replicase polyprotein. The replicase gene con-
sists of two open reading frames (ORF1a and ORF1b). Translation
of ORF1a produces the polyprotein 1a (pp1a). Meanwhile, a ribo-
somal frameshifting occurs at the junction of ORF1a and ORF1b,

allowing translation to continue onto ORF1b, producing a larger
polyprotein 1ab (pp1ab; Brierley et al., 1987). Autoproteolytic
cleavage of pp1a produces 11 non-structural proteins (nsp1–
nsp11), while cleavage of pp1ab produces 15 non-structural
proteins (nsp1–nsp10 and nsp12–nsp16). The functions of these
nsps are partially understood. Particularly, the autoproteolytic
cleavage relies on nsp3 (a papain-like proteinase) and nsp5 (the
main proteinase), whereas the RNA-dependent RNA polymerase
(RdRp) is contained within nsp12 (Baker et al., 1993; Lu et al.,
1995a).

Using the genomic RNA as a template, the replicase then syn-
thesizes the negative sense genomic RNAs, which are used as
templates for synthesizing progeny positive sense RNA genomes.
On the other hand, through discontinuous transcription of the
genome, the replicase synthesizes a nested set of subgenomic
RNAs (sgRNAs; Sawicki et al., 2007). Replication and transcription
of the coronavirus genome involve the formation of the replica-
tion/transcription complexes (RTCs), which are anchored to the
intracellular membranes via the multi-spanning transmembrane
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proteins nsp3, nsp4, and nsp6 (Oostra et al., 2007). Also, inside the
infected cells, coronaviruses induce modification of the intracel-
lular membrane network and formation of the double membrane
vesicles (DMVs; Knoops et al., 2008). Several studies have shown
that the DMVs are closely associated with the coronavirus RTCs
and the de novo synthesized viral RNAs (Gosert et al., 2002; Snijder
et al., 2006).

The sgRNAs are translated into structural proteins and acces-
sory proteins. Transmembrane structural proteins (S, M, and E)
are synthesized, inserted, and folded in the endoplasmic reticulum
(ER) and transported to the ER–Golgi intermediate compart-
ment (ERGIC). The N proteins are translated in the cytoplasm
and encapsidate the nascent progeny genomic RNA to form the
nucleocapsids. Virion assembly occurs in the ERGIC and is likely
to be orchestrated by the M protein through protein–protein
interactions (Masters, 2006).

The virions budded into the ERGIC are exported through
secretory pathway in smooth-wall vesicles, which ultimately fuse
with the plasma membrane and release the mature virus particles
(Krijnse-Locker et al., 1994). For some coronaviruses, a portion
of the S protein escapes from viral assembly and is secreted to the
plasma membrane. These S proteins cause fusion of the infected
cell with neighboring uninfected cells, resulting in the formation of
a large, multinucleated cell known as a syncytium, which enables
the virus to spread without being released into the extracellular
space (Masters, 2006).

In eukaryotic cells, ER is the major site for synthesis and folding
of secreted and transmembrane proteins. The amount of protein
entering the ER can vary substantially under different physiolog-
ical states and environmental conditions. When protein synthesis
surpasses the folding capacity, unfolded proteins accumulate in the
ER and lead to ER stress. ER stress can also be activated by exces-
sive lipids or pro-inflammatory cytokines (Kharroubi et al., 2004;
Pineau et al., 2009). To maintain homeostasis, cells have evolved
signaling pathways that are collectively known as the unfolded
protein response (UPR; Ron and Walter, 2007). The UPR signal-
ing starts with the unfolded proteins activating the three ER stress
transducers: PKR-like ER protein kinase (PERK), activating tran-
scriptional factor-6 (ATF6), or inositol-requiring protein-1 (IRE1;
Figure 2). Once activated, these sensors transmit the signal across
the ER membrane to the cytosol and the nucleus, and the cell
responds by lowering the protein synthesis and increasing the ER
folding capacity. If homeostasis cannot be re-established, apop-
tosis is induced for the benefit of the entire organism (Tabas and
Ron, 2011).

In this review, current studies on the involvement of the UPR in
coronavirus infection and pathogenesis will be summarized. The
role of UPR activation in host response, in particular the induction
of apoptosis, will also be reviewed.

CORONAVIRUS INFECTION AND ER STRESS
Global proteomic and microarray analyses have shown that the
expression of several genes related to the ER stress, such as glucose-
regulated protein 94 (GRP94) and glucose-regulated protein 78
(GRP78, also known as immunoglobulin heavy chain-binding
protein, or BiP), is up-regulated in cells infected with SARS-
CoV or in cells overexpressing the SARS-CoV S2 subunit (Jiang

et al., 2005; Yeung et al., 2008). Using a luciferase reporter sys-
tem, Chan et al. (2006) found that both GRP94 and GRP78
were induced in SARS-CoV-infected FRhK4 cells. Consistently,
the mRNA level of homocysteine-inducible, ER stress-inducible,
ubiquitin-like domain member 1 (HERPUD1), an ER stress
marker, was up-regulated in L cells infected with mouse hep-
atitis virus (MHV) or SARS-CoV (Versteeg et al., 2007). Data
from this group have shown a similar induction of ER stress
in IBV-infected Vero, H1299, and Huh-7 cells (unpublished
observations). Although no parallel studies have been per-
formed on Alphacoronaviruses, it is likely that all three genera
of coronaviruses may induce ER stress in the infected cells.
Current evidence suggests the following three main mecha-
nisms.

FORMATION OF DOUBLE MEMBRANE VESICLES
It is well-known that the replication of many plus-stranded
RNA viruses induces modification of cellular membranes (Miller
and Krijnse-Locker, 2008). Among them, coronaviruses have
been shown to induce the formation of DMVs in infected
cells (David-Ferreira and Manaker, 1965). Based on immunocy-
tochemistry electron microscopy data, the DMVs co-localize with
coronavirus major replicase proteins and are presumably the sites
where coronavirus RTCs are located (Gosert et al., 2002; Snijder
et al., 2006). Indeed, DMVs are induced in HEK293T cells co-
expressing the SARS-CoV nsp3, nsp4, and nsp6, which are all
multispanning transmembrane non-structural proteins (Angelini
et al., 2013). There have been different perspectives regarding
the origin of the coronavirus-induced DMVs. The late endo-
somes, autophagosomes, and the early secretary pathway have
all been implicated as the membrane source of DMVs (van
der Meer et al., 1999; Prentice et al., 2004; Verheije et al., 2008).
Also, co-localization has been observed between SARS-CoV non-
structural proteins and protein disulfide isomerase (PDI), an
ER marker (Snijder et al., 2006). Using high-resolution electron
tomography, Knoops et al. (2008) have shown that infection of
SARS-CoV reorganizes the ER into a reticulovesicular network,
which consists of convoluted membranes and interconnected
DMVs. Recently, Reggiori et al. (2010) have proposed a model
in which coronaviruses hijack the EDEMosomes to derive ER
membrane for DMV formation. The EDEMosomes are COPII-
independent vesicles that export from the ER, which are normally
used to fine-tune the level of ER degradation enhancer, man-
nosidase alpha-like 1 (EDEM1), a regulator of ER-associated
degradation (ERAD; Calì et al., 2008). It has been demon-
strated that MHV infection causes accumulation of EDEM1 and
osteosarcoma amplified 9 (OS-9, another EDEMosome cargo),
and that both EDEM1 and OS-9 co-localize with the RTCs of
MHV (Reggiori et al., 2010). These results thus add mechanical
evidence to support the ER-origin of the coronavirus-induced
DMVs.

GLYCOSYLATION OF CORONAVIRAL STRUCTURAL PROTEINS
Except for the N protein, all coronavirus structural proteins are
transmembrane proteins synthesized in the ER. The M protein,
which is the most abundant component of the virus particle, is
known to undergo either O-linked (for most betacoronaviruses)

www.frontiersin.org June 2014 | Volume 5 | Article 296 | 15

http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive


Fung and Liu Coronavirus and ER stress response

FIGURE 2 | Flowchart showing the induction of ER stress and its

physiological outcomes during coronavirus infection. The integrated
stress response pathways (including PERK) trigger translation
shutdown and modulate apoptosis. The ATF6 pathway enhances the

ER folding capacity, and the IRE1 pathway affects both ER folding
and apoptosis induction. Pointed arrows indicate activation. The dotted
line suggests uncharacterized function of GCN2 and HRI during
coronavirus infection.

or N-linked (for all alpha- and gammacoronaviruses) glycosyla-
tion in the ER (Jacobs et al., 1986; Cavanagh and Davis, 1988;
Nal et al., 2005). The glycosylation of M protein is proposed to
play a certain function in alpha interferon (IFN) induction and
in vivo tissue tropism (Charley and Laude, 1988; Laude et al.,
1992; de Haan et al., 2003). The pre-glycosylated S monomers are
around 128–160 kDa, whereas sizes can reach 150–200 kDa post-
glycosylation (exclusively N-linked), indicating that the S protein
is highly glycosylated (Masters, 2006). At least for transmissi-
ble gastroenteritis coronavirus (TGEV), glycosylation is presumed
to facilitate monomer folding and trimerization (Delmas and
Laude, 1990). Moreover, the glycans on SARS-CoV S proteins
have been shown to bind C-type lectins DC-SIGN (dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin)
and L-SIGN (liver lymph node-specific intercellular adhesion
molecule-3-grabbing non-integrin), which can serve as alterna-
tive receptors for SARS-CoV independent of the major receptor
ACE2 (Han et al., 2007). The folding, maturation, and assem-
bly of the gigantic S trimeric glycoprotein rely heavily on the
protein chaperons inside the ER, such as calnexin. In fact, the
N-terminal part of the S2 domain of SARS-CoV S protein has
been found to interact with calnexin, and knock-down of calnexin
decreases the infectivity of pseudotyped lentivirus carrying the
SARS-CoV S protein (Fukushi et al., 2012). Also, treatment of α-
glucosidase inhibitors, which inhibit the interactions of calnexin
with its substrates, dose dependently inhibits the incorporation
of S into pseudovirus and suppresses SARS-CoV replication in

cell cultures (Fukushi et al., 2012). During coronavirus replica-
tion, massive amount of structural proteins is synthesized to
assembly progeny virions. The production, folding, and modi-
fication of these proteins undoubtedly increase the workload of
the ER.

DEPLETION OF ER LIPID DURING THE BUDDING OF VIRIONS
Budding of coronaviruses occurs in the ERGIC, which is a struc-
tural and functional continuance of the ER. Thus, the release of
mature virions by exocytosis in effect depletes the lipid component
of the ER. Taken together, coronavirus infection results in: (1)
massive morphological rearrangement of the ER; (2) significant
increase ER burden for protein synthesis, folding and modifica-
tion; and (3) extensive depletion of ER lipid component. These
factors together may contribute to the coronavirus-induced ER
stress.

In the following sections, the activation of the three individual
branches of the UPR by coronavirus infection will be discussed in
detail.

THE PERK BRANCH OF UPR
PERK-EIF2α-ATF4 SIGNALING PATHWAY
The PERK branch of the UPR is believed to be activated first in
response to ER stress (Szegezdi et al., 2006). Activation of PERK
begins with the dissociation from ER chaperon BiP, followed by
oligomerization and auto-phosphorylation. Activated PERK then
phosphorylates the α-subunit of eukaryotic initiation factor 2
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(eIF2α). Phosphorylated eIF2α forms a stable complex with and
inhibits the turnover of eIF2B, a guanine nucleotide exchange fac-
tor that recycles inactive eIF2-GDP to active eIF2-GTP. This results
in a general shutdown of cellular protein synthesis and reduces
the protein flux into the ER (Ron and Walter, 2007). Besides
PERK, three other kinases are known to phosphorylate eIF2α,
namely the protein kinase RNA-activated (PKR), heme-regulated
inhibitor kinase (HRI), and general control non-derepressible-
2 (GCN2; Ron and Walter, 2007). PKR is induced by IFN and
activated by the binding of double-stranded RNA (dsRNA) after
virus infection (Clemens and Elia, 1997). HRI is activated in
red blood cells and hepatocytes by low levels of heme (McEwen
et al., 2005). GCN2 senses amino acid deficiency and is acti-
vated via binding to uncharged transfer RNAs (Sood et al., 2000).
Due to common outcome (eIF2α phosphorylation and trans-
lation suppression), activation of these kinases is collectively
known as the integrated stress response (ISR; Ron and Walter,
2007).

Interestingly, the mRNAs of certain genes contain small ORFs
in their 5′ UTR and bypass the eIF2α-dependent translation block.
One of these is the activating transcription factor 4 (ATF4), which
is preferentially translated under ISR. ATF4 in turn transactivates
genes involved in amino acid metabolism, redox reactions, and
stress response. One of ATF4’s target genes is the growth arrest
and DNA damage-inducible protein 153 (GADD153, also known
as C/EBP homologous protein, or CHOP). GADD153 induces the
growth arrest and DNA damage-inducible protein 34 (GADD34),
which recruits protein phosphatase 1 (PP1) to dephosphorylate
eIF2α and release the translation block. To this end, if ER stress
is resolved, normal protein synthesis can be resumed. However,
if ER stress persists, GADD153 can induce apoptosis by sup-
pressing the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2)
and inducing the pro-apoptotic proteins such as Bcl-2-interacting
mediator of cell death (Bim; Puthalakath et al., 2007). GADD153
also activates ER oxidoreductin-1α (ERO1α), which encodes an
ER oxidase. The increase protein influx to a hyper-oxidizing ER
aggravates ER stress and induces apoptosis (Marciniak et al., 2004;
Figure 3).

INVOLVEMENT OF THE PERK PATHWAY DURING VIRAL INFECTIONS
Translation attenuation has been widely observed as a defensive
mechanism of the host cells against viral infection. By reducing the
translation of viral proteins, virus replication is hampered and the
spread of infection is limited, giving enough time for the immune
system to initiate effective antiviral responses. Among the four
eIF2α kinases, PKR, due to its IFN-inducible nature and specific
recognition of viral dsRNAs, plays an especially important role in
inducing translation attenuation in virus-infected cells (He, 2006).
It is therefore not surprising that viruses have evolved various
mechanisms to counteract PKR. For example, the non-structural
5A (NS5A) protein of hepatitis C virus directly interacts with the
catalytic site of PKR, whereas the NS1 protein in the influenza A
virus binds to dsRNAs and thus blocks PKR activation (Lu et al.,
1995b; Gale et al., 1997).

During virus infection, massive production of viral proteins
can overload the folding capacities of ER and lead to activation
of another eIF2α kinase – PERK. Activation of PERK has been

observed in cells infected with various DNA and RNA viruses,
such as vesicular stomatitis virus, bovine viral diarrhea virus and
herpes simplex virus 1 (HSV1), to name just a few (Jordan et al.,
2002; Baltzis et al., 2004; Cheng et al., 2005). However, similar to
PKR, viruses have adopted counter measures to inhibit PERK-
mediated translation attenuation. For example, the E2 protein of
hepatitis C virus (HCV) and the glycoprotein gB of HSV1 bind to
PERK and inhibit its kinase activity to rescue translation (Pavio
et al., 2003; Mulvey et al., 2007).

ACTIVATION OF PERK PATHWAY DURING CORONAVIRUSES INFECTION
AND ITS INVOLVEMENT IN CORONAVIRUS-INDUCED APOPTOSIS
There have been diverging results on the activation of PKR
and/or PERK during coronavirus infection. In an early study,
it has been found that there is minimal transcriptional activa-
tion of PKR and another IFN-stimulated gene, 2′5′-oligoadenylate
synthetase (OAS) in cells infected with MHV-1 (Zorzitto et al.,
2006). In a separate study, phosphorylation of PKR and eIF2α

was also not observed in MHV A59-infected cells (Ye et al.,
2007). However, Bechill et al. (2008) have detected signifi-
cant eIF2α phosphorylation and up-regulation of ATF4 in cells
infected with MHV A59, although no induction of GADD153
and GADD34 was observed. It has been suggested that due to
the lack of GADD34-mediated eIF2α dephosphorylation, MHV
infection induces sustained translation repression of most cel-
lular proteins (Bechill et al., 2008). However, the translation
of MHV mRNAs seems to be resistant to eIF2α phosphory-
lation, and the detailed mechanisms for such evasion are yet
to be investigated. As for SARS-CoV, PKR, PERK, and eIF2α

phosphorylation are readily detectable in virus-infected cells
(Krähling et al., 2009). However, knock-down of PKR using spe-
cific morpholino oligomers did not affect SARS-CoV-induced
eIF2α phosphorylation but significantly inhibited SARS-CoV-
induced apoptosis (Krähling et al., 2009). It is possible that
eIF2α is phosphorylated by PERK in SARS-CoV-infected cells,
but similar loss-of-function experiments have not been per-
formed, although overexpression of SARS-CoV accessory protein
3a has been shown to activate the PERK pathway (Minakshi et al.,
2009).

The discrepancy regarding the activation of PKR/PERK during
coronavirus infection may be a result from the different cell cul-
ture systems and virus strains used. The interpretation is further
complicated by the IFN-inducible nature of PKR. It is generally
believed that coronaviruses are poor type I IFN inducers in vitro
(Garlinghouse et al., 1984; Spiegel et al., 2005; Roth-Cross et al.,
2007), although the IFN response may be essential for antivi-
ral activities in vivo (Ireland et al., 2008). Moreover, it is known
that coronaviruses employ multiple mechanisms to antagonize
the IFN response. For example, the nsp16 has been shown to
utilize the 2′-O-methyltransferase activity to modify coronavirus
mRNAs, so as to evade from the cytosolic RNA sensor melanoma
differentiation-associated protein 5 (MDA5) and type I IFN induc-
tion (Roth-Cross et al., 2008; Züst et al., 2011). Furthermore, the
activities of several IFN-induced genes (ISGs) have also been
shown to be modulated by coronaviruses during infection. For
instance, Zhao et al. (2012) have demonstrated that the MHV
accessory protein ns2 cleaves 2′,5′-oligoadenylate, the product of
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FIGURE 3 | Working model of PKR/PERK-eIF2α-ATF4-GADD153

pathway activation during coronavirus infection, using IBV as an

example. Phosphorylation of eIF2α by PERK and PKR induces the
expression of ATF4, ATF3, and GADD153. GADD153 exerts its
pro-apoptotic activities via suppressing Bcl2 and ERKs by inducing
TRIB3. The potential induction of DUSP1 by ATF3 may modulate

phosphorylation of p38 and JNK, thus regulating IBV-induced apoptosis
and cytokine production. The translation attenuation due to eIF2α

activation can also lead to reduced inhibition of IκBα on NF-κB, which in
turn promote cytokine production. Pointed arrows indicate activation, and
blunt-ended lines indicate inhibition. The question mark indicates
hypothetical mechanism.

an ISG called OAS. This results in the suppression of the cellular
endoribonuclease RNase L activity and facilitates virus replica-
tion in vitro and in vivo (Zhao et al., 2011, 2012). Thus, similar
uncharacterized mechanisms may be used by MHV and other
coronaviruses to block the activation and/or downstream signaling
of PKR. In this regard, the activation of PERK via ER stress seems
to be an alternative pathway to activate eIF2α, although coron-
aviruses may counteract by directly targeting eIF2α, as described
below.

Studies done by this group have shown that, phosphorylation
of PKR,PERK, and eIF2α was detectable at early stage of IBV infec-
tion (0–8 hpi) but diminished quickly later (Wang et al., 2009; Liao
et al., 2013). The rapid de-phosphorylation of eIF2α is likely due to
the accumulation of GADD34, which is a component of the PP1
complex and a downstream target gene induced by GADD153
(Wang et al., 2009). Despite of the rapid de-phosphorylation of
eIF2α, significant induction of GADD153 was observed at late
stage of infection (16–24 h) at both mRNA and protein levels
(Liao et al., 2013). The up-regulation of GADD153 was likely
mediated by both PKR and PERK, since knock-down of either
PKR or PERK by siRNA reduces IBV-induced GADD153 (Liao
et al., 2013). The up-regulation of GADD153 promotes apopto-
sis in IBV-infected cells, possibly via inducing the pro-apoptotic
protein tribbles-related protein 3 (TRIB3) and suppressing the
pro-survival kinase extracellular signal-related kinase (ERK; Liao
et al., 2013). Based on the findings so far obtained, it is safe to
conclude that the PERK/PKR-eIF2α-ATF4-GADD153 pathway is
activated by some, but not all, coronaviruses. In the infected cells,
this pathway is activated at an early stage but quickly modulated

by feedback de-phosphorylation. The PERK/PKR-eIF2α-ATF4-
GADD153 most likely plays a pro-apoptotic function during
coronavirus infection.

INTEGRATED STRESS RESPONSE PATHWAYS AND INNATE IMMUNITY
Several recent studies have demonstrated the critical roles of cel-
lular stress response pathways in modulating the innate immune
activation (Cláudio et al., 2013). One of the key regulators
that bridge stress and innate immunity is GADD34, a nega-
tive regulator of eIF2α activation. It has been shown that when
stimulated with polyriboinosinic:polyribocytidylic acid (polyI:C),
the integrated stress response pathways were activated in den-
dritic cells (DCs), leading to up-regulation of ATF4 and GADD34
(Clavarino et al., 2012). Interestingly, GADD34 expression did
not significantly affect protein synthesis in DCs, but was shown
to be crucial for the production of interferon β (IFN-β) and
pro-inflammatory cytokines interleukin-6 (IL-6; Clavarino et al.,
2012). In contrast, GADD34 has also been shown to specify
PP1 to dephosphorylate the TGF-β-activated kinase 1 (TAK1),
thus negatively regulating the toll-like receptor (TLR) signal-
ing and pro-inflammatory cytokines [IL-6 and TNF-α (Tumor
necrosis factor alpha)] production in macrophages (Gu et al.,
2014). The functional disparities of GADD34 in DCs and
macrophages indicate that the integrated stress response may be
regulated by some other signaling pathways, resulting in cell-
type specific outcomes in the innate immune activation. Since
GADD34 induction was readily observed in cells infected with
IBV (Wang et al., 2009), it will be intriguing to ask whether
GADD34 also contributes to IBV-induced pro-inflammatory
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cytokine production, and to determine potential cross-talks
between the PERK pathway and innate immune activation during
IBV infection.

The massive production of pro-inflammatory cytokines
(cytokine storm) has been associated with the immunopatho-
genesis and high mortality rate of SARS-CoV (Perlman and
Dandekar, 2005). The transcription factor nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) is a master
regulator of pro-inflammatory response and innate immunity
(Hayden and Ghosh, 2012). It has been well established that NF-
κB is required for the induction of pro-inflammatory cytokines
(such as IL-6 and IL-8) and the early expression of IFN-β
during RNA virus infection (Libermann and Baltimore, 1990;
Kunsch and Rosen, 1993; Wang et al., 2010; Balachandran and
Beg, 2011; Basagoudanavar et al., 2011). Interestingly, induction
of TNF-α, IL-6, and IL-8 has been detected in cells overex-
pressing the spike protein of SARS-CoV via the NF-κB pathway
(Wang et al., 2007; Dosch et al., 2009). Thus, it is intriguing
to consider the involvement of ER stress in activating the NF-
κB pathway during coronavirus infection. In its inactive form,
NF-κB is sequestered in the cytoplasm by inhibitor of NF-κB
alpha (IκBα), which masks the nuclear localization signal of
NF-κB (Karin and Ben-Neriah, 2000). The basal level of IκBα

is maintained by constitutive synthesis and degradation of the
protein (Kanarek et al., 2010). Under various stress conditions,
phosphorylation of eIF2α leads to global translation repression
and a net decrease in IκBα protein level (Jiang et al., 2003).
This then results in the activation of NF-κB and induction of
pro-inflammatory response (Figure 3). Nonetheless, further stud-
ies are needed to characterize the actual contributions of ER
stress in NF-κB-mediated cytokine induction during coronavirus
infection.

Previous study done by this group has shown that infection of
IBV induced the production of IL-6 and IL-8, which was depen-
dent on the phosphorylation of MAP kinase p38 (Liao et al., 2011).
Interestingly, a protein phosphatase called dual-specificity phos-
phatase 1 (DUSP1) was also up-regulated in IBV-infected cells and
dephosphorylated p38 to modulate pro-inflammatory cytokine
production (Liao et al., 2011). Previous studies have shown that
the mRNA and protein levels of DUSP1 are modulated by ER
stress (Boutros et al., 2008; Li et al., 2011). ER stress-induced
DUSP1 up-regulation is likely to be mediated by ATF3 in the PERK
pathway, since knock-down of ATF3 significantly reduced DUSP1
induction in cells under ER stress (Gora et al., 2010). Thus, it is
possible that IBV infection activates the PERK branch of UPR to
induce DUSP1 expression, which in turn dephosphorylates p38
to modulate IBV-induced pro-inflammatory cytokine production
(Figure 3).

Besides p38, DUSP1 has also been shown to dephospho-
rylate c-Jun N-terminal kinase (JNK) and ERK (Sun et al.,
1993; Franklin and Kraft, 1997). It has been long proposed
that ERK phosphorylation promotes cell survival, whereas pro-
longed JNK and p38 phosphorylation is linked to the induction
of apoptosis (Xia et al., 1995). Thus, the induction of DUSP1
by ER stress in coronavirus-infected cells may also contribute
to virus-induced apoptosis via modulation of the MAP kinase
pathways.

THE IRE1 BRANCH OF UPR
IRE1-XBP1 SIGNALING PATHWAY
The IRE1-XBP1 branch of the UPR is evolutionarily conserved
from yeast to humans. In response to unfolded proteins, IRE1
undergoes oligomerization (Bertolotti et al., 2000). This results in
trans-autophosphorylation of the kinase domain and the activa-
tion of IRE1’s RNase domain. So far, the only known substrate for
IRE1 RNase activity is the mRNA of the X box binding protein 1
(XBP1) gene (Yoshida et al., 2001a; Calfon et al., 2002). IRE1 cuts
the XBP1 mRNA twice, removing a 26-nucleotide intron to form
a frameshifted transcript, the spliced XBP1 (XBP1s). Whereas the
unspliced XBP1 mRNA (XBP1u) encodes an inhibitor of the UPR,
XBP1s encode a potent transcriptional activator, which translo-
cates to the nucleus and enhances the expression of many UPR
genes, including those encoding molecular chaperones and pro-
teins contributing to ER-associated degradation (Ng et al., 2000;
Lee et al., 2003; Figure 4).

Apart from the XBP1 pathway, activated IRE1 has been shown
to recruit TNF receptor-associated factor 2 (TRAF2) and induce
apoptosis by activating the JNK (Urano et al., 2000). This IRE1-
JNK pathway is independent of IRE1’s RNase activity, but it
requires IRE1’s kinase domain and involves TRAF2-dependent
activation of caspase-12 (Yoneda et al.,2001). Moreover, one recent
study has demonstrated that the IRE1-JNK pathway is required for
autophagy activation after pharmacological induction of ER stress.
It was found that the kinase domain but not the RNase activity of
IRE1 was required, and treatment of a JNK inhibitor (SP600125)
abolished autophagosome formation after ER stress (Ogata et al.,
2006). Therefore, the IRE1 branch of UPR is closely associated
with the JNK pathway and involved in JNK-mediated apoptosis
and autophagy signaling.

ACTIVATION OF THE IRE1 PATHWAY DURING CORONAVIRUSES
INFECTION
The involvement of IRE1-XBP1 pathway during coronavirus infec-
tion has been investigated by several studies, using MHV as a
model. Either MHV infection or overexpression of the MHV S
protein (but not other structural proteins) induces XBP1 mRNA
splicing (Versteeg et al., 2007; Bechill et al., 2008). However,
although XBP1 mRNA is efficiently spliced, the protein product
of spliced XBP1 cannot be detected in either the whole cell lysate
or the nuclear fraction. Moreover, UPR downstream genes known
to be activated by XBP1s, such as ER DNA J domain-containing
protein 4 (ERdj4), EDEM1, and protein kinase inhibitor of 58
kDa (p58IPK), are not significantly induced after infection (Bechill
et al., 2008). Using a luciferase reporter system, it is shown that
MHV infection does not inhibit transactivation of unfolded pro-
tein response element (UPRE) and ER stress response element
(ERSE) promoter by XBP1s. Because MHV infection is associ-
ated with persistent eIF2α phosphorylation and host translational
repression, it is likely that failure to translate the XBP1s pro-
tein may be the main reason why activation of the IRE1 branch
does not occur even though XBP1 mRNA splicing is observed.
On the other hand, although SARS-CoV belongs to the same
genera of Betacoronavirus as MHV, neither infection with SARS-
CoV nor overexpression of SARS-CoV S protein induces XBP1
mRNA splicing (Versteeg et al., 2007; DeDiego et al., 2011). It is
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FIGURE 4 | Working model of IRE1-XBP1 signaling pathway during

coronavirus infection, using IBV as an example. IRE1 mediates XBP1
splicing, which up-regulates UPR target genes to restore ER stress, and the
spliced XBP1 may also modulate the IFN and cytokine secretion. IRE1
activation modulates the phosphorylation of Akt and JNK, thus affecting

IBV-induced apoptosis. IRE1 is also responsible for basal activity of IKK, which
phosphorylates IκBα to remove its inhibition on NF-κB, thus facilitating the
production of type I IFN and pro-inflammatory cytokines. Pointed arrows
indicate activation, and blunt-ended lines indicate inhibition. The question
mark indicates hypothetical mechanism.

possible that other viral proteins of SARS-CoV (such as the E pro-
tein mentioned below), function as an antagonist of IRE1-XBP1
activation.

Result from this group has also shown that the IRE1-XBP1
pathway is activated in cells infected with IBV. In IBV-infected
Vero cells, significant splicing of XBP1 mRNA was detected start-
ing from 12 to 16 h post-infection till the late stage of infection. The
mRNA levels of XBP1 effector genes (EDEM1, ERdj4, and p58IPK)
were up-regulated in IBV-infected Vero cells. The activation of
IRE1-XBP1 pathway was also detectable, though at a lower level, in
other cell lines such as H1299 and Huh-7 cells. Treatment of IRE1
inhibitor effectively blocked IBV-induced XBP1 mRNA splicing
and effector genes up-regulation in a dosage-dependent manner.
Consistently, knockdown of IRE1 inhibited IBV-induced XBP1
mRNA splicing, whereas overexpression of wild-type IRE1 (but
not its kinase dead or RNase domain deleted mutants) enhanced
IBV-induced XBP1 mRNA splicing. These results suggest that
the IRE1-XBP1 pathway is indeed activated in cells infected with
IBV. Interestingly, an earlier onset and more significant apoptosis
induction in IRE1-knockdown IBV-infected cells was observed,
which is associated with hyper-phosphorylation of pro-apoptotic
kinase JNK and hypo-phosphorylation of pro-survival kinase
RAC-alpha serine/threonine-protein kinase (Akt). Taken together,
IRE1 may modulate IBV-induced apoptosis and serve as a survival
factor during coronavirus infection.

Interestingly, a recent report by DeDiego et al. (2011) demon-
strates that the coronavirus E protein may modulate the IRE1-
XBP1 pathway. Using a recombinant SARS-CoV that lacks the E
protein (rSARS-CoV-�E), it is found that both XBP1 splicing and
induction of UPR genes significantly increase in the absence of
E protein. Moreover, E protein also suppresses ER stress induced
by RSV and drugs (thapsigargin and tunicamycin; DeDiego et al.,

2011). Whether the UPR modulating activity is related to the viro-
porin property of E protein remains to be investigated, but this
study explains, at least in part, why SARS-CoV lacking the E pro-
tein is attenuated in animal models (Liao et al., 2004; DeDiego
et al., 2007).

IRE1-DEPENDENT DECAY DURING VIRUS INFECTION
Notably, one recent study has demonstrated an alternative func-
tion of IRE1. It was found that at the late stage of ER stress, IRE1
mediates non-specific cleavage of membrane-associated mRNA
species. This was dubbed IRE1-dependent decay (RIDD) and
was proposed to resolve ER stress by reducing the amount of
transcripts influx (Hollien et al., 2009). It is intriguing to think
of RIDD as a host anti-viral mechanism. During prolonged ER
stress induced by infection, non-specific RNase activity of IRE1
may decay the membrane associated viral mRNA. In fact, it has
been recently suggested that RIDD is activated during Japanese
encephalitis virus (JEV) infection in Neuro2a cells (Bhattacharyya
et al., 2014). Interestingly, RIDD specifically degraded known tar-
get mRNA transcripts but not JEV RNAs. Also, treatment with
IRE1 RNase activity inhibitor suppressed viral replication, indicat-
ing that JEV benefits from RIDD activation (Bhattacharyya et al.,
2014).

IRE1 PATHWAY AND INNATE IMMUNITY
Similarly to the integrated stress response, the IRE1 path-
way has also been implicated in the innate immune response
(Cláudio et al., 2013). Martinon et al. (2010) have shown that
in murine macrophages, the IRE1-XBP1 pathway is specifically
activated by TLR4 and TLR2. Interestingly, the ER stress and
TLR activation synergistically activate IRE1 and induce the pro-
duction of pro-inflammatory cytokines such as IL-1β and IL-6
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(Martinon et al., 2010). Consistently, Hu et al. (2011) have demon-
strated that the IRE1-XBP1 pathway is also involved in IFN-β and
pro-inflammatory cytokines production in murine DCs induced
by polyI:C. Significantly, it has been shown that overexpres-
sion of the spliced form of XBP1 enhanced IFN-β production
in DCs and significantly suppressed vesicular stomatitis virus
infection (Hu et al., 2011). Preliminary results from this group
have also found that the activation of IRE1-XBP1 pathway is
required for IL-8 induction in cells infected with IBV (unpub-
lished data). On the other hand, the kinase but not the RNAse
activity of IRE1 has been associated with ER-stress-induced NF-
kB activation (Tam et al., 2012). Under ER stress, IRE1 has been
shown to phosphorylate TRAF2, which activates the IκB kinase
(IKK) and contributes to its basal activity (Figure 4). IKK in
turn phosphorylates IκBα and promotes its proteasomal degra-
dation, releasing NF-κB to activate downstream genes (Tam et al.,
2012). Taken together, these findings suggest that IRE1 may act
synergistically with players in innate immunity and serve as a
supplementary sensor and/or signaling factors during coronavirus
infection.

THE ATF6 BRANCH OF UPR
The ER stress sensor ATF6 has an N-terminal cytoplasmic domain,
a single transmembrane segment and an ER luminal domain
that sense the presence of unfolded/misfolded proteins. Under
ER stress, ATF6 is translocated from the ER to the Golgi appa-
ratus and cleaved by protease S1P and S2P (Haze et al., 1999).
The cleavage releases the cytosolic basic leucine zipper (bZIP)
domain, which translocates into the nucleus and activates genes
harboring the ERSE or ERSE II (Yoshida et al., 2001b). The
identified target genes of ATF6 include ER chaperones (such
as GRP78, GRP94), PDI, and the UPR transcription factors
GADD153 and XBP1 (Szegezdi et al., 2006). Previously, it was
proposed the ATF6 pathway is mainly pro-survival, as it enhances
the ER protein folding capacity to counteract ER stress (Szegezdi
et al., 2006). However, recent studies have demonstrated that,
under certain circumstances,ATF6-mediated signals may also con-
tribute to ER-stress-induced apoptosis, possibly via activation of
CHOP and/or suppression of myeloid cell leukemia sequence 1
(Mcl-1; Gotoh et al., 2002; Nakanishi et al., 2005; Morishima et al.,
2011).

The infection of cells by several viruses has been shown to
activate the ATF6 pathway, including the Tick-borne encephalitic
virus, African swine fever virus (ASFV), West Nile virus (WNV),
and HCV (Ambrose and Mackenzie, 2011; Merquiol et al., 2011;
Galindo et al., 2012; Yu et al., 2013). In the case of ASFV, ATF6
activation has been shown to modulate ASFV-induced apoptosis
and facilitate viral replication (Galindo et al., 2012). For WNV,
it has been shown that ATF6 activation promotes efficient WNV
replication by suppressing signal transducer and activator of tran-
scription 1 (STAT1) phosphorylation and late-phase IFN signaling
(Ambrose and Mackenzie, 2013). The NS4B protein of HCV has
been shown to activate ATF6 signaling in cultured cells (Li et al.,
2009). Induction of chronic ER stress and adaptation of infected
hepatocyte to UPR have been considered important for HCV per-
sistent infection and pathogenesis in vivo (Asselah et al., 2010;
Merquiol et al., 2011).

Compared with the PERK and IRE1 pathway, the induction
of ATF6 pathway during coronaviruses infection has not been
deeply investigated. In MHV-infected cells, significant cleavage of
ATF6 could be detected starting from 7 h post-infection (Bechill
et al., 2008). However, the levels of both full length and cleaved
ATF6 protein diminished at later time points during infection.
Moreover, activation of ATF6 target genes was not observed at
the mRNA level, as determined by luciferase reporter constructs
under the control of ERSE promoters (Bechill et al., 2008). It
is also unlikely that MHV infection suppresses downstream sig-
naling of the ATF6 pathway, because the reporter induction by
overexpressed ATF6 was not inhibited by MHV infection. The
authors thus conclude that global translation shutdown via eIF2α

phosphorylation prevents accumulation of ATF6 and activation of
ATF6 target genes (Bechill et al., 2008). The involvement of ATF6
pathway during infection of other coronaviruses has not been well
characterized.

Although the spike proteins of coronaviruses have been con-
sidered as the major contributor in ER stress induction, overex-
pression of SARS-CoV spike protein fails to activate ATF6 reporter
constructs (Chan et al., 2006). On the other hand, the accessory
protein 8ab of SARS-CoV has been identified to induce ATF6 acti-
vation (Sung et al., 2009). The 8ab protein was found in SARS-CoV
isolated from animals and early human isolates. In SARS-CoV
isolated from humans during the peak of the epidemic, there is
a 29-nt deletion in the middle of ORF8, resulting in the split-
ting of ORF8 into two smaller ORFs, namely ORF8a and ORF8b,
which encode two truncated polypeptides 8a and 8b (Guan et al.,
2003). ATF6 cleavage and nuclear translocation was observed in
cells transfected with SARS-CoV 8ab (Sung et al., 2009). Physi-
cal interaction between 8ab and the luminal domain of ATF6 was
also demonstrated by co-immunoprecipitation. However, similar
experiments have not been performed for the 8a and 8b proteins.
Also, further studies using recombinant SARS-CoV lacking 8a, 8b,
or 8ab would be required.

CONCLUSION
Coronaviruses constitute human and animal pathogens that are
medically and economically important. Much remains unknown
regarding the host–virus interactions during infection. Recent
studies have demonstrated that coronaviruse infection induces
ER stress in infected cells and activates the UPR. Activation
of the PERK pathway (possibly in synergy with PKR and/or
other integrated stress response kinases) leads to phosphoryla-
tion of eIF2α and a global translation shutdown. At late stage of
infection, up-regulation of transcription factor GADD153 likely
contributes to coronaviruses induced apoptosis. Activation of the
IRE1 pathway induces XBP1 mRNA splicing and expression of
downstream UPR genes. Interestingly, IRE1 but not XBP1 is also
shown to modulate the JNK and Akt kinase activities, thus pro-
tecting infected cells from virus induced apoptosis. The ATF6
pathway is also activated in coronavirus-infected cells, result-
ing in the up-regulation of chaperon proteins to counteract ER
stress.

However, many questions remain to be addressed. First,
although the coronaviruses spike proteins are demonstrated
to induce ER stress and UPR, detailed mechanisms regarding
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molecular interactions between the spike proteins and
PERK/IRE1/ATF6 have not been determined. Second, it should be
noted that the phenotypes observed in cells overexpressing viral
proteins may not essentially reflect their physiological functions in
the setting of a real infection. Further experiments using recom-
binant viruses with deletion of or modification in the target viral
proteins should be performed to validate these findings (DeDiego
et al., 2011). Last but not the least, the three branches of UPR
should not be considered functionally independent, but rather
as an integrated regulatory network (Ron and Walter, 2007). For
example, besides being spliced by IRE1, XBP1 is also transcrip-
tionally activated by PERK and ATF6 (Yoshida et al., 2001a; Calfon
et al., 2002). Also, it is difficult to separate the translation shut-
down effect mediated by PERK and the induction of UPR genes
by PERK and the other two ER stress sensors, as in the studies with
MHV (Bechill et al., 2008).

Nonetheless, there are scientific and clinical significance for
studies on ER stress and UPR induction during infection with
coronaviruses and other viruses. As an evolutionarily conserved
and well-characterized stress response pathway, it serves as a per-
fect model to study host–virus interactions and pathogenesis.
Moreover, besides apoptosis, UPR has been recently demonstrated
to crosstalk with other major cellular signaling pathways, including
MAP kinases pathways, autophagy, and innate immune responses
(Yoneda et al., 2001; Ogata et al., 2006; Martinon et al., 2010; Hu
et al., 2011; Clavarino et al., 2012). Thus, further investigations on
coronavirus-induced UPR may also help identifying new targets
for antiviral agents and developing more effective vaccines against
coronaviruses.
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Endoplasmic reticulum (ER) stress is a general term for representing the pathway by
which various stimuli affect ER functions. ER stress induces the evolutionarily conserved
signaling pathways, called the unfolded protein response (UPR), which compromises the
stimulus and then determines whether the cell survives or dies. In recent years, ongoing
research has suggested that these pathways may be linked to the autophagic response,
which plays a key role in the cell’s response to various stressors. Autophagy performs
a self-digestion function, and its activation protects cells against certain pathogens.
However, the link between the UPR and autophagy may be more complicated. These
two systems may act dependently, or the induction of one system may interfere with the
other. Experimental studies have found that different viruses modulate these mechanisms
to allow them to escape the host immune response or, worse, to exploit the host’s
defense to their advantage; thus, this topic is a critical area in antiviral research. In this
review, we summarize the current knowledge about how RNA viruses, including influenza
virus, poliovirus, coxsackievirus, enterovirus 71, Japanese encephalitis virus, hepatitis C
virus, and dengue virus, regulate these processes. We also discuss recent discoveries
and how these will produce novel strategies for antiviral treatment.

Keywords: ATF6, eIF2α, enterovirus 71, ER stress, IRE1, unfolded protein response

INTRODUCTION
The endoplasmic reticulum (ER) is a eukaryotic organelle in
which an array of cell functions takes place. These include the
transportation of cellular materials, provision of increased sur-
face area for cellular reactions, and the production of proteins,
steroids, and lipids. The ER may be overloaded with molecu-
lar chaperones, folding enzymes, and massive protein products
during normal processes, such as in the differentiation of B
lymphocytes into antibody-secreting plasma cells (Shaffer et al.,
2004; Ma et al., 2010) or in highly specialized cells for secretion
(Harding and Ron, 2002). In addition, dysfunction of the ER,
known as ER stress, results from pathogenic stress signals, such as
hypoxia (Koumenis, 2006), ER–Ca2+ depletion, viral infections,
or agents that affect Ca2+ balance (i.e., thapsigargin), protein gly-
cosylation (i.e., tunicamycin), and ER–Golgi vesicular transport
(i.e., brefeldin A), which lead to accumulation of misfolded and
unfolded proteins (Kaufman, 1999). To reduce the adverse effects
of accumulating misfolded or unfolded proteins, the cell oper-
ates an adaptive response known as the unfolded protein response
(UPR) to reduce the load of newly synthesized proteins within the
ER and eliminate inappropriately folded proteins through upreg-
ulation of ER chaperone expression. In addition, proteins that fail
to correctly fold are then deployed to the distal secretory pathway
from the ER by the ER-associated protein degradation (ERAD)
pathway of the UPR (Hampton, 2000; Yoshida et al., 2003).

There are two ERAD models for protein degradation:
ubiquitin-proteasome ERAD, designated as ERAD (I), and
autophagy-lysosome ERAD, designated as ERAD (II) (Fujita

et al., 2007; Korolchuk et al., 2010). Both models depend on
retrotranslocation of ERAD substrates from the ER back to the
cytoplasm with the help of the Cdc48p–p97 complex. Most
soluble misfolded proteins are cleared through the ubiquitin-
proteasome system, which involves action of a cascade of three
canonical ubiquitin enzymes: E1 ubiquitin-activating enzyme ini-
tiates the reaction by using ATP to covalently activate and then
conjugate the ubiquitin to an E2 ubiquitin-conjugating enzyme.
Ubiquitin is then transferred from the ubiquitin-charged E2 to
the lysine residue of a specific target or a growing ubiquitin chain
by E3 ubiquitin ligase, which results in a multiubiquitin chain-
tagged substrate. Proteins that are ubiquitinated with K48-linked
chains are specifically recognized by the 26S proteasome and sub-
jected to degradation (Hershko et al., 1983). In contrast, ERAD
(II) degrades both soluble and insoluble misfolded protein aggre-
gates in autolysosome. Autophagy receptors and adaptors, called
p62/SQSTM1, NBR1, HDAC6, and ALFY, bind to proteins with
K63-specific monoubiquitination or polyubiquitin chains and
then guide them to the concave side of developing autophago-
somes (Behrends and Fulda, 2012). Notably, p62 also recog-
nizes K48 polyubiquitin-tagged proteins for autophagic clearance
upon proteasome dysfunction. In addition to the protective role
of UPR, prolonged and/or excess ER stress typically activates
caspase-12, an ER-resident caspase, leading to UPR-mediated cell
death (Szegezdi et al., 2006).

Basal autophagy plays a key role in maintaining cellular home-
ostasis through eliminating unwanted proteins and damaged
organelles by cellular self-digestion in the lysosome to fulfill the
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demand for the building blocks required for cell survival (Levine
and Klionsky, 2004; Shintani and Klionsky, 2004). Recently, the
study of autophagy regulation has grown in different research
areas, including regulation of cancer development and progres-
sion (Mahoney et al., 2013a), lipid metabolism (Singh et al.,
2009), degenerative diseases (Wang et al., 2006), and the con-
trol of viral pathogenesis (Jackson et al., 2005). The first step of
autophagy relies on the formation of an isolation membrane at
the so-called preautophagosomal site (PAS) where a system of
evolutionarily conserved proteins (Atg proteins) comes together.
Recent reports have revealed that the ER serves as a subcellular
platform for autophagy initiation (Axe et al., 2008). The elon-
gation of the initial autophagic membrane requires continued
processing by two ubiquitin-like protein-conjugation systems,
the Atg12 and LC3 systems, which modify the autophagy pro-
teins, Atg5 and Atg8/LC3, respectively (Geng and Klionsky, 2008).
The autophagosome then fuses with endosomal and/or lysosomal
vesicles to create an autolysosome, where digestion of intracellu-
lar components occurs (Eskelinen, 2005). In addition, autophagy
can be induced by various physiological and pathological condi-
tions such as nutrient deprivation, oxidative stress, and pathogen
infections. The live-or-dead signal is modulated by UPR and
autophagy and several lines of evidence suggest there is commu-
nication between these two pathways (Bernales et al., 2006; Ogata
et al., 2006; Yorimitsu et al., 2006; Salazar et al., 2009); thus, it
is believed that these two pathways could be a therapeutic tar-
get in certain circumstances (Figure 1). Herein, we review recent
findings, focusing on the regulation of the UPR and autophagy
involved in RNA virus infection as a new antiviral strategy.

HOW RNA VIRUS INFECTION CAUSES ER STRESS
Viral virulence is determined by successful entrance, replication
in the host cell, and release of mature virion. During the life cycle,
ER stress may arise from the exploitation of the ER membrane,
accumulation of misfolded proteins, imbalance of calcium con-
centration by viroporin, and the sabotage or depletion of the ER
membrane during virion release. Details of viral effects are given
as follows.

EXPLOITATION OF ER MEMBRANES
Many positive-strand RNA viruses cause the rearrangement of
host intracellular membrane compartments that house repli-
cation complexes. ER, trans-Golgi, or lysosomes are the likely
origin of virally induced membranes (Miller and Krijnse-Locker,
2008; Korolchuk et al., 2010). Upon poliovirus (PV) and cox-
sackievirus B3 (CVB3) infection, clusters of vesicles have been
considered to derive from ER, although other cellular compart-
ment marker proteins also colocalized with viral nonstructural
proteins (Schlegel et al., 1996; Van Kuppeveld et al., 1997).
Consistent with these findings, our previous study indicates that
enterovirus 71 (EV71) nonstructural 2C protein, which partici-
pates in viral replication, is associated with the ER membrane
through direct interaction with ER membrane protein reticu-
lon 3 (RTN3), which is required and sufficient for immediate
early virus replication and translation (Tang et al., 2007). In
the RTN3 siRNA knockdown cells, synthesis of the 2C pro-
tein was ablated. However, in the RTN3 rescue cell line 2A3,

FIGURE 1 | Diagram of the UPR arms and their connection to

autophagy. Alteration of ER functions results from stress signals by RNA
virus infection, by the exploitation of ER membrane for viral replication,
rapid accumulation of viral proteins, imbalance of calcium concentration by
viroporin, and the sabotage or depletion of ER membrane for viral release.
This leads to the accumulation of misfolded and unfolded proteins, which
triggers ER stress. To alleviate this adverse effect, the cells operate an
adaptive UPR to reduce the load of the newly synthesized proteins in the
ER by activating the PERK–eIF2α branch and eliminating inappropriate
protein accumulation by upregulating ER chaperone proteins through IRE1
and ATF6 branches. In addition, the incurable misfolded proteins undergo
retrotranslocation from the ER into cytosol for degradation by an ERAD
mechanism. ER stress can contribute to autophagy via activation of JNK,
XBP1, CHOP, and ATF4. Red dash arrows indicate the final outcome of the
activated pathways, such as apoptosis and autophagy, caused by viral
infection. Red solid arrows indicate the UPR pathways.

the synthesis of viral protein and RNA was restored. Moreover,
the interactions between RTN3 and two EV71 2C homologs
of PV and CVA16 have been confirmed (Tang et al., 2007).
Immunofluorescence studies reveal that replication of Flaviviruses
dengue virus (DENV) and hepatitis C virus (HCV) may take place
on perinuclear ER membranes (El-Hage and Luo, 2003). DENV2
nonstructural protein 2 (NS2A) is a 22-kDa hydrophobic pro-
tein containing five integral transmembrane segments that span
the ER membrane. Functional analysis reveals that NS2A involves
both DENV RNA synthesis and virion assembly/maturation (Xie
et al., 2013). Furthermore, DENV infection induces ROCK-
dependent vimentin rearrangement and subsequent ER redis-
tribution (Lei et al., 2013). In addition, the HCV ER integral
membrane protein, NS4B, is responsible for rearranging the ER
membrane and inducing the formation of new ER-derived mem-
brane structures, and this is possibly negatively regulated by
RTN3-NS4B interaction (Lundin et al., 2003; Wu et al., 2014).

INTERFERENCE WITH HOST PROTEIN GLYCOSYLATION BY VIRUSES
The N-glycosylation pathway in the ER modifies a mass of pro-
teins at the asparagine residue of the consensus sequence Asn-
X-Ser/Thr, where X is any amino acid except Pro (Kornfeld and
Kornfeld, 1985; Gavel and Von Heijne, 1990). The modifica-
tion influences protein folding and attributes various functional

Frontiers in Microbiology | Virology August 2014 | Volume 5 | Article 388 | 27

http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Jheng et al. RNA viruses modulate UPR

properties to the protein. Thus, interference with host protein
glycosylation by viral proteins competing for the modification
process may cause ER stress.

Viruses, including influenza A virus (IAV), hepatitis virus,
and Japanese encephalitis virus (JEV), use this host cell pro-
cess to enhance viral pathogenesis through facilitating folding
and trafficking, affecting receptor interaction, and modulating
host immune responses (Tatu et al., 1995; Dubuisson and Rice,
1996; Zai et al., 2013). Hemagglutinin (HA) of IAV is a type
I transmembrane glycoprotein that determines viral antigenic-
ity. Throughout the glycosylation process, HA rapidly associates
with calnexin in a monoglucosylated form. Once folded, the HA
monomers dissociate from calnexin and assemble into trimeric
structures in the ER or in the intermediate compartment (Tatu
et al., 1995). HCV envelope glycoproteins E1 and E2 have been
shown to cooperate for the formation of a functional noncovalent
heterodimer (Dubuisson et al., 1994; Dubuisson and Rice, 1996).
Based on studies of HCV pseudoparticles, coexpression of both
envelope glycoproteins has been shown to be necessary to produce
infectious pseudoparticles (Bartosch et al., 2003). Glycosylation
also occurs in JEV and WNV proteins, namely the precursor of
membrane protein (prM), the envelope protein (E), and the non-
structural protein NS1, which affects the efficiency of virus release
and infection (Hanna et al., 2005; Zai et al., 2013).

VIROPORINS
Typically, viroporins are composed by integral membrane pro-
teins to form a hydrophilic pore, which targets different cellular
compartments and ions, thus affecting various viral functions
(Nieva et al., 2012). For example, IAV M2 reduces the acidity
of vesicular compartments to trigger virus uncoating. It is also
required for viral assembly and release. In the case of ER-targeting
viroporins, rotavirus-encoded NSP4 modifies the calcium home-
ostasis by enhancing the calcium permeability of the ER mem-
brane. This may be associated with virus-induced cell death and
subsequent release of NSP4, which in turn causes activation
of the phospholipase C-IP3 cascade in neighboring noninfected
cells and is responsible for viral pathogenesis (Tian et al., 1995,
1996; Dong et al., 1997). On the other hand, 2B proteins of
picornaviruses also participate in the remodeling of membrane
structures and the formation of replication complexes (De Jong
et al., 2008). Among them, CBV3 2B, PV1, and rhinovirus 2B are
present at the membranes of the ER and Golgi complex and are
responsible for the release of Ca2+ and H+ from these organelles.

VIRION BUDDING
Rotavirus studies propose that the double-layered particle (DLP)–
VP4–NSP4 complex breaches the ER membrane and penetrates
into the ER. The viral capsid protein, VP7, re-envelopes the
immature particle (DLP) after removal of the ER membrane and
NSP4, and forms the infectious triple-layered particle (Tian et al.,
1996; Trask et al., 2012).

REGULATION OF UPR BY VIRUSES
The induction of individual branches or part of the UPR by
viruses was reported previously. Viruses have also evolved differ-
ent means to modulate the arms of the UPR, which consequently

expanded both the temporal and spatial superiority for virus
replication or completion of the life cycle.

eIF2α PATHWAY
It has been reported that viruses regulate the host translational
machinery to promote viral protein synthesis by inhibiting the
synthesis of proteins involved in host immune responses. In
enteroviruses, 2A and 3C proteases target translation factors such
as eIF4GI and poly(A)-binding protein (PABP) to impede host
translation (Lloyd, 2006). Moreover, modulation of the integrated
stress response (ISR), which is determined by phosphorylation of
eIF2α to attenuate cellular translation, is another strategy for pro-
moting virulence (Figure 2) (Sonenberg and Hinnebusch, 2009).
Four eIF2α kinases have been identified: heme-regulated inhibitor
(HRI), which is a response to heme deficiency (Chen, 2007);
double-stranded RNA-dependent protein kinase (PKR), which is
induced by interferon (IFN) and activated by double-stranded
RNA (dsRNA) during viral infection (Meurs et al., 1990); gen-
eral control nonderepressible-2 (GCN2), which is activated by
serum and amino acid deprivation (Harding et al., 2000); and
finally, PKR-like ER kinase (PERK or PEK), which is activated by
unfolded proteins in the ER (Ron, 2002).

Some researchers consider that eIF2α phosphorylation plays a
role in hampering viral protein synthesis. For example, upon VSV
infection, the induction of activated PERK only correlates with
eIF2α phosphorylation at the later stage of infection. In MEF cells
carrying a phosphorylation-insensitive eIF2α S51A variant, viral
protein synthesis increased compared with a wild-type control,
indicating that eIF2 phosphorylation is inhibitory to viral pro-
tein synthesis. As demonstrated by matrix (M) protein mutant
virus (rM51RM), a viral protein (M protein) is involved in coun-
teracting the antiviral response of the phosphorylation of eIF2α

(Connor and Lyles, 2005). Like VSV infection, Chikungunya

FIGURE 2 | eIF2 pathway under viral infection. The M protein of VSV, the
E2 and NS5A proteins of HCV, and NS2A of JEV counteract the
phosphorylation of eIF2α for viral replication. Blue solid arrows indicate the
direct target of the virus or viral proteins. IAV also targets eIF2α by inducing
P58IPK, a cellular inhibitor of PERK and PKR. IBV upregulates
eIF2α–ATF4–CHOP-mediated apoptosis to benefit viral replication.
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virus (CHIKV) induces PERK activation but delays eIF2α phos-
phorylation. The expression of CHIKV NSP4, which is the
RNA-dependent-RNA polymerase, contributed to suppression of
eIF2α phosphorylation, thus ensuring translation of viral pro-
teins (Rathore et al., 2013). Furthermore, viruses containing type
I or type II internal ribosomal entry sites (IRESs), such as PV,
foot-and-mouth disease virus, mengovirus and EMCV, require
many canonical translation initiation factors for initial replica-
tion (Beales et al., 2003; Sarnow, 2003). It is reported that PV
switches translation mode from an eIF2-dependent to an eIF2-
independent one during the course of infection to ensure efficient
proliferation. Furthermore, studies have shown that the C ter-
minal of the eIF5B fragment, cleavage by 3C proteases, and
proteolytic activity of 2Apro can stimulate virus IRES transla-
tion of enteroviruses (De Breyne et al., 2008; Redondo et al.,
2011). Interestingly, it is reported that phosphorylation of eIF2α

is required for activation of IRES during cell differentiation
(Gerlitz et al., 2002). Thus, whether the phosphorylation level
of eIF2α positively correlates with IRES-dependent viral mRNA
translational efficiency remains to be determined. Some viruses
regulate the eIF2α pathway by interfering with the activation of
eIF2α kinases. HCV NS5A protein, containing an IFN sensitivity-
determining region (ISDR), interferes with PKR activity by bind-
ing to a PKR dimerization domain (PKR residues 244–296) (Gale
et al., 1998), while HCV E2 protein binds to PERK and inhibits
downstream eIF2α phosphorylation by acting as a pseudosub-
strate (Pavio et al., 2003). Interestingly, it is reported that NS5A
stimulates eIF2α phosphorylation in the absence of PKR, imply-
ing that NS5A may activate other eIF-2α kinases to regulate eIF2α

phosphorylation (Tardif et al., 2002). Overexpression of HCV
NS2 induces eIF2α phosphorylation (Von Dem Bussche et al.,
2010). Taken together, these studies indicate that HCV proteins
modulate eIF2α pathway in a complex way, and the effect of
regulation on virus replication cannot be established unequivo-
cally. The N-terminal region of NS2A of JEV contains a sequence
that is highly similar to HCV NS5A ISDR and also inhibits
PKR-induced eIF2α phosphorylation (Tu et al., 2012). DENV2
infection triggers and then suppresses PERK-mediated eIF2α

phosphorylation by elevating the expression of growth arrest
and DNA damage-inducible protein-34 (GADD34), which acts
together with phosphatase 1 (PP1) to dephosphorylate eIF2α-P
(Pena and Harris, 2011). Influenza virus nonstructural protein
NS1 interferes with dsRNA binding to PKR, and the infection
also induces and activates P58IPK, a cellular inhibitor of PKR
and PERK. Both strategies deployed by NS1 and P58IPK prevent
PKR dimerization and autophosphorylation, which limits eIF2α

phosphorylation (Lee et al., 1992; Lu et al., 1995; Yan et al., 2002).
In some circumstances, such as when the host immune sys-

tem specifically recognizes foreign viruses and kills them with
cytotoxic T lymphocytes, or when cell death is directly induced
in virus infected cells to prevent completion of the replication
cycle, apoptotic cell death is considered to be a host strategy for
fighting against viral infections. ATF4 is a transcriptional activa-
tor of the ISR, which is involved in the expression of ISR target
genes such as c/EBP homologous protein (CHOP) and GADD34
(Ma and Hendershot, 2003). CHOP was originally identified
as a transcriptional factor eliciting ER stress-induced apoptosis.

In cells subjected to West Nile virus (WNV) infection, eIF2α

phosphorylation and CHOP-mediated apoptosis were induced.
Both viral protein expression level and virus titer are increased
in CHOP-deficient cells (Medigeshi et al., 2007). On the other
hand, a virus may induce apoptosis to facilitate replication or
the spread of viral progeny. It is reported that coronavirus infec-
tious bronchitis virus (IBV) upregulates eIF2α–ATF4–CHOP
signaling in infected cells and that it relies on PERK or PKR
activation. Knockdown of CHOP reduces IBV-induced apopto-
sis through activation of the extracellular signal-related kinase
(ERK). Viral protein expression level is moderately suppressed
in CHOP-knockdown cells, which suggests that upregulation of
CHOP-mediated apoptosis during IBV infection probably pro-
motes virus replication (Liao et al., 2013).

In addition to regulation of cell death, it is reported that HCV
induces the expression of CHOP at mRNA and protein levels and
is correlated with autophagy induction; knockdown of CHOP
not only increases HCV PAMP-mediated innate immune acti-
vation, but also elevates its inhibitory effect on virus replication
(Ke and Chen, 2011). However, upstream CHOP induction is a
matter of debate. Overexpression of HCV E1 and/or E2 induces
the expression of CHOP in a PERK-dependent manner (Chan
and Egan, 2005); while upon HCV infection, CHOP protein is
upregulated by PERK, activating transcription factor (ATF6), and
inositol-requiring transmembrane kinase/endonuclease 1 (IRE1)
collectively.

ATF6 PATHWAY
ATF6 is a type 2 transmembrane protein of 670 amino acids and
is constitutively expressed as a 90-kDa protein (p90ATF6). Its
C-terminal region is located in the ER, whereas the N-terminal
region is located on the cytosolic side (Figure 3). Upon ER stress,
ATF6 is cleaved to an N-terminal 50-kDa protein (p50ATF6)
sequentially by the Golgi site-1 and site-2 proteases (S1P and S2P)

FIGURE 3 | ATF6 pathway under viral infection. Many RNA viruses
activate the UPR pathway by cleaving ATF6 to release the p50 fragment.
The N-terminal p50 with transcription activity enters the nucleus to activate
the expression of ER stress and ERAD genes, such as GRP78/BiP, CHOP,
XBP1, or EDEM. However, the p50 fragment was not detected in the EV71
infection.
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(Ye et al., 2000). Nuclear translocation of p50ATF6, as a tran-
scription factor, activates expression of ER stress and ERAD genes
including ER chaperones, CHOP (aka GADD153), EDEM1, and
X-box-binding protein 1 (XBP1) by targeting the cis-acting ER
stress response element (ERSE) (CCAAT-N9-CCACG) and UPR
element (UPRE) (GATGACGTG(T/G) NNN(A/T)T), although
ATF6 has a much higher affinity for ERSE (Yoshida et al., 1998). In
addition to directly regulating gene expression, ATF6 also mod-
ulates the innate immune response. Under subtilase cytotoxin
(SubAB) treatment, cleavage and degradation of GRP78/BiP leads
to activation of the AKT–NF-κB pathway through ATF6 activa-
tion (Yamazaki et al., 2009). Based on its pivotal role of connect-
ing the arms of the UPR and converging the UPR and immune
response, many viruses preferentially regulate ATF6 pathways to
benefit replication. In WNV strain Kunjin (WNVKUN)-infected
cells, expression of ATF6-target genes increases, but viral pro-
duction decreases in ATF6 knockout MEF cells. Moreover, in
ATF6 knockout MEF cells, phosphorylation of eIF2α, down-
stream CHOP activity, and Jak–STAT1 phosphorylation induced
by IFNα are upregulated upon infection, which implies that virus-
induced ATF6 activation is a prosurvival mechanism required
for replication and inhibition of the antiviral signaling path-
way (Ambrose and Mackenzie, 2013). However, it is still unclear
whether WNVKUN NS4A and NS4B, potent inducers of the UPR,
inhibit IFNα-induced Jak–STAT signaling in an ATF6-dependent
manner (Ambrose and Mackenzie, 2011). Other Flavivirus infec-
tions, including HCV, JEV, and DENV2, also induce cleavage of
ATF6, nuclear translocalization of ATF6 and increases in chaper-
one proteins expression. In HCV replication, silencing of ATF6
reduces HCV intracellular mRNA levels (Ke and Chen, 2011).
However, in JEV-infected cells, knockdown of the ATF6-targeted
gene, GRP78, by siRNA did not affect JEV viral RNA replica-
tion, although it did impair virus assembly or release. In sucrose
gradient, mature JEV viruses that do not cofractionate with
GPR78 displayed a significant decrease in viral infectivity, indi-
cating that JEV acts with GPR78 to promote its infectivity (Wu
et al., 2011). Notably, DENV2 triggers ATF6 signaling in a cell-
type-specific manner. In A549 cells, nuclear-localized ATF6 was
observed (Umareddy et al., 2007); however, no activating events
can be detected in human fibrosarcoma 2fTGH cells, therefore,
GPR78 upregulation may be mediated in an ATF6-independent
fashion (Pena and Harris, 2011). This cell-type-specific regula-
tion of ATF6, also observed in IAV infection, p50ATF6, and its
target gene ERp57/GRP58 expression (Roberson et al., 2012),
has been shown to increase in murine primary tracheal epithe-
lial cells infected with influenza A/PR/8/34, which is known to
be involved in influenza virus HA protein folding (Solda et al.,
2006). Knockdown of ERp57 abrogates viral progeny produc-
tion. However, ATF6 activity is not induced in infected human
tracheobronchial epithelial (HTBE) cells (Hassan et al., 2012).

Although ATF6-mediated transcriptional activation is an
ongoing research field, another role for ATF6 in virus infection
has emerged. We have previously demonstrated that EV71 infec-
tion results in the decline of p90ATF6, while the GRP78 promoter
containing classical ERSE sites responsive to p50ATF6 in EV71-
infected cells was not activated (Jheng et al., 2010). Indeed, two
potential 3C cleavage sites (glutamine–glycine; QG) located at

adjacent amino acids 511–512 and 516–517 near the C terminus
of p90ATF6 were computationally predicted. It would be interest-
ing to investigate the role of viral 3C in the regulation of ATF6, for
its possible contribution in manipulating virus infection.

IRE1 PATHWAY
IRE1 is an ER-localized type I transmembrane protein contain-
ing an ER luminal dimerization domain and cytosolic kinase
and RNase domains (Mori et al., 1993; Sidrauski and Walter,
1997). During ER stress, accumulation of unfolded proteins in
the ER stimulates IRE1 oligomerization and autophosphorylation
(Figure 1). Its endoribonuclease activity initiates an unconven-
tional splicing of the XBP1 mRNA, excising a 26-nt sequence and
shifts the reading frame to produce a functional isoform XBP1(S),
which contains a C-terminal transactivation domain absent from
the unspliced form, XBP1(U). XBP1(S) then translocates to the
nucleus where it induces expression of target genes containing
UPRE or ERSE. These target genes are involved in ERAD, chaper-
one protein production, and ER membrane biosynthesis (Shamu
and Walter, 1996; Friedlander et al., 2000).

Studies of the IRE1 signaling pathway demonstrate its signif-
icant role in virus infection (Figure 4). HCV glycoprotein E2 is
an example of a virus-derived ERAD substrate. HCV infection
activates the IRE1–XBP1–EDEM pathway, where EDEM1 and
EDEM3, but not EDEM2, interact with HCV E2 to accelerate
its degradation. Either knockdown of EDEMs or treating cells
with kifunensine (KIF), a potent inhibitor of ER mannosidase,
interferes with the binding of EDEMs with SEL1L, a component
of ERAD complex, stabilizes E2 expression, and enhances virus
replication and viral particle production. However, there is no
interaction between EDEM proteins and the JEV envelope pro-
tein and abolishing the ERAD pathway by KIF does not affect JEV
production (Saeed et al., 2011). The results emphasize the piv-
otal role of the ERAD pathway in the life cycle of specific viruses.
Interestingly, UPRE reporter activity or ERAD of misfolded null
Hong Kong α-antitrypsin is reduced in cells carrying HCV repli-
cons, which lack structural proteins, even though upstream XBP1
splicing occurs (Tardif et al., 2004). This implies that HCV struc-
tural proteins play a key role in XBP1-mediated UPRE activation,
and this is supported by a related study demonstrating that HCV
E1 and/or E2 activates the XBP1–ERAD pathway (Chan and Egan,
2005). Furthermore, the IRE1 signaling pathway also participates
in viral protein retrotranslocation. Hepatitis E virus (HEV) ORF2
is an N-linked glycoprotein which is cotranslationally translo-
cated into the ER while a significant fraction of it is also observed
in the cytoplasm. Based on the results of tunicamycin and KIF
treatment, it is believed that glycosylation and ERAD are essen-
tial for ORF2 retrotranslocation from the ER to the cytoplasm
(Surjit et al., 2007). However, no ubiquitination of ORF2 can be
observed, and retrotranslocated ORF2 protein was stable in the
cytoplasm when the cells were treated with proteasome inhibitor
MG132, which suggests that ERAD is required for ORF2 access
to the cytoplasm. Microarray analysis reveals that ORF2 over-
expression causes upregulation of Hsp70B, Hsp72, and Hsp40.
Hsp72 is an antiapoptotic heat shock protein that directly inter-
acts with ORF2 (John et al., 2011). It is reported that expression
of Hsp72 enhances XBP1 mRNA splicing and protects cells from
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FIGURE 4 | IRE1 pathway under viral infection. In addition to mediating
Xbp1 mRNA splicing, studies demonstrated that Ire1 activates RIDD to
promote the degradation of mRNAs encoding ER-targeted proteins to
reduce the load of ER client proteins during ER stress. The mammalian
IRE1–TRAF2–JNK pathway, independent of XBP1 splicing, may lead to the
activation of apoptosis after prolonged ER stress. HCV and its structural
proteins E1 and E2 play an important role in the activation of the
IRE1–XBP1–ERAD pathway. Overexpression of ORF2 of HEV can
upregulate antiapoptotic protein Hsp72 to activate XBP1 splicing. However,
further study is required to determine whether HEV infection can activate
XBP1 via Hsp72. DENV2 infection activates CHOP and GADD34 expression
downstream of IRE1–XBP1 signaling. However, apoptosis activation by
JNK, but not CHOP, is essential for DENV2 infection.

ER stress-induced apoptosis by association with IRE1 (Gupta
et al., 2010). Thus, further investigation is needed to examine the
correlations of ORF2, IRE1, and Hsp72 in HEV replication.

Under harsh ER stress, the activation of IRE1–XBP1 can also
lead to the induction and expression of CHOP. DENV2 infection
induces CHOP, and GADD34 expression is a downstream event
of IRE1–XBP1 signaling. Of note is that induction of CHOP does
not lead to apoptosis markers such as decreased expression of
Bcl-2 or proteolytic cleavage of pro-caspase-9, pro-caspase-3, or
PARP, which indicates a role beyond guiding cell death in infected
cells (Pena and Harris, 2011). Indeed, it has been reported that
CHOP exhibits protective effects against radiation-induced apop-
tosis or has a role in autophagy induction (Mayerhofer and
Kodym, 2003; Ke and Chen, 2011). Another ER stress-induced
cell death that relies on the IRE1–TRAF2 pathway is implicated
in JNK activation (see Figure 4). The role of this pathway is
emphasized by DENV2 infection; silencing of IRE1 decreases the
virus titer, but the viral progeny output is not affected by silenc-
ing of XBP1 (Pena and Harris, 2011). However, JNK pathway
inhibitors diminished virus yield significantly, which suggests that
activation of JNK is essential for DENV2 infection (Ceballos-
Olvera et al., 2010). Our previous findings also demonstrated
that EV71 phosphorylates IRE1, but inhibits the expression of
XBP1. The overexpression of XBP1 in cells appeared to inhibit

viral entry, and therefore reduce viral RNA and viral particle for-
mation (Jheng et al., 2012). As previous studies have reported that
picornavirus infections induce JNK activation (Kim et al., 2004;
Peng et al., 2014), further detailed studies of the IRE1-JNK acti-
vation in EV71 infection would extend our understanding of the
contributions of IRE1-JNK in the virus life cycle.

IRE1 has also been linked to the mediation of the selec-
tive degradation of a subset of ER-localized mRNAs in a pro-
cess known as regulated IRE1-dependent degradation (RIDD)
(Hollien and Weissman, 2006). Mutation or removal of the sig-
nal sequences in targeted mRNAs prevents their decay (Kimmig
et al., 2012). However, it has been observed that Drosophila
mRNA Smt3, a homolog of a small ubiquitin-like modifier (aka
SUMO), lacks any ER-targeting sequence, and is a noncanonical
RIDD target, which implies that unknown specific features other
than ER localization are involved in defining the RIDD substrates
(Moore et al., 2013). RIDD has been suggested to play adaptive
roles by reducing protein translocation load, such as decrease of
proinsulin expression in pancreatic beta-cells faced with chronic
high glucose, and protecting liver cells from acetaminophen-
induced hepatotoxicity (Lipson et al., 2008; Hur et al., 2012).
Alternatively, RIDD has also been suggested to play destructive
roles under unmitigated ER stress because continued degrada-
tion of mRNAs encoding secretory cargo proteins and proteins
involved in ER-resident protein folding occurs.

In addition to IRE1–XBP1 activation, JEV also induces activa-
tion of the RIDD cleavage pathway (Bhattacharyya et al., 2014).
The addition of STF083010, a specific inhibitor of IRE1 RNase
activity, to infected cells decreases the Tg-induced Xbp1 splicing
and potential RIDD target transcripts. It also decreases viral pro-
tein expression as well as mature progeny formation, but does not
affect viral RNA synthesis, which indicates that JEV viral RNA is
not a substrate of RIDD, and RIDD activation is beneficial for
viral infectivity.

It is not clear whether other viral infections trigger RIDD.
To extrapolate from the study of HCV, HCV replicons activate
the phosphorylation of IRE1 but impede XBP1 activation (Tardif
et al., 2004). Depletion of IRE1 attenuates replicon translation,
which implies that RIDD may enhance viral protein synthesis.
Thus, the study of HCV replicon may have potential for decipher-
ing the role of RIDD in HCV infection because it could uncouple
XBP1 signaling from IRE1 activation.

AUTOPHAGY
Autophagy is a vesicular process that results in the degrada-
tion of the sequestered component, which can then be recycled
by the cell. In mammalian cells, a complete autophagy includes
the following four steps. (1) Induction. Induction is initiated
by activation of the Unc-51-like kinase 1 (ULK1) complex. The
ULK1 complex contains ULK1, focal adhesion kinase (FAK)-
family-interacting protein of 200 kD (FIP200), Atg13 and Atg101
(Mizushima, 2010). ULK1 complex activity would be, at least,
modulated by mTORC1, Akt, and AMPK (Inoki et al., 2003; Bach
et al., 2011; Egan et al., 2011; Kim et al., 2011). mTORC1 is a ser-
ine/threonine kinase complex, which phosphorylates ULK1 and
Atg13 and also inhibits autophagy. Akt and AMP-activated pro-
tein kinase (AMPK) phosphorylate TSC2 at different residues,
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which results in the GTP hydrolysis of Rheb and indirectly antag-
onizes the mTORC1 signaling pathway. Recently, the combina-
tion of bioinformatic and proteomic approaches has identified
ULK1 as a direct target of AMPK and as involved in autophagy
induction. (2) Vesicle nucleation. The Beclin1–PI3KC3 complex,
generating PI3P, is essential for recruitment of PI3P effectors
including DFCP1, WIPIs upstream of Atg proteins and lipids
recruitment to the PAS, which is required for autophagosome
construction (Proikas-Cezanne et al., 2004; Axe et al., 2008).
Importantly, the activity of the Beclin1–PI3KC3 complex depends
on its subunit composition. Complexes containing Atg14-like
protein (ATG14L or Barkor) or ultraviolet irradiation resistance-
associated gene (UVRAG) activate autophagy (Itakura et al.,
2008); nevertheless, the RUN domain and cysteine-rich domain
containing Beclin 1-interacting protein (Rubicon) act as nega-
tive regulators of autophagy (Matsunaga et al., 2009). (3) Vesicle
expansion and completion. The cytosolic form of LC3 (LC3-I)
is cleaved by the cysteine protease Atg4, followed by conjuga-
tion with phosphatidylethanolamine (PE) assisted by the Atg12–
Atg5–Atg16L complex, which functions as an E3–like enzyme.
LC3-PE leads to PAS expansion, and cytosolic cargos are then
enclosed into double membrane vesicles called autophagosomes
(Geng and Klionsky, 2008). (4) Autophagosome maturation.
An autophagosome matures into an autolysosome by sequen-
tial fusion with endosomes and with lysosomes, the contents of
which are degraded by hydrolases therein. It is reported that
autolysosome formation is related to UVRAG and expression of
lysosomal-associated membrane protein 2 (Lamp-2) (Liang et al.,
2008; Fortunato et al., 2009).

WHY DOES THE RNA VIRUS MODULATE AUTOPHAGY?
Previous studies suggest that autophagy may be an important
antiviral defense mechanism (Talloczy et al., 2006; Orvedahl
et al., 2010); however, the role of autophagy in virus infection
is complicated and may have opposite consequences for the viral
pathogenesis. Many viruses manipulate autophagy for their own
benefit by the following mechanisms.

FORMING THE MEMBRANE-BOUNDED REPLICATION COMPARTMENTS
FOR VIRAL REPLICATION, OR ARRAYING AUTOPHAGIC VESICLES FOR
VIRAL PARTICLE ASSEMBLY OR SHEDDING
The exploitation of autophagy has been identified in many RNA
viruses including PV, CVB3, JEV, and HCV (Jackson et al., 2005;
Wong et al., 2008; Tanida et al., 2009; Ke and Chen, 2011; Li
et al., 2012). Increased amounts of autophagosomes, as well as
colocalization of the autophagy marker protein LC3 and viral
protein, were observed in virus-infected cells. In addition, cells
treated with an autophagy inhibitor, or transfected with siRNA
specifically obstructed autophagic processes, which reduced virus
replication or virus titer. For example, in PV infection, virus yield
was correlated with the induction of autophagy. Treating cells
with siRNA targeting LC3 or Atg12 to block autophagy leads
to reduced virus yield (Jackson et al., 2005). In addition, based
on the topology of a double membrane compartment, diges-
tion of the inner membrane under the autolysosome formation
would allow efficient fusion of the autophagosomal membrane
with the cytoplasm membrane. Thus, an emerging concept is

that autophagy may also involve the nonlytic release of cytoplasm
under autophagosome maturation, namely autophagic exit with-
out lysis (AWOL), which may participate in the release of PV
(Kirkegaard and Jackson, 2005; Taylor et al., 2009).

INCREASED VIRAL INFECTIVITY BY BLOCKING AUTOPHAGIC FLUX
Virus-induced uncompleted autophagy was reported for CVB3-,
rotavirus-, and IVA- infected cells (Gannage et al., 2009; Kemball
et al., 2010; Alirezaei et al., 2012; Crawford et al., 2012). In CVB3-
infected pancreatic acinar cells, an increase in the number of
double-membraned autophagy-like vesicles was observed upon
infection. However, the accumulation of autophagy substrate p62
and the formation of large autophagy-related structures named
megaphagosomes indicate that CVB3 blocks a later stage of the
autophagic pathway (Kemball et al., 2010). Further results high-
light the impact of autophagy on CVB3 RNA replication and
translation (Alirezaei et al., 2012). It was reported that rotavirus
NSP4 viroporin initiates autophagy to transport viral proteins
to sites of virus replication for assembly of mature particles,
which involves an increase of cytoplasmic calcium and subse-
quent activation of the CaMKK-β–AMPK pathway. Rotavirus also
interferes with autophagy maturation; however, the mechanism is
still unknown (Crawford et al., 2012). Accumulated studies reveal
that M2, HA, and NS1 proteins of IAV are involved in the induc-
tion of autophagy, while only M2 has been identified as playing
a critical role in impeding fusion of autophagosomes with lyso-
somes (Gannage et al., 2009; Sun et al., 2012; Zhirnov and Klenk,
2013).

ESCAPING THE HOST IMMUNE RESPONSE
Autophagy-mediated immune responses that benefit virus repli-
cation have been reported in VSV, HCV, DENV, and JEV (Jounai
et al., 2007; Ke and Chen, 2011; Jin et al., 2013). In VSV infec-
tion, the Atg5–Atg12 conjugate targets RIG-I/MDA5–MAVS-
dependent type I IFN production by directly interacting with
the MAVS and RIG-I, and negatively regulates MAVS-mediated
NF-κB and type I IFN promoters, and permits VSV replica-
tion. Furthermore, through an unknown mechanism, HCV- or
DENV-induced complete autophagy negatively regulates type I
IFN production and promotes HCV replication (Ke and Chen,
2011). Recently, research about JEV has shown that in autophagy-
impaired cells, virus infection induces aggregates of MAVS and
activation of IFN regulatory factor 3 (IRF3), markers for activa-
tion of innate immune responses, which suggests that autophagy-
mediated immune responses are required for viral replication (Jin
et al., 2013).

UPR AND AUTOPHAGY
As ER proliferation, which paradoxically commits the cell to cell
death or survival, is observed both in UPR and autophagy, it is
reasonable to propose a possible link between UPR pathways and
the autophagic response. Indeed, many UPR-related transcrip-
tion factors manage Atg expression (Table 1). As demonstrated
previously, yeasts with mutations in the GCN2-signaling path-
way are defective in starvation-induced autophagy. GCN4, which
undertakes GCN2-dependent transcriptional activation, is essen-
tial for autophagy induction (Talloczy et al., 2002). Recently,
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Table 1 | Exploitation of autophagy by modulation of UPR

transcription factors.

Transcription Target protein References

factor

ATF4 LC3, p62/SQSTM1, and
ULK1

Milani et al., 2009; Rouschop
et al., 2010; B’Chir et al., 2013;
Pike et al., 2013

CHOP ATG5, LC3, and p62/
SQSTM1

Rouschop et al., 2010; B’Chir
et al., 2013; Wang et al., 2014

ATF6 DAPK1 Gade et al., 2012

C/EBPβ DAPK1, ATG4B, and
ULK1

Gade et al., 2008; Ma et al.,
2011; Guo et al., 2013

SREBP2 LC3, ATG4B and ATG4D Seo et al., 2011

XBP1 Beclin1 and Bcl2 Gomez et al., 2007; Margariti
et al., 2013

results of multiple genetic models showed that the PERK–eIF2α–
ATF4 pathway affects cMyc-dependent tumorigenesis by evoking
cytoprotective autophagy; while pharmacologic or genetic inhi-
bition of autophagy resulted in enhanced Myc-dependent apop-
tosis (Hart et al., 2012). Thus, UPR inhibition could provide
new targets for the treatment of malignancies, characterized by
cMyc overexpression. In addition, IRE1 also mediates autophagy
in Huntington’s disease under ER stress. Clearance of mutant
huntingtin aggregates through autophagic flux was impaired via
IRE1–TRAF2 signaling, which results in neuronal cytotoxicity
(Lee et al., 2012). Although studies on UPR autophagy mainly
focus on the regulation of eIF2α kinase and IRE1, transcrip-
tional regulation of autophagic genes by ATF6 and SREBP2, a
membrane-bound transcription factor activated through prote-
olytic processing upon ER stress, was noticed recently (Ogata
et al., 2006; Seo et al., 2011; Gade et al., 2012). Death-associated
protein kinase 1 (DAPK1), a positive mediator of IFN-regulated
growth suppressor, is principally regulated by transcription fac-
tor C/EBP-β, one of the genes that increases expression during ER
stress (Chen et al., 2004). DAPK1 promotes autophagy by phos-
phorylating Beclin 1, and therefore dissociating it from autophagy
negative regulator Bcl2. An investigation found that activated
ATF6 could directly interact with C/EBP-β carrying an ERK1/2
target site; this heterodimer then coacts to activate the DAPK1
promoter, which in turn induces autophagy. Additionally, XBP1,
a downstream target of ATF6, is essential for C/EBP-β expression
(Chen et al., 2004). The role of SREBP2 in autophagy was dis-
closed through gene ontology analysis (Seo et al., 2011). Further
study shows that SREBP-2 activates autophagy gene expression,
such as LC3B, ATG4B, and ATG4D, accompanied by increased
LC3 puncta formation, while SREBP-2 deficiency obtains an
opposite result.

In virus infection, HCV is a well-documented model illustrat-
ing UPR autophagy regulation. Induction of UPR and incom-
plete autophagy was observed in cells transfected with HCV
JFH1 RNA. Cells treated with siRNA targeting PERK, IRE1,
and ATF6 showed a suppression of LC3 conversion and a
decrease of HCV RNA replication (Sir et al., 2008). In the
HCV infection system, HCV induces complete autophagy and

Table 2 | Compounds affecting UPR and autophagy.

Inhibitors/Inducers Mode-of-action References

UPR

GRP78/BiP inducer X
(BIX)

GRP78 upregulation Kudo et al., 2008

Tauroursodeoxycholic
acid
(TUDCA)

Reduces UPR Ozcan et al., 2006

Salubrinal Inhibitor of eIF2α

dephosphorylation
Boyce et al., 2005

3,5-dibromosalicy-
laldehyde

Inhibits the RNase activity
of IRE1αs

Volkmann et al., 2011

Sunitinib Inhibits IRE1α

trans-autophosphorylation,
but promotes
oligomerization and
activates the RNase
domain
Inhibitor of PKR

Korennykh et al.,
2009; Jha et al., 2011

STF083010 Inhibits the RNase activity
of IRE1α

Papandreou et al.,
2011

Nelfinavir Induces UPR autophagy Mahoney et al.,
2013b

Sorafenib Induces UPR autophagy Shi et al., 2011

AUTOPHAGY

Rapamycin Induces autophagy Ravikumar et al.,
2002

Chloroquine Inhibits autophagic flux Yoon et al., 2010

Bafilomycin A1 Inhibits autophagic flux Van Deurs et al.,
1996

Nelfinavir Induces UPR autophagy Mahoney et al.,
2013b

Sorafenib Induces UPR autophagy Shi et al., 2011

Evodiamine Impairs autophagy Dai et al., 2012

23-(S)-2-Amino-3-
phenylpropanoyl-
silybin

Impairs autophagy Dai et al., 2013

CHOP plays a leading role in UPR autophagy signaling (Ke
and Chen, 2011). Further efforts to decipher how HCV activates
autophagy revealed that PERK–eIF2α–ATF4 and ATF6 pathways
activated CHOP expression in HCV core protein-transfected
cells where the core protein had not been demonstrated to
induce ER stress previously. Moreover, HCV core protein may
promote ATG12 and LC3 protein expression through transcrip-
tional control by ATF4 and CHOP, respectively (Wang et al.,
2014).

Recent studies suggest that completed autophagy induced
by CHIKV infection is mediated by the independent induc-
tion of the endoplasmic reticulum and oxidative stress pathways.
Knockdown of IRE1 or treated cells with the ROS inhibitor N-
acetyl-l-cysteine inhibits formation of autophagosomes as well
as the conversion of LC3-I to LC3-II. Moreover, an additive
inhibitory effect on autophagosome formation was observed
in infected cells silenced for IRE1mRNA and treated with
N-acetyl-l-cysteine (Joubert et al., 2012).

Frontiers in Microbiology | Virology August 2014 | Volume 5 | Article 388 | 33

http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive


Jheng et al. RNA viruses modulate UPR

TARGETING UPR OR AUTOPHAGY AS POTENTIAL THERAPY
IN VIRUS INFECTION
Because UPR and autophagy play a role in viral pathogenesis,
the regulation of UPR and autophagy may be an important strat-
egy for the future development of new therapeutic approaches to
combat viruses. For example, we have demonstrated that overex-
pression of GRP78 to relieve ER stress decreases EV71 replication
(Jheng et al., 2010). Thus, agents such as GRP78/BiP inducer X
(BIX) (Kudo et al., 2008) or chemical chaperone, tauroursodeoxy-
cholic acid (TUDCA) (Ozcan et al., 2006), will be potentially
useful in the treatment of EV71 (Table 2).

There are other established strategies to inhibit viruses by
modulating UPR target eIF2α phosphorylation or IRE1, e.g., salu-
brinal is a small molecule that prevents dephosphorylation of
eIF2α and 3,5-dibromosalicylaldehyde, an IRE1 inhibitor, may
cause restriction of IVA (Boyce et al., 2005; Volkmann et al.,
2011).

There is emerging evidence that pharmacological agents that
directly activate or deactivate autophagy influence virus replica-
tion. Evodiamine and 3-(S)-2-amino-3-phenylpropanoyl-silybin
have been identified as anti-IVA agents aimed at multiple
processes of autophagy (Dai et al., 2012, 2013). Additionally,
chloroquine-suppressed HCV replication has been proved (Mizui
et al., 2010).

Because UPR and autophagy are closely related, combination
treatment may show a synergistic effect of their application, which
was demonstrated in cancer research. The combination of nelfi-
navir (which induces UPR autophagy) and chloroquine enhances
cytotoxicity against cancer cells (Mahoney et al., 2013b); there-
fore, the use of combination treatment with improved efficacy
and decreased toxicity represents a promising strategy to fight
viruses.

PERSPECTIVES
Although UPR autophagy has been discussed in many research
areas, its integrated response to virus infection is only now begin-
ning to emerge. It needs to be experimentally proven whether
virus-induced autophagy is associated with UPR. Furthermore,
given what we know about the various means that viruses
use to modulate UPR or autophagy to advantage their own
virulence, the development of specific inducers or inhibitors
for these molecules is one of the major challenges in this
field.
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FIGURE 1 | Hepatitis C virus life cycle. Hepatitis C virus enters cells by
stepwise binding through host receptors low-density lipoprotein receptor
(LDLR), glycosaminoglycans (GAGs), scavenger receptor class B member 1
(SRB1), CD81, and the tight junction proteins claudin 1 and occludin.
Interaction between CD81 and claudin 1 facilitates viral uptake by
clathrin-mediated endocytosis. Endosomal low pH triggers membrane
fusion and release of genome into the cytoplasm. The positive-sense (+),
single-stranded RNA is translated by an internal ribosome entry site (IRES)
element at its 5′ untranslated region (UTR) into a single polypeptide, which
is then cleaved into the core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B by host signal peptidase (purple scissor) and signal peptide
peptidase (pink scissor) and viral autoprotease (NS2-3) (fluorescent green

scissor) and serine protease (NS3-NS4A) (dark green scissor). Replication is
catalyzed by the RNA-dependent RNA polymerase NS5B, assisted by the
helicase activity of NS3, via a negative-sense (−) intermediate RNA (red
arrows). Replication takes place in the membranous web, which consists
of single, double and multiple membrane vesicles. Formation of the
membranous web is induced by NS4B and NS5A. Assembly of virion is
initiated on core-coated lipid droplets (LD) followed by budding into the
endoplasmic reticulum (ER), where it is coated by the ER-resident
envelope proteins E1 and E2. Egress follows the secretory pathway to
release the virion to extracellular space. The viroporin, p7, forms ion
channels to equilibrate pH gradients during trafficking through the
secretory pathway to protect the virion.

Jopling et al., 2005; Kaul et al., 2009). Virion assembly is initiated
on core-coated lipid droplets followed by budding into the
ER, where the two envelope glycoproteins, E1 and E2, form
non-covalently-bonded heterodimers and disulphide-bonded
aggregates (Dubuisson et al., 1994; Deleersnyder et al., 1997;
Lindenbach and Rice, 2013). Virus particles are released via
trafficking through the secretory pathway, where the envelope
proteins undergo further glycan modifications and structural re-
arrangement into higher ordered oligomeric aggregates (Vieyres
et al., 2010, 2014). The viroporin, p7, forms ion channels to
equilibrate pH gradients during trafficking through the secretory
pathway to protect the virion (Wozniak et al., 2010). Assembly,
budding and egress are tightly coupled to host lipoprotein
synthesis (Lindenbach and Rice, 2013).

GENOTYPES
HCV is classified into 7 genotypes (with >30% sequence
variation), sub-divided into sub-types a, b, c, etc. (with 20–
25% sequence variation) and then strains/isolates (Simmonds
et al., 1994, 2005; Kuiken and Simmonds, 2009). Genotype is a
major determining factor in responsiveness to interferon (IFN)

treatment and in disease progression in hepatitis C patients
(Chayama and Hayes, 2011; Ripoli and Pazienza, 2011). Infection
with genotype 1 is more resistant to IFN treatment and presents
a more aggressive disease course with the chance of progres-
sion into HCC significantly higher. Moreover, HCV in infected
patients exists as a population of quasispecies/intrahost variants
(Martell et al., 1992; Simmonds et al., 1994, 2005; Holmes, 2010;
Domingo et al., 2012). It is anticipated that virus-host interaction
is determined at genotypic, sub-genotypic, strain/isolate and even
quasispecies/intrahost variants levels. Therefore in this review, we
will refer to the genotypes, sub-types and strains/isolates used in
various studies.

HCV EXPERIMENTAL SYSTEMS
When HCV was discovered in 1989 as the causative agent of
post-transfusional non-A, non-B hepatitis, study on the virus was
limited to the use of in vitro cell-free systems and cell culture
expression systems employing transient transfection or viral vec-
tors (Choo et al., 1989; Hijikata et al., 1991b, 1993; Grakoui et al.,
1993b). Nevertheless, much has been known about the genomic
structure and viral protein functions. In vivo study was made
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possible by the successful infection of chimpanzees by intrahep-
atic inoculation of the RNA transcript (Kolykhalov et al., 1997).
However, the use of chimpanzees is limited and restricted (Mailly
et al., 2013). Small animal models have become available by the
creation of transgenic mice expressing viral proteins in their liv-
ers and chimeric mice with humanized livers (Moriya et al.,
1998; Mercer et al., 2001; Dorner et al., 2011). It was not until
1999 when a selectable sub-genomic replicon (SGR) of genotype
1b Con1 isolate was successfully established which allowed the
study of the intracellular steps of the virus life cycle (Figure 2A)
(Lohmann et al., 1999). Since then some other SGR and genomic
replicons have been established (Figure 2B) (Ikeda et al., 2002;
Blight et al., 2003; Kato et al., 2003). A pseudotyped virus contain-
ing HCV envelope proteins in a retrovirus or lentivirus genomic
backbone (HCVpp) was also established to facilitate the study
of virus entry (Bartosch et al., 2003). The breakthrough came
in 2005 when a cell-cultured infectious system (HCVcc) was
established from a wild type genotype 2a JFH1 strain fulminant
hepatitis C patient, coupled with derivation of cell lines (Huh7.5,
Huh7.5.1) from the parental Huh7 with improved infectivity
(Figure 2C) (Lindenbach et al., 2005; Wakita et al., 2005; Zhong
et al., 2005). Chimeric viruses were then created by fusing core-
NS2 from other genotypes or sub-types to the NS3-5B backbone
of JFH1, allowing partial studies of other genotypes (Figure 2D)
(Gottwein et al., 2007, 2009; Jensen et al., 2008; Scheel et al., 2008;
Li et al., 2011). Currently there has been some success in estab-
lishing HCVcc from other genotypes but they all require adaptive
mutations, thus do not represent the wild type repertoires (Yi
et al., 2006; Date et al., 2012; Li et al., 2012a,b; Ramirez et al.,
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FIGURE 2 | Hepatitis C virus replication systems. (A) Sub-genomic
replicon (SGR) consists of a bicistronic mRNA. The 5′ neomycin (neo)
mRNA is translated by the hepatitis C virus (HCV) internal ribosome entry
site (IRES) element whereas the 3′ mRNA encoding HCV NS3-NS5B plus
the 3′ untranslated region (UTR) is translated by the encephalomyocarditis
virus (EMCV) IRES element. Cell lines harboring the SGR were established
by neomycin selection. (B) The genomic replicon is similar to that of SGR,
apart from that the 3′ mRNA encodes core-NS5B plus 3′ UTR. (C) The HCV
cell-cultured infectious system (HCVcc) consists of the entire genomic RNA
from JFH1. (D) The chimeric J6/JFH1 is created by fusing the core-NS2
from J6 to NS3-NS5B plus 3′ UTR from JFH1.

2014). With the availability of so many systems, therefore in this
review, we will refer to the systems and cell lines used in various
studies.

UNFOLDED PROTEIN RESPONSE
UPR is a cellular adaptive response for restoring ER homeosta-
sis in response to ER stress (Figure 3) (Walter and Ron, 2011).
UPR transduces into a programme of cellular transcriptional and
translational responses culminating in upregulation of the molec-
ular chaperone the immunoglobulin heavy-chain binding protein
(BiP) to promote protein folding, global inhibition in protein syn-
thesis to reduce protein load and potentiation of ER-associated
degradation (ERAD) to eliminate unfolded/malfolded proteins
from the ER (Travers et al., 2000; Walter and Ron, 2011).

BiP has been attributed a pivotal role as the master negative
regulator of UPR by binding to and repressing the activities of
the three proximal UPR sensors: activating transcription factor
(ATF) 6, RNA-dependent protein kinase-like ER-resident kinase
(PERK), and inositol-requiring enzyme 1 (IRE1) (Bertolotti et al.,
2000; Shen et al., 2002a). Accumulation of unfolded/malfolded
proteins “ distract” BiP from binding to the UPR sensors. ATF6
de-oligomerizes and migrates to the Golgi where it is cleaved
sequentially by site-1 protease and site-2 protease to release an
active transcription factor into the nucleus where it transacti-
vates UPR genes harboring an ER-stress element (ERSE) in their
promoters e.g., BiP, glucose-regulated protein 94 (GRP94) and
P58IPK (Yoshida et al., 1998; Shen et al., 2002a; Nadanaka et al.,
2007). P58IPK is an inhibitor of PERK, thus linking the ATF6
pathway to the PERK pathway (Van Huizen et al., 2003).

PERK is an ER stress kinase, activated by dimerisation and
autophosphorylation (Harding et al., 1999; Bertolotti et al., 2000).
PERK specifically phosphorylates the alpha subunit of the eukary-
otic translation initiation factor 2 (eIF2α) causing global inhibi-
tion of protein synthesis but paradoxically enhances translation
of the transcription factor ATF4 (Harding et al., 2000). ATF4
transactivates UPR genes with an ATF4 element in their pro-
moters e.g., the CCAAT/enhancer-binding protein-homologous
protein (CHOP). CHOP is a pro-apoptotic transcription fac-
tor owing to its ability to transactivate a number of apoptotic
genes and downregulate the anti-apoptotic Bcl-2 (McCullough
et al., 2001; Tabas and Ron, 2011). ATF4 and CHOP co-operate
to transactivate downstream effectors e.g., ATF3, growth arrest
and DNA damage-inducible protein 34 (GADD34) (Han et al.,
2013). GADD34 promotes translational recovery by recruiting
protein phosphatase 1 to dephosphorylate eIF2α, thus establish-
ing a negative feedback loop (Connor et al., 2001; Novoa et al.,
2001, 2003).

IRE1 is a kinase/endoribonuclease activated by self-oligomeri-
sation and autophosphorylation (Sidrauski and Walter, 1997;
Bertolotti et al., 2000; Shen et al., 2002a). The IRE1 pathway
is an ancient pathway shared with yeast (Tirasophon et al.,
1998; Hollien, 2013). In yeast, there is evidence to suggest that
IRE1 is activated by direct binding of unfolded protein ligands
to its luminal domain whereas BiP plays a regulatory role by
maintaining IRE1 oligomeric equilibrium (Credle et al., 2005;
Gardner and Walter, 2011; Gardner et al., 2013). The endori-
bonuclease activity of IRE1 mediates unconventional splicing of
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FIGURE 3 | Unfolded protein response. Mammalian unfolded protein
response (UPR) is a tripartite response involving three proximal sensors:
activating factor (ATF) 6, RNA-dependent protein kinase-like ER-resident kinase
(PERK) and inositol-requiring enzyme 1 (IRE1). Left: ATF6 is sequestered in an
inactive state by the molecular chaperone the immunoglobulin heavy-chain
binding protein (BiP). Unfolded/malfolded proteins “distract” BiP from ATF6.
ATF6 de-oligomerizes and migrates to the Golgi, where the monomer is
cleaved by site-1 and site-2 proteases (red scissor) into an active transcription
factor. The truncated N-terminal ATF6 is translocated to the nucleus where it
transactivates UPR genes harboring an ERSE in their promoters e.g., BiP,
glucose-regulated protein 94 (GRP94), P58IPK. Middle: PERK is sequestered
in an inactive state by BiP. Unfolded/malfolded proteins “distract” BiP from
PERK, allowing its oligomerization and auto-phosphorylation (red asterisk).
The activated PERK then phosphorylates its substrate, the alpha subunit of
the eukaryotic initiation factor 2 (eIF2α) (red asterisk) to inhibit global protein
synthesis. Paradoxically, translation of ATF4 is upregulated to drive
transcription of UPR genes with an ATF4 element in their promoters e.g., the
CCAAT/enhancer-binding protein-homologous protein (CHOP). CHOP is a
pro-apoptotic transcription factor, as it transactivates a number of apoptotic
genes and downregulates the anti-apoptotic Bcl-2. ATF4 co-operates with
CHOP to transactivate ATF3 and the growth arrest and DNA damage-inducible

protein 34 (GADD34). GADD34 is the regulatory subunit of the protein
phosphatase 1 (PP1). It recruits PP1 to dephosphorylate eIF2α (red blunt
arrow), thus establishing a negative feedback loop. Right: Analogous to yeast,
it is thought that IRE1 is activated by direct binding of unfolded/malfolded
proteins to its luminal domain and BiP plays a regulatory role. IRE1 possesses
endoribonuclease and kinase activity. The endoribonuclease activity mediates
unconventional splicing of XBP1 (purple scissor) (usXBP1, unspliced XBP1
mRNA; sXBP1, spliced XBP1 mRNA). The sXBP1 mRNA is translated into an
active transcription factor sXBP1 to transactivate genes with ERSE or UPRE in
their promoters. XBP1 upregulation of UPR genes such as BiP and ERAD
genes such as EDEM and ERdj4 provides a link between UPR and ERAD. XBP1
provides a link between the IRE1 and PERK pathways by upregulating P58IPK,
an inhibitor of PERK. XBP1 also orchestrates lipogenesis and ER expansion.
The other endoribonuclease activity of IRE1 cleaves the ribosomal RNA
(rRNA) (purple scissor) and mediates regulated IRE1-dependent decay (RIDD)
to cleave a subset of mRNAs (purple scissor) to inhibit protein synthesis. The
kinase activity of IRE1 plays a role in cell death/survival. Phosphorylated IRE1
(red asterisk) recruits the adaptor protein tumor necrosis factor
receptor-associated factor 2 (TRAF2) to activate a cascade of phosphorylation
culminating in pro-apoptotic Jun amino-terminal kinase (JNK) (red asterisk) and
pro-survival c-Jun (red asterisk). Red asterisk, activation by phosphorylation.

the X-box binding protein 1 (XBP1) for its productive trans-
lation into an active, multi-functional transcription factor, the
spliced XBP1 (sXBP1) (Calfon et al., 2002). sXBP1 transactivates
ERSE in the promoters of UPR genes and the mammalian UPR
element (UPRE) in the promoters of ERAD genes, thus pro-
viding a link between UPR and ERAD (Yoshida et al., 2003).
Indeed, UPRE-mediated transcriptional induction of the ER
degradation-enhancing α-mannosidase-like protein (EDEM) is
directly involved in the recognition of malfolded proteins for
degradation. Another protein ERdj4 transactivated by sXBP1
also participates in ERAD (Shen et al., 2002b; Lee et al., 2003;
Lai et al., 2012). Similar to that of ATF6, XBP1 also links
the IRE1 pathway to the PERK pathway by upregulating the

inhibitor of PERK, P58IPK, to aid in translational recovery (Yan
et al., 2002; Lee et al., 2003; Van Huizen et al., 2003). XBP1
also assumes additional function in the regulation of lipoge-
nesis and ER expansion (Lee et al., 2008; Glimcher and Lee,
2009; Brewer and Jackowski, 2012). The endoribonuclease activ-
ity of IRE1 also participates in translational repression by cleavage
of the 28S ribosomal RNA and a subset of mRNAs via regu-
lated IRE1-dependent decay (Iwawaki et al., 2001; Hollien et al.,
2009). On the other hand, the kinase activity of IRE1 regulates
cell death/survival (Urano et al., 2000; Tabas and Ron, 2011).
Phosphorylated IRE1 associates with the adaptor protein tumor
necrosis factor receptor-associated factor 2 to initiate a cascade
of phosphorylation culminating in that of the pro-apoptotic Jun
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amino-terminal kinase (JNK) and pro-survival c-Jun (Darling
and Cook, 2014).

EVIDENCE OF UPR IN HEPATITIS C
There is as yet no consistent clinical data to support or refute the
presence of ER stress in hepatitis C patients (Asselah et al., 2010;
McPherson et al., 2011). Comparison between HCV-positive and
-negative liver biopsy using real-time RT-PCR did not reveal any
significant variation in the mRNA levels of GRP94, sXBP1 and
EDEM (McPherson et al., 2011). Immunohistochemistry also did
not detect any overall difference in the intensity of BiP between
chronic hepatitis C and non-diseased livers, however, the stain-
ing was variable and one HCV sample showed a very high level
of BiP. This may be explained by HCV being a focal infection,
infecting only 7–20% of the liver (Liang et al., 2009; Stiffler et al.,
2009). As a result, random sampling may not be able to detect
a significant change in the mRNA/protein level in an area of
mixed infected- and uninfected-hepatocytes. Indeed, using elec-
tron microscopy, dilated and disorganized ER indicative of ER
stress was observed in hepatocytes from liver biopsy of mild
chronic hepatitis C patients (Asselah et al., 2010). Evidence of ER
stress in these liver samples was further confirmed using Western
blotting which showed marked elevation in the levels of the prox-
imal sensors ATF6α, ATF6β, sXBP1, and phosphorylated PERK
and select subsets of downstream effectors BiP, phospho-eIF2α,
ATF4, and EDEM. A study on a cohort of HCV HCC patients also
demonstrated increased UPR markers of sXBP1, BiP, and ATF6 in
liver biopsy by using immunohistochemistry and Western blot-
ting (Shuda et al., 2003). It is therefore essential that concrete
clinical evidence should await the use of more sensitive methods
to detect, at single cells level, co-localization of ER stress mark-
ers in infected cells as compared to neighboring uninfected cells.
Nevertheless, there is overwhelming evidence from in vivo and
in vitro experiments to suggest that the ER stress response plays
an important role in the life cycle of HCV (Liberman et al., 1999;
Tardif et al., 2002, 2004; Benali-Furet et al., 2005; Chan and Egan,
2005, 2009; Ciccaglione et al., 2005, 2007; Zheng et al., 2005;
Tumurbaatar et al., 2007; Sekine-Osajima et al., 2008; Joyce et al.,
2009; Li et al., 2009; Mishima et al., 2010; Von Dem Bussche et al.,
2010; Funaoka et al., 2011; Merquiol et al., 2011; Shinohara et al.,
2013). Importantly, by using immunohistochemistry and confo-
cal microscopy, increased level of the UPR marker, BiP, was found
to co-localize with HCV-infected hepatocytes in SCID/Alb/uPA
mice (chimeric mice with humanized livers) infected with geno-
type 1a H77 or intrahepatically inoculated with H77 RNA (Joyce
et al., 2009). Infection of humanized mice with another genotype
(2a) JFH1 strain also resulted in increased levels of BiP and CHOP
in the livers (Mishima et al., 2010). Further in vivo evidence
of ER stress was obtained in transgenic mice stably expressing
the entire open reading frame, the core protein or inducibly
expressing C-E1-E2-p7 in the livers (Benali-Furet et al., 2005;
Tumurbaatar et al., 2007; Merquiol et al., 2011). Modulation
of the UPR was widely observed in tissue-cultured hepatocytes
infected with HCV; in cells harboring the HCV genomic repli-
con and SGR and in cells ectopically expressing individual viral
proteins (Liberman et al., 1999; Tardif et al., 2002, 2004; Benali-
Furet et al., 2005; Chan and Egan, 2005, 2009; Ciccaglione et al.,

2005, 2007; Zheng et al., 2005; Sekine-Osajima et al., 2008; Li
et al., 2009; Von Dem Bussche et al., 2010; Funaoka et al., 2011;
Shinohara et al., 2013).

UPR SIGNALING IN HEPATITIS C
Some viruses can selectively activate or suppress one or more
of the UPR tripartite pathways to facilitate their own repli-
cation (Isler et al., 2005; Smith et al., 2006; Yu et al., 2006;
Jheng et al., 2010; Ambrose and Mackenzie, 2011; Pena and
Harris, 2011; Burnett et al., 2012; Galindo et al., 2012; Qian
et al., 2012; Rathore et al., 2013; Stahl et al., 2013). It is appar-
ent that HCV infection activates all three proximal sensors (Ke
and Chen, 2011; Merquiol et al., 2011). Infection of the hepa-
tocyte sub-line Huh7.5.1 with JFH1 (2a) induced an acute ER
stress peaking at 2–5 days post-infection (dpi), concomitant
with phosphorylation of IRE1, eIF2α, and JNK, XBP1 splicing,
ATF6 cleavage and upregulation of GADD34, ERdj4, P58IPK,
ATF3, ATF4, and CHOP (Merquiol et al., 2011). It then sub-
sided into a chronic and milder ER stress response persisting up
to 14 dpi, with elevated mRNA levels of CHOP, ATF3, sXBP1,
and P58IPK and increased level of phospho-eIF2α. ER stress
response is not restricted to the sub-line Huh7.5.1, as infec-
tion of the parental lines Huh7 or Huh7.5 with JFH1 (2a) also
induced ER stress (Ke and Chen, 2011). Infection of Huh7
with JFH1 provoked an acute ER stress response concomitant
with ATF6 cleavage, XBP1 splicing and PERK phosphorylation
at 6–9 dpi followed by a chronic and milder ER stress with
a diminished CHOP level at 15–22 dpi. Similarly, infection of
Huh7.5 with JFH1 (2a) has been shown to transactivate the
Bip, CHOP, and ATF6 promoters (Von Dem Bussche et al.,
2010).

Currently in vitro infection study with wild type genotype is
only achievable with the strain JFH1 and yet JFH1 was isolated
from a patient with fulminant hepatitis-a rare manifestation of
HCV diseases (Wakita et al., 2005; Lohmann and Bartenschlager,
2014). It is therefore important that studies should be extended
to other genotypes before it can be generalized that ER stress is
a common phenomenon of chronic hepatitis C. Chimeric HCV
has been created by fusing the structural proteins from all seven
genotypes with the NS proteins of JFH1, which should at least
allow us to study the role of genotypic structural proteins in UPR
(Gottwein et al., 2007, 2009; Jensen et al., 2008; Scheel et al.,
2008; Li et al., 2011). An intragenotypic chimera J6/JFH1 has
already been shown to be capable of eliciting the UPR, as evi-
dent by the increased levels of CHOP and sXBP1 at 1–3 dpi
(Mohl et al., 2012). Some success has been achieved to establish
cell-cultured infectious systems for genotypes 1a (H77 and TN),
1b (NC1), 2a (J6), and 2b (J8, DH8, DH10) but they require a
number of adaptive mutations (Yi et al., 2006; Date et al., 2012;
Li et al., 2012a,b; Ramirez et al., 2014). At the moment, studies
with wild type genotypes other than JFH1 still rely on the use
of genomic replicons (Benali-Furet et al., 2005; Shinohara et al.,
2013). Similar to that in JFH1-infected Huh7, all three pathways
have been activated in Huh7 cells harboring a genomic replicon
of genotype 1b O strain, as indicated by the phosphorylation of
eIF2α, XBP1 splicing and increased levels of IRE1, phospho-JNK,
and phospho-c-Jun (Shinohara et al., 2013).
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WHICH VIRAL PROTEINS MEDIATE UPR?
A number of steps in the virus life cycle are potential trigger of ER
stress e.g., the maturation of the viral envelope glycoproteins in
the ER, formation of replication complex on the ER, virus assem-
bly, and budding of virus particles into the ER (Scheel and Rice,
2013).

ENVELOPE PROTEINS
SGR (devoid of C-E1-E2-p7-NS2) is generally less capable (or
incapable) of triggering the UPR than its full-length counterpart,
suggesting that the main contributors to ER stress lie within the
structural-NS2 region (Von Dem Bussche et al., 2010; Mohl et al.,
2012). A genomic replicon devoid of the envelope proteins E1
and E2 failed to elicit UPR in transfected Huh7 cells, implicat-
ing a pivotal role of the envelope proteins in the elicitation of ER
stress (Mohl et al., 2012). This is consistent with the ER residence
of the envelope proteins. Using transient transfection of envelope
proteins to physiological levels, we have confirmed that the HCV
envelope proteins are capable of inducing the UPR in hepato-
cytes HepG2 and Huh7 as well as non-hepatocyte HeLa (Chan
and Egan, 2005, 2009).

CORE
The core protein, which does not enter the ER lumen but is
important in lipid droplet formation and virus assembly and
budding, also elicits the UPR (McLauchlan et al., 2002; Benali-
Furet et al., 2005; Funaoka et al., 2011; Scheel and Rice, 2013).
Evidence of ER stress has been documented in tissue-cultured
cells transfected with the HCV-core and in the livers of HCV-core
transgenic mice (Benali-Furet et al., 2005). The significant role
of the core protein can be illustrated by the considerable effects
of mutating the core residues R70Q, R70H, L91M on the UPR
in Huh7 cells infected or transfected with JFH1 (Funaoka et al.,
2011).

NS2
NS2 does not enter the ER lumen despite being a transmem-
brane protein (Bartenschlager et al., 2013). Apart from harboring
a protease, NS2 is important in organizing the virus assem-
bly complex (Lindenbach and Rice, 2013). One study impli-
cated a major role of NS2 in provoking the UPR based on
the detection of increased BiP in Huh-7 cells transfected with
core-E1-E2-p7-NS2 compared with that transfected with core-
E1-E2-p7, however, expression of NS2 was barely detectable
(Von Dem Bussche et al., 2010). Whereas the increases of BiP
at the promoter and mRNA levels were very modest, it is not
clear why the more pronounced increase of BiP protein level
necessitated detection by immunoprecipitation-Western blotting
rather than the more straightforward Western blotting. Ectopic
expression of NS2 from genotype 1a in Huh7 cells resulted
in eIF2α phosphorylation and modest increases of BiP, CHOP,
and ATF6 at the promoter and mRNA levels together with a
more pronounced increase in BiP protein level (again, detected
by immunoprecipitation-Western blotting). In contrast, another
hepatocyte cell line Hep3B stably expressing NS2 from genotype
1b (k isolate) failed to induce ATF6 cleavage (Li et al., 2009).
Therefore, whether NS2 is the main contributor of ER stress,

as claimed, still needs robust testing (Von Dem Bussche et al.,
2010).

NS4B
Huh7 cells harboring SGR were capable of inducing ATF6 cleav-
age and XBP1 splicing but suppressing the downstream activa-
tion of UPRE and EDEM by sXBP1 (Tardif et al., 2002, 2004).
This suppressive effect could be attributed to NS4B as ectopic
expression of NS4B in Huh7 cells displayed a similar pattern
of ATF6 cleavage and XBP1 splicing without downstream acti-
vation of EDEM (Zheng et al., 2005; Li et al., 2009). NS4B is
important in membranous web/replication complex formation
(Bartenschlager et al., 2013). Similar to NS2, it also does not enter
the ER lumen despite being a transmembrane protein. The role
of NS4B in UPR could be modulating. Indeed, ERAD activation,
as demonstrated by XBP1 splicing and upregulation of EDEMs
mRNAs, clearly exists during infection of Huh7.5.1 with JFH1
(Saeed et al., 2011). EDEM interaction with E1 and E2 resulted
in ubiquitination of E2 and decrease in virus particle produc-
tion. This is not ideal for the virus. Subsequently, NS4B may act
to modulate the UPR by suppressing the ERAD to help damp-
ing down the inhibitory effect of EDEM in order to regulate and
fine-tune virus particle production.

NS5A/5B
NS5A/5B are integral to viral replication (Scheel and Rice, 2013).
Infection of humanized mice with NS5A/5B mutants of JFH1 led
to increased expression of BiP and CHOP, suggesting a role of the
NS5 proteins in ER stress although it is not clear whether they
act directly or indirectly (Mishima et al., 2010). It is possible that
the enhancing effect of the NS5 mutants on the UPR may be an
indirect result of a higher replication rate of these mutants leading
to increased production of the responsible proteins i.e., core, E1,
E2. Whether the NS5 proteins directly induce the UPR still needs
to be shown but Hep3B cells stably expressing NS5B genotype 1b
(k isolate) failed to induce ATF6 cleavage (Li et al., 2009).

HOW DO ENVELOPE PROTEINS ELICIT UPR?
Enveloped viruses either bud through the plasma membrane or
an intracellular compartment e.g., ER (Figure 4) (Garoff et al.,
2004; Stertz et al., 2007; Murakami, 2012; Prange, 2012; Vieyres
et al., 2014). In either case, the envelope proteins will be first
targeted to the ER for post-translational modification and mat-
uration. Many viral envelope proteins are significant inducers of
UPR, whether they are ER-resident proteins (for viruses budding
into the ER) or are just trafficking through the ER en route to
the plasma membrane (for viruses budding through the plasma
membrane) (Dimcheff et al., 2003, 2004; Wang et al., 2003, 2006;
Hsieh et al., 2004; Liu et al., 2004, 2006; Nanua and Yoshimura,
2004; Qiang et al., 2004; Chua et al., 2005; Chan et al., 2006;
Yoshimura and Luo, 2007; Yoshimura et al., 2008; Zhao and
Yoshimura, 2008; Favreau et al., 2009; Portis et al., 2009; Barry
et al., 2010; Dediego et al., 2011; Hung et al., 2011).

MUTANT ENVELOPE PROTEINS AS UPR INDUCERS
Several mutated viral envelope proteins are significant UPR
inducers and major determinants of virulence, in analogous to
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FIGURE 4 | Two modes of virus budding. Left: Virus budding into the
endoplasmic reticulum (ER). Virion assembles and buds into the ER, where
it is coated by the ER-resident envelope proteins. Egress of virus particle
follows the host secretory pathway and released into the extracellular
space. Right: Virus budding from the plasma membrane. Envelope proteins
are targeted to the ER and transported to the cell surface via the host
secretory pathway. Virion assembles and buds through the plasma
membrane.

many human diseases which are caused by retention of mutated
cellular proteins in the ER e.g., the genetic variant null Hong Kong
of α1-antitrypsin and the �F508 cystic fibrosis transmembrane
conductance regulator (Oda et al., 2003; Gnann et al., 2004).
Retrovirus buds through the plasma membrane (Murakami,
2012). Virulent strains of retrovirus harbor mutations in the
envelope proteins resulting in retention of inefficiently folded
envelope proteins in the ER, leading to elicitation of the UPR
which is a major determinant of neurovirulence (Dimcheff et al.,
2003, 2004; Liu et al., 2004, 2006; Nanua and Yoshimura, 2004;
Qiang et al., 2004; Yoshimura and Luo, 2007; Yoshimura et al.,
2008; Zhao and Yoshimura, 2008; Portis et al., 2009). Hepatitis B
virus buds into the ER-Golgi intermediate or other intracellular
compartments, mutations in the large surface protein resulted in
ER retention, provoking ER stress which is associated with hep-
atocarcinogenesis (Wang et al., 2003, 2006; Hsieh et al., 2004;
Chua et al., 2005; Hung et al., 2011; Prange, 2012). Coronavirus
also buds into the ER-Golgi intermediate compartment (Garoff
et al., 1998; Stertz et al., 2007). Its spike protein is an UPR
inducer (Chan et al., 2006; Versteeg et al., 2007; Siu et al., 2014).
Mutations in the spike protein have been associated with per-
sistence and translational attenuation and these mutations have
also been found to enhance UPR, cytotoxicity and cell death and
confer neurovirulence (Favreau et al., 2009).

IMMATURE VIRION AS UPR INDUCER
For viruses that bud into the ER it is not clear how the ER-
residing envelope proteins will induce UPR. Many of these
envelope proteins will undergo further processing and re-
organization/conformational changes after incorporation into
the immature virion and trafficking through the secretory path-
way. In flavivirus, 60 trimeric prM/E assemble as immature virion

in the ER (Pierson and Diamond, 2012). During transit through
the Golgi E undergoes dramatic re-organization and collapses
onto the virion surface whereas a cleavage site on prM is exposed
for furin proteolysis. Flaviviruses are prolific inducers of UPR
(Jordan et al., 2002; Su et al., 2002; Yu et al., 2006; Medigeshi
et al., 2007; Umareddy et al., 2007; Ambrose and Mackenzie, 2011;
Klomporn et al., 2011; Paradkar et al., 2011; Pena and Harris,
2011; Wu et al., 2011; Ambrose and Mackenzie, 2013; Blazquez
et al., 2013; Yu et al., 2013; Bhattacharyya et al., 2014). UPR
has been documented in infections of Dengue virus, West Nile
virus, Japanese encephalitis virus, tick-borne encephalitis virus
and Usutu virus. The HCV envelope proteins are synthesized as
part of a single polypeptide (Grakoui et al., 1993b). After import-
ing into the ER by signal peptides at their respective N-termini,
they are cleaved into E1 and E2 by cellular signal peptidase
(Hijikata et al., 1991a; Lin et al., 1994). Inside the ER, E1 and
E2 form two types of complexes: non-covalently-bonded E1-E2
heterodimer and disulphide-bonded aggregates, neither is the
mature form (Dubuisson et al., 1994; Dubuisson and Rice, 1996;
Deleersnyder et al., 1997). It is not clear which of these forms of
E1E2 is acquired by the virion when the virus buds into the ER
as E1E2 undergo further conformational changes into aggregated
oligomers when the virus particles transit through the secretory
pathway (Vieyres et al., 2010, 2014). There has been evidence
to suggest that HCV envelope proteins are major UPR induc-
ers (Mohl et al., 2012). Alphavirus does not bud through the ER
and yet its maturation resembles that of flavivirus in that the
immature prE2/E1 trimer assembled in the ER undergoes furin
cleavage in the Golgi into E3(=pr)/E2/E1 trimer (Garoff et al.,
2004; Vaney et al., 2013). UPR has been documented in infec-
tions of Chikungunya virus and Sindbis virus (Joubert et al., 2012;
Abraham et al., 2013; Rathore et al., 2013). The envelope pro-
teins of Semliki Forest virus have been shown to be responsible
for the induction of UPR (Barry et al., 2010). Therefore, we spec-
ulate that the immature ER form may be in itself a trigger of the
UPR, irrespective of whether the virions bud through the ER or
other sites.

HOW DO HCV ENVELOPE PROTEINS ACTIVATE UPR?
E1 and E2 accumulate in the ER, placing them in proximity to
interact with BiP (Choukhi et al., 1998). Folding of E1 and E2
into the non-covalently-bonded heterodimer utilizes the canoni-
cal chaperone calnexin and calreticulin whereas the E2 aggregates
are bound by BiP (Figure 5) (Dubuisson and Rice, 1996; Choukhi
et al., 1998). This may explain why E2 was able to elicit the UPR
(Liberman et al., 1999). However, Bip binds to the E1 aggregates
inefficiently or not at all, leading to the possibility that E1 may
induce UPR by other means (Choukhi et al., 1998; Liberman
et al., 1999; Merola et al., 2001).

One plausible mechanism is that E1 (or even E2) induces UPR
by impairing ERAD as ERAD and UPR exist in a regulatory loop
(Travers et al., 2000). It is well known that cytosolic proteins
such as the polyQ aggregates induce UPR by perturbation of pro-
teasomal degradative function (Friedlander et al., 2000; Travers
et al., 2000; Nishitoh et al., 2002). We have shown ERAD engage-
ment in cells transfected with E1 and/or E2 by the demonstration
of XBP1 splicing and UPRE induction in these cells (Chan and
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FIGURE 5 | Proposed mechanisms of E1/E2 activation of UPR. E1 and
E2 are targeted and mature in the endoplasmic reticulum (ER) to form
non-covalently-bonded heterodimers and disulphide-bonded aggregates
(pink arrows, 1). The E2 aggregates distract BiP from PERK (purple
arrow), allowing PERK oligomerization and activation (brown arrows, 2).
Retrotranslocated (3) and cytosolic E1/E2 from surplus protein synthesis

(4) can also activate the unfolded protein response (UPR) by perturbation
of proteasomal function (Ub, polyubiquitin). Conversely, cytosolic E1/E2
can bind to the cytoplasmic domain of PERK and inhibit its activation
(red cross, 5). Direct binding of E1 and E2 aggregates to the luminal
domain of IRE1 can also activate UPR (6). Red asterisk, activation by
phosphorylation.

Egan, 2005). Although E1/E2 mature in the ER, it is possible that
some of them have been directed to the cytoplasm during syn-
thesis or as a result of retro-translocation from the ER. There is
in vivo evidence of retrograde transport of E1 from the ER to
the cytoplasm for proteasome degradation based on the detection
of a deglycosylated-deamidated T-epitope from an HCV-infected
chimpanzee (Selby et al., 1999). Cytosolic existence of E2 has
been demonstrated in vector-expression system although it still
yet has to show the cytosolic existence of E2 in infected cells
(Pavio et al., 2002). By removing the signal peptides from E1 and
E2 we re-directed expression of these proteins to the cytoplasm
(Egan et al., 2013). These cytosolic-targeting E1/E2 did not induce
UPR. Instead, they repressed tunicamycin-induced UPR possibly
as a result of binding to the cytoplasmic domain of PERK and
blocking its activation, suggesting that UPR induction by ERAD
perturbation is unlikely (Pavio et al., 2003; Egan et al., 2013).

Another possibility is that E1 (or even E2) can trigger UPR
by direct binding to one or more of the UPR sensors in the
ER lumen. This is especially true when UPR triggered by many
virus infections is often skewed suggesting a canonical tripartite-
responsive BiP derepression mechanism may not be sufficient to
explain these skewed UPR in cases of virus infections. Studies
with yeast have shown that UPR can be triggered by direct binding
of unfolded proteins to the luminal domain of IRE1 (Credle et al.,
2005; Gardner and Walter, 2011; Gardner et al., 2013). The lumi-
nal domain of PERK bears secondary structure homology with

that of IRE1, by extrapolation, direct binding of unfolded proteins
to PERK can also be feasible (Gardner et al., 2013). Direct binding
between the herpes simplex virus glycoprotein B and the luminal
domain of PERK has been documented but in this case, binding
results in repression rather than elicitation of the UPR (Mulvey
et al., 2007). Toxic lipids are directly sensed by the transmem-
brane domains of IRE1 and PERK to provoke the UPR, further
supporting the idea that mechanisms other than BiP derepression
is possible (Volmer et al., 2013).

HOW DO CORE AND NS PROTEINS ELICIT UPR?
During polyprotein processing, the signal peptide at the C termi-
nus of the core protein directs the translocation of E1 into the
ER, after that the signal peptidase will cleave at the C-terminal
end of the core protein at amino acid (aa) residue 191 (Santolini
et al., 1994). This intermediate core protein is anchored onto
the cytosolic side of the ER membrane by a membrane anchor.
Maturation of the core protein involves another intramembrane
cleavage event at aa173–182 by signal peptide peptidase in the ER
membrane (Okamoto et al., 2008a; Pene et al., 2009). The exact
C terminus has not been determined but a minimum of 177 aa
residues seems to be required for productive virus production
(Kopp et al., 2010). The mature core protein is then released from
the ER to traffic to lipid droplets to orchestrate virus assembly
(McLauchlan et al., 2002). It appears that the core protein is never
directed inside the ER to be able to interact with BiP to trigger
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the canonical UPR signaling. This is also true for the NS proteins
which do not appear to enter the ER lumen even though NS2 and
NS4B are transmembrane proteins (Romero-Brey et al., 2012).
The question remains how then can their cytosolic presence elicit
the UPR?

PROTEASOMAL PERTURBATION
Perturbation of proteasomal activity is one possibility
(Friedlander et al., 2000; Travers et al., 2000; Nishitoh et al.,
2002). The core, NS2 and NS5B proteins have been shown to
interact with the proteasomal pathways (Figure 6) (Gao et al.,
2003; Moriishi et al., 2003; Franck et al., 2005; Shirakura et al.,
2007; Suzuki et al., 2009). Moreover, interaction of the core
protein with the proteasome activator PA28γ is responsible for
the pathogenesis of steatosis, HCC and other liver pathology in
core-transgenic mice and virus propagation in JFH1-infected
Huh7 cells (Moriishi et al., 2007, 2010; Tripathi et al., 2012).

PERTURBATION OF MEMBRANOUS WEB PROTEIN CHAPERONE
ACTIVITY
The cytosolic chaperone heat shock protein 90 (HSP90) promotes
HCV replication by facilitating host and viral protein folding
in the replication complex of the membranous web (Figure 7)
(Taguwa et al., 2009). Inhibition of HSP90 activity reduces pro-
tein folding, accelerates proteasome degradation and induces the
UPR. HSP90 is recruited into the replication complex by means of

interaction between its co-chaperones FK506-binding protein 8
(FKBP8) and the human butyrate-induced transcript 1 (hB-ind1)
and NS5A (Okamoto et al., 2006; Taguwa et al., 2008). It is there-
fore possible that any changes in HSP90-FKBP8/hB-ind1-NS5A
interaction can disrupt the chaperone activity of HSP90 leading
to UPR. Indeed, interaction of NS5A with FKBP8 has already
been implicated in pathogenesis via activation of mammalian tar-
get of rapamycin anti-apoptotic function (Peng et al., 2010). In
contrast, a JFH1 NS5A/5B multiple mutants exhibited a higher
replication rate and yet provoking a stronger UPR in humanized
mice (Mishima et al., 2010). However, the sample size is small
(only one mouse from each of the test and control groups was
dissected for the UPR markers). Moreover, the mutations are not
likely to be involved in co-chaperone binding, suggesting another
mechanism of UPR regulation. Previously, it has been found that
mutation of a single amino acid V/I121A in NS5A is sufficient
to abolish its interaction with FKBP8 impairing virus replication
(Okamoto et al., 2008b). It would be interesting to see whether
this mutation will provoke a stronger UPR.

DIRECT BINDING TO CYTOSOLIC DOMAINS OF UPR SENSORS
Another possibility for cytosolic proteins to trigger UPR is by
direct binding to the cytoplasmic domain of the UPR sensors.
Currently there is no evidence for interaction of the core pro-
tein with any of the cytosolic domains of the UPR sensors. NS4B,
however, interacts with the bZIP motif of ATF6β via a predicted
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FIGURE 6 | Viral proteins perturb proteasomal function to elicit UPR.

Immature core protein (C) attaches to the cytosolic side of the
endoplasmic reticulum (ER) membrane by a membrane anchor. Cleavage of
the membrane anchor (pink scissor) releases mature core to the cytoplasm
where it can be polyubiquitinated (Ub) and degraded by the cytosolic 26S
proteasome. The mature core protein can also be imported into the

nucleus by association with the proteasome activator PA28γ and importin
(IMP) (purple arrow), where it is degraded by the 20S proteasome
independent of ubiquitin. Also shown is the polyubiquitination and
degradation of non-structural protein 2 (NS2) and NS5B by the 26S
proteasome. Perturbation of proteasomal function elicits the unfolded
protein response (UPR).
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FIGURE 7 | Perturbation of replicase chaperone activity results in UPR.

An enlarged view of a membrane vesicle (enclosed by a red square) within
the membranous web. Heat shock protein 90 (HSP90) chaperones folding
of viral non-structural (NS) 3-NS5B proteins and host protein cyclophilin A
(CYPA) etc. in the replication complex to facilitate viral replication. HSP90
forms a complex with NS5A via interactions with its co-chaperone

FK506-binding protein 8 (FKBP8) and the human butyrate-induced
transcript 1 (hB-ind1). Disruption of co-chaperone-NS5A interaction (red
serrated arrows) interrupts HSP90 chaperone activity, resulting in increased
degradation of polyubiquitinated (Ub) proteins and perturbation of
proteasomal function, leading to the unfolded protein response (UPR)
(purple arrows).

bZIP motif in its N-terminal cytoplasmic domain although there
is as yet no functional analysis of whether this interaction leads to
induction or suppression of ATF6β activity (Figure 8) (Tong et al.,
2002; Welsch et al., 2007). On the other hand, NS4B also interacts
with ATF6α, despite to a lesser extent, and it is plausible that this
interaction signals ATF6α cleavage as observed in hepatocytes and
non-hepatocytes expressing NS4B (Tardif et al., 2002; Tong et al.,
2002; Zheng et al., 2005; Li et al., 2009). However, expression of
NS4B alone also induced XBP1 splicing, suggesting that at least
one other mechanism is operating to induce the UPR (Li et al.,
2009).

LIPID PERTURBATION
UPR regulates lipogenesis and ER membrane expansion (Lee
et al., 2008; Glimcher and Lee, 2009; Brewer and Jackowski,
2012). On the contrary, lipid perturbation is one of the triggers
of UPR (Volmer et al., 2013). HCV virus particle formation is
intimately coupled to the host lipogenesis (Figure 9). The core
protein targets to the lipid droplets which is the initial site of
virus assembly (McLauchlan et al., 2002; Lindenbach and Rice,
2013). Virus infection also induces massive intracellular mem-
brane re-organization to form the membranous web as the site of
virus replication (Behrens et al., 1996; Romero-Brey et al., 2012;
Bartenschlager et al., 2013; Paul et al., 2013). Budding of virion
into the ER and egress through the secretory is tightly linked to
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FIGURE 8 | NS4B interacts with ATF6 to modulate UPR. The hepatitis C
virus (HCV) non-structural (NS) 4B protein binds to the b-ZIP and
transmembrane (TM) domains of the activating factor 6 (ATF6) α and β

(binding domains shown in green for both NS4B and ATF6). Binding of
ATF6α likely triggers its Golgi translocation and cleavage into an active
transcription factor to mediate the unfolded protein response (UPR). The
fate of NS4B binding to ATF6β is unknown. It can either trigger or inhibit
ATF6β Golgi translocation and activation. The end result could be
modulation of the UPR but whether ATF6β is an inhibitor of ATF6α is
controversial. ER, endoplasmic reticulum.
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FIGURE 9 | Lipid perturbation elicits unfolded protein response. The
hepatitis C virus (HCV) core protein (C) plays a part in lipid droplet (LD)
formation (green arrow), and also coats the lipid droplet to initiate virion
assembly and budding into the envelope proteins E1- and E2-coated
endoplasmic reticulum (ER). Maturation and egress of the virion is tightly
coupled to host very low density lipoprotein (VLDL) synthesis (A,
apolipoprotein A; C, apolipoprotein C; E, apolipoprotein E), resulting in the

formation of a lipoviroparticle (LVP). The non-structural (NS) 4B and NS5A
proteins induce formation of the membranous web (brown arrow). The core
and NS4B proteins have been shown to transactivate the sterol regulatory
element binding protein (SREBP), the master regulator of lipogenesis (purple
arrow). Perturbation in any of these lipid synthesis pathways will easily signal
to elicit the unfolded protein response (UPR) (pink arrow). Putative lipid
metabolic steps vulnerable to perturbation are marked with red crosses.

lipoprotein synthesis (Lindenbach and Rice, 2013). Finally, the
virus particle associates with lipoproteins to form lipoviroparticle
which is essential for virus infectivity (Andre et al., 2002; Felmlee
et al., 2013). Therefore, throughout the life cycle of the virus, there
is a constant need for lipids and lipoproteins. Transactivation of
the sterol regulatory element binding proteins, the master regula-
tor of lipogenesis, has been observed in Huh7 cells infected with
JFH1 (2a) or harboring a SGR and in cells ectopically expressing
the core protein or NS4B (Waris et al., 2007; Rahman et al., 2009).
It is not difficult to imagine that this can easily lead to perturba-
tion of lipid homeostasis and trigger the UPR. Indeed, hepatitis C
patients exhibit many lipid and lipoprotein metabolism disorders
such as hepatic steatosis (fatty liver), hypobetalipoproteinaemia,
and hypocholesterolemia (Serfaty et al., 2001; Colloredo et al.,
2004; Felmlee et al., 2013). Experimentally, both exogenous and
endogenous sources of fatty acids were capable of inducing ER
stress in Huh7 cells infected with JFH1 or harboring a SGR
(Rahman et al., 2009; Gunduz et al., 2012).

CONCLUDING REMARKS
Despite overwhelming evidence from in vivo (transgenic and
humanized mice) and in vitro studies to indicate that HCV
infection causes ER stress and induces the UPR, we still need
to confirm the presence of ER stress in hepatitis C patients by
conducting clinical studies at single cells level (Liberman et al.,

1999; Tardif et al., 2002, 2004; Benali-Furet et al., 2005; Chan
and Egan, 2005, 2009; Ciccaglione et al., 2005, 2007; Zheng
et al., 2005; Tumurbaatar et al., 2007; Sekine-Osajima et al.,
2008; Joyce et al., 2009; Li et al., 2009; Mishima et al., 2010;
Von Dem Bussche et al., 2010; Funaoka et al., 2011; Merquiol
et al., 2011; Shinohara et al., 2013). Clinical data will need to be
further corroborated and elaborated using well-controlled exper-
iments. Genotype is a major determinant of IFN responsiveness
and disease progression, therefore, it is important that studies
should be extended to other genotypes before it can be gen-
eralized that ER stress is a common phenomenon of chronic
hepatitis C (Chayama and Hayes, 2011; Ripoli and Pazienza,
2011).

A number of steps in the virus life cycle are potential trigger
of ER stress e.g., the maturation of the viral envelope glycopro-
teins in the ER, formation of replication complex on the ER and
virus assembly and budding of virus particles into the ER (Scheel
and Rice, 2013). Current evidence suggests a major role of the
structural proteins, with the NS proteins playing a modulating
role (Tardif et al., 2002, 2004; Mishima et al., 2010; Von Dem
Bussche et al., 2010; Funaoka et al., 2011; Mohl et al., 2012).
More work still needs to be done to decipher the mechanisms of
UPR induction and the answer will lead to a better understanding
of virus-host interaction and may uncover novel mechanisms of
UPR sensing in general.
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