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Abstract: Pathogens of bacterial and viral origin hijack pathways operating in eukaryotic 

cells in many ways in order to gain access into the host, to establish themselves and to 

eventually produce their progeny. The detailed molecular characterization of the 

subversion mechanisms devised by pathogens to infect host cells is crucial to generate 

targets for therapeutic intervention. Here we review recent data indicating that 

coronaviruses probably co-opt membranous carriers derived from the endoplasmic 

reticulum, which contain proteins that regulate disposal of misfolded polypeptides, for 

their replication. In addition, we also present models describing potential mechanisms that 

coronaviruses could employ for this hijacking. 
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1. Introduction 

Coronaviruses (CoV) are enveloped viruses with plus-strand RNA genomes belonging to the family 

Coronaviridae, which together with the Roni- and the Arteriviridae, form the order Nidovirales [1]. 

CoV infect a large range of birds and mammals, including humans, and their pathogenesis has been 

intensively studied since the 1960s. CoV generally cause respiratory and/or intestinal infections, 

although some may spread systemically. Human CoV (HCoV)-OC43 and HCoV-229E, for example, 

cause mild upper respiratory tract infections [2], although they are occasionally associated with severe 

pulmonary diseases in newborns and immuno-compromised people [3]. In spring 2003, a new human 

CoV became infamously notorious due to an outbreak in South East Asia and Canada [4,5]. The 

accused virus was rapidly identified as the SARS-CoV. Unlike HCoV-OC43 and -229E, the SARS-

CoV causes a severe respiratory disease [6], with nearly 10% mortality and it also spreads systemically 

[7]. Since 2003, two additional new human CoV have been characterized, i.e., HCoV-NL63 and 

HCoV-HKU-1, which are also mainly associated with mild upper respiratory tract infections [8-10].  

Several animal CoV are economically important pathogens [11]. For example, transmissible 

gastroenteritis virus (TGEV) causes diarrhea in pigs [12-14], feline infectious peritonitis virus (FIPV) 

leads to a fatal systemic disease in cats [15-17], the bovine coronavirus (BCoV) causes respiratory 

tract diseases and diarrhea in cattle [14,18] and the avian infectious bronchitis virus (IBV) is the 

etiological agent of severe respiratory tract and kidney diseases in chickens [14,19]. The mouse 

hepatitis virus (MHV) has been extensively used to study the replication and assembly of CoV in cell 

culture models as well as in whole animals and is thus considered as a prototype CoV [11,14]. 

2. CoV Life Cycle 

CoV virions are spherical enveloped particles, with a diameter of 70–120 nm [20]. All CoV 

particles contain a common set of 4 structural proteins, i.e., the spike (S), the membrane (M) and the 

envelope (E) transmembrane proteins, and the nucleocapsid (N) protein. The large genomic RNA is 

encapsidated by multiple copies of the N protein forming the helical nucleocapsid. The CoV envelope, 

which is composed of a lipid bilayer derived from host intracellular membranes, accommodates the 3 

transmembrane proteins. The S protein forms the peplomers that radiate from the virion surface. The 

M protein is the most abundant protein in the virus particle while the E protein is only present in small 

amounts [21,22]. 

The first step in the CoV infection cycle is the association of the virion with the host cell surface 

through the binding of the S proteins to specific receptors. After endocytic uptake, conformational 

changes in the S protein result in fusion of the viral envelope with a limiting cellular membrane [23-27]. 

Upon virus-cell fusion, the virions disassemble and release their genomic RNA in the cytoplasm. The 

viral RNA is directly translated into two very long polypeptides of approximately 400 and 800 kDa, 

called pp1a and pp1b, respectively [11,28,29]. During and after their synthesis, pp1a and pp1b are 

cleaved by viral proteinase activities contained in their sequence and this processing leads to the 

generation of 16 non-structural proteins (nsp’s) [11,30]. These factors probably trigger the 

rearrangement of host cellular membranes, resulting in the formation of a reticulovesicular network of 
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double membrane vesicles (DMVs) and convoluted membranes (Figure 1) and form replication-

transcription complexes (RTCs) that are associated with the rearranged membranes [31-35]. 

Figure 1. Ultrastructure of membrane-associated replicative structures induced by mouse 

hepatitis virus (MHV) in host cells. Mouse LR7 cells inoculated with the MHV-A59 strain 

were fixed at 10 h post-infection and processed for conventional EM. Double membrane 

vesicles (DMVs) are often found clustered together in close proximity of a small network 

of membranes, the CMs, which are morphologically distinct but have identical viral protein 

composition. The asterisks mark the DMVs. CM, convoluted membranes; M, 

mitochondria; L, lysosome. Size bar, 500 nm. 

 
 

The RTCs copy the genomic RNA either continuously into genome-length or discontinuously into 

various subgenome-length minus-strand templates. The minus strands are in turn used as templates for 

the synthesis of genomic and subgenomic mRNA [35,36]. These latter products comprise a nested set 

of overlapping species of mRNAs that extend for different lengths from a common 3' terminus [35,36]. 
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Replication and transcription of plus-strand RNA viruses result in the formation of double-stranded 

RNA (dsRNA) molecules that are generally assumed to function as intermediates in the RNA synthesis 

[36,38]. The exact location of viral RNA synthesis remains unknown at present. Although it has been 

shown that dsRNA accumulates in the interior of DMVs, the significance of this phenomenon remains 

unclear [31]. The dsRNA generated by viruses are potent inducers of antiviral interferon signaling 

pathways [39,40] and therefore its sequestration into DMVs could prevent the activation of these 

innate immune responses [31,38].  

The structural proteins are synthesized from the subgenomic RNAs and the ones with 

transmembrane segments are subsequently inserted in the limiting membrane of the endoplasmic 

reticulum (ER) [41-43]. The S protein is found along the secretory pathway and at the plasma 

membrane. The M protein, in contrast, localizes predominantly in the Golgi compartments while the E 

protein is detected in the ER, in the Golgi, and in the ER-to-Golgi intermediate compartment (ERGIC). 

Nonetheless, these proteins and the helical nucleocapsids cooperatively assemble into virions via 

lateral interactions that induce the invagination and luminal pinching off of the limiting membrane of 

the ERGIC. The resulting luminal virions subsequently reach the extracellular environment following 

the conventional secretory pathway. 

3. The ER Origin of the CoV-Induced DMVs 

All plus-strand RNA viruses synthesize their viral RNA in association with extensive virus-induced 

rearrangements of specific intracellular membranes. Different plus-strand RNA viruses may target 

different membrane compartments, such as the ER, endosomes, mitochondria or chloroplasts, thereby 

giving rise to membrane invaginations, (clusters of) DMVs or single-membrane vesicles, membrane-

bound vesicle packets, convoluted membranes and other structures or combinations thereof (for 

reviews see [38,44]). For a long time, the subcellular compartment from where the membranes 

composing the CoV-induced DMVs are derived has remained mysterious. The major difficulty in 

solving this issue has been the lack or the undetectable levels of marker proteins of subcellular 

organelles [33,45-47], the detection of which could have provided insight into the origin of these 

structures. Even so, several pieces of evidence has indicated that the ER is the most probable source 

for the lipid bilayers composing the CoV-induced DMVs. First, nsp3 and nsp4, two nonstructural 

proteins with transmembrane segments, which are very likely part of the RTCs, become 

N-glycosylated [48-51], a co-translational modification that occurs in the ER. Second, nsp4 localizes 

to the ER when ectopically expressed and moves to the DMVs upon viral infection [48]. Third, a block 

of the early transport steps of the secretory pathway inhibits CoV replication [46-48]. Fourth, 

ultrastructural studies where electron tomography was applied, demonstrated that the CoV-induced 

DMVs are interconnected via their outer membranes and are part of a membranous reticulovesicular 

network, which also includes convoluted membranes and is connected to the ER [31]. Fifth, Sec61α, 

which is a subunit of the ER translocon, redistributes upon SARS-CoV infection and localizes to the 

rearranged membranes [47]. Finally, the DMVs induced in SARS-CoV infected cells contain 

ribosomes on their outer membranes [31], although this has not been observed in MHV-infected  

cells [33,45]. 
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Even though the ER is the likely (possible) source of the membranes composing the CoV-induced 

DMVs, the lack of ER, ERGIC or Golgi protein markers, as well as the absence of coatomer proteins 

at their limiting membranes [31,33,46,47] question a model in which CoV co-opt ER-derived secretory 

vesicles for DMVs formation. Based on available data, it seems more plausible that DMVs might 

result from extensive modifications of ER membranes [47] or of ER-derived vesicles that regulate 

ERAD tuning, i.e., the export from the ER of EDEM1, OS-9 and other regulators of ER-associated 

degradation (ERAD) [45]. In the next sections, we will mainly review this latter scenario.  

4. ERAD, ERAD Tuning and its Subversion by CoV 

The ER is the site of maturation for secretory and membrane proteins in eukaryotic cells. Proteins 

that fail to attain the native structure must efficiently be removed from the ER lumen to protect cells 

from stress conditions eventually leading to cell death. Thus, besides molecular chaperones and 

folding enzymes that assist maturation of newly synthesized proteins, the ER also contains ERAD 

factors that recognize non-native proteins, extract them from the folding machineries and ensure their 

transport across the ER membrane for proteasomal degradation [52,53]. The intraluminal 

concentration of ERAD factors must be tightly regulated. When present in excess, ERAD factors 

might interfere with ongoing folding programs and trigger inappropriate degradation of not-yet-native 

folding intermediates. This might eventually compromise the ER capacity to efficiently produce 

functional polypeptides and may correlate, for example, with the enhancement of the metastatic 

potential of tumor cells caused by the inappropriate degradation of the newly synthesized metastatic 

repressor KAI1 occurring in cells with elevated concentration of the E3 ubiquitin ligase GP78 [54].  

Cumulating data hint at the important role for maintenance of ER homeostasis played by the 

post-translational regulation of ERAD factors content in the ER lumen (reviewed in [55]). This 

regulation has been named ERAD tuning [55] and consists in the rapid and selective removal from the 

ER lumen of ERAD regulators. Unlike conventional folding chaperones and enzymes, several ERAD 

regulators such as ERManI [56,57], EDEM1 [45,58,59], OS-9 [45], XTP3-B [60], HERP [61,62] and 

SEL1L [63] are in fact rapidly removed from the ER lumen in unstressed cells. Some of them are 

degraded by the proteasome [61-63]; others, such as the ERManI [56,57], EDEM1 [45,58,59] and OS-

9 [45] are degraded by endo-lysosomal enzymes.  

In 2007, Juergen Roth’s group revealed that EDEM1 is selectively released from the ER in 

vesicles [64]. More recently, we have shown that these carriers, which we have named EDEMosomes 

and display LC3/Atg8 at their limiting membrane, remove EDEM1 and other ERAD factors such as 

OS-9 from the ER lumen and transport them to endo-lysosomes for disposal (Figure 2) [45,58]. LC3 is 

a cytosolic ubiquitin-like protein that plays a crucial regulatory role in macroautophagy. Upon 

activation of this catabolic process that targets cellular components to lysosomes for degradation 

[65,66], LC3-I is converted into LC3-II by covalent conjugation to the membrane lipid 

phosphatidylethanolamine [67,68]. The covalent association of LC3-II to lipid bilayers appears to be 

essential to promote the elongation of the autophagosome membrane [69-71]. Interestingly, and unlike 

autophagosomes, the LC3-positive EDEMosomes are not decorated with ectopically expressed 

GFP-LC3 and do not contain LC3-II [58]. Rather, LC3-I is non-covalently associated to their limiting 

membrane and therefore this protein can be removed by carbonate extraction [59]. These results led us 
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to propose an unconventional, autophagy-independent use of LC3 for the vesicle-mediated removal of 

short-living chaperones from the ER lumen [58].  

Figure 2. ERAD tuning. Many ERAD regulators are short-lived proteins at steady state. 

EDEM1 and OS-9 are canonical ERAD tuning substrates. Their selective removal from the 

ER lumen can be subdivided in three steps. (1) Association with an elusive membrane 

receptor allows segregation of EDEM1, OS-9 and possibly other ERAD factors (EF) from 

conventional, long-lived ER-resident chaperones (in grey); (2) The ERAD regulators exit 

the ER in small, LC3-I-coated vesicles, the EDEMosomes; (3) EDEMosomes deliver their 

content to endo-lysosomal compartments for disposal.  

 
 

Significantly, the DMVs in cells infected with MHV or SARS-CoV share several analogies with the 

EDEMosomes since they also derive from the ER and display LC3-I, but not ectopically expressed 

GFP-LC3 or LC3-II, at their limiting membranes [31,45,72]. In agreement with these results, a 

non-lipidable form of LC3 associates with the MHV-induced DMVs [45]. The finding that in 

MHV-infected cells the turnover of EDEM1 and OS-9 is essentially stopped and that these two 

proteins accumulate in the DMVs (they actually are the only cellular factors that distinctly co-localize 

with MHV-induced DMVs in immuno-fluorescence analyses [45]) led us to propose that the 

mechanism regulating the formation of the EDEMosomes is co-opted by CoV to ensure their efficient 

replication [45]. In keeping with this assumption, as previously reported for ERAD tuning [58], an 

autophagy-independent function of LC3 supports CoV infection. In fact, while the macroautophagy 

machinery regulating the covalent association of LC3 to the autophagosomal membranes is 

dispensable for infection as demonstrated by normal replication of MHV in atg7−/− mouse embryonic 

fibroblasts (MEFs), the reduction of the intracellular levels of LC3 by siRNA efficiently interferes 

with MHV replication [45]. Interestingly, when endogenous LC3 is replaced with a non-lipidable form 



Viruses 2011, 3 

 

1616

of this protein, which cannot sustain autophagy, MHV infection is restored further supporting the 

notion of an unconventional use of LC3 in CoV replication. 

These data explain previous observations. Originally, it was reported that the ATG5 gene is 

essential for MHV replication in MEFs [73]. Careful reassessment of these findings in low passage 

atg5−/− MEFs and bone marrow derived macrophages lacking ATG5 by virtue of a Cre recombinase 

mediated gene deletion, revealed that an intact autophagy pathway is not required for MHV life 

cycle [74]. In addition, these data also reconcile previous contrasting reports about LC3 association 

with CoV-induced DMVs. The works describing a co-localization were analyzing endogenous LC3, 

while those affirming the contrary used ectopically expressed GFP-LC3 [72-77]. 

5. Unanswered Questions 

The rapid disposal of ERAD factors through the ERAD tuning and the hijacking of the ERAD 

tuning pathway by CoV are recent discoveries [45]. As a result, numerous questions still remain open. 

One scenario is that CoV anchor their replication and transcription complexes to the membranes of 

either EDEMosomes or “modified” EDEMosomes, whose fusion with a degradative endo-lysosomal 

compartment would be inhibited as a consequence of the infection. This would explain the defective 

EDEM1 and OS-9 turnover observed in infected cells and the enrichment of these two ERAD factors 

in the DMVs [45]. However, the molecular principles of the biogenesis of the EDEMosomes and 

DMVs are poorly understood (see above, [55,58,78,79]). In particular, the role of LC3-I in the 

formation of both EDEMosomes and CoV-induced DMVs remains unknown. One speculative idea is 

that LC3-I acts as a vesicle coat protein [79]. In such a scenario and similar to other vesicular transport 

pathways, one or more still elusive EDEMosome cargo receptors would bind EDEM1 and OS-9 in the 

ER lumen to segregate these short living ERAD factors from conventional and long-living molecular 

chaperones and folding enzymes. The cytosolic domain of this putative cargo receptor would then 

recruit cytosolic LC3-I. This latter step will be the key event required for the coat-driven formation of 

a carrier vesicle. Thus, one possible way for CoV to exploit the ERAD tuning machinery for 

generating their replicative DMVs would be to hijack one of the EDEMosome cargo receptors, 

perhaps by using one or more of their transmembrane non-structural proteins (i.e., nsp3, nsp4 and/or 

nsp6). Alternatively, these nsp’s could act more directly by recruiting LC3-I and other vesicle coating 

factors. The first option contemplates that EDEM1 and OS-9 end up in the DMVs through their 

association with the EDEMosome cargo receptor. The second does not explain the peculiar distribution 

of these two chaperones in the MHV-induced DMVs, but it could be consistent with a model claiming 

that CoV may actively sequester EDEMosome cargo proteins such as EDEM1 and OS-9 into the 

DMVs in order to weaken the ERAD capacity in the ER lumen of the host cell. At the peak of its 

replication, CoV induce ER stress due to a sustained high production of viral components [80-83], 

including the 3 integral membrane nsps and the 3 structural membrane proteins that are initially 

inserted in the ER lipid bilayer. One of the consequences of the induction of ER stress is the 

enhancement of ERAD. As this would hamper CoV replication by degrading viral products, 

sequestering EDEM1 and OS-9, two positive regulators of the ERAD process, could limit this cellular 

response that would interfere with viral replication.  
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LC3 could also play a role in ERAD tuning and/or viral replication by linking EDEMosomes and 

the CoV-induced DMVs to the microtubule network, a notion suggested by the original full-length 

name of this protein, i.e., microtubule-associated protein 1 light chain 3 (MAP1-LC3). The initial 

studies, revealed in fact that LC3 belongs to a family of microtubule-associated proteins and that it 

interacts with MAP1A or MAP1B to form a complex that binds and modulates the shape of 

microtubules [84-86]. Autophagosomes are mostly formed randomly at the periphery of the cell and 

redistribute in a microtubule-dependent way at the perinuclear region around the microtubule-

organizing center (MTOC) where the majority of late endosomes and lysosomes are concentrated  

[87-90]. Recently, one of the molecular bases that could regulate this trafficking event has been 

revealed by showing that the N-terminus of LC3 interacts with FYCO1 (FYVE and coiled-coil [CC] 

domain containing 1), which in turn could interact with kinesin(s) [91]. Depletion of FYCO1 or 

antibodies against the N-terminus of LC3 blocks the subcellular redistribution of autophagosomes after 

completion [87,91]. Similarly, LC3 could link the EDEMosomes and the CoV-induced DMVs to the 

microtubule network. Interestingly, the MHV replicative structures, when visualized by using a 

GFP-tagged version of nsp2, were shown to be transported along microtubules. Upon disruption of this 

cytoskeletal scaffold, these structures remain dispersed throughout the cytoplasm and fail to 

concentrate to the perinuclear region [92]. Connecting CoV-induced DMVs with microtubules, 

however, cannot be the only function of this protein during an infection because while microtubules 

are dispensable for MHV replication in culture cells [92], depletion of LC3 affects MHV  

replication [45]. 

Whatever scenario holds true, it remains unclear how the DMVs are shaped from the single-

membrane EDEMosome vesicles [79]. Furthermore, as EDEMosomes are probably derived from the 

smooth ER, it is not yet clear how to reconcile this with the observation that the surface of DMVs 

induced in SARS-CoV-infected cells is decorated with ribosomes [31], although ribosomes have not 

been observed on MHV-induced DMVs [33,45,79]. In addition, it remains to be solved how the 

alleged subversion of EDEMosomes by CoV results in the formation of a reticulovesicular network as 

observed in SARS-CoV infected cells [31].  

6. Perspectives 

Viruses are dependent on the host cell for virtually every step of the infection cycle and are able to 

subvert cellular processes to their own advantage. They can also be regarded as unique tools in cell 

biology research and have been used in the past decades to characterize a vast array of cellular 

machineries and pathways. Studying CoV replication and the biogenesis of the coronaviral replicative 

structures is therefore expected to increase our knowledge about the (re)shaping of cellular membranes 

and the formation of EDEMosomes, while the opposite also holds true. In addition, insight into 

virus-host interactions not only provides information into the cellular pathways hijacked by viruses, 

but also opens new avenues for therapeutic intervention. The absence of efficient anti-viral therapies 

emphasizes the necessity to further study and understand in detail the molecular mechanisms that 

regulate the CoV life cycle, including the role of LC3 in virus replication. This is desirable, as CoV are 

not only pathogens of veterinary importance, but a threat to mankind as well, as revealed by the 

emergence of the SARS-CoV. Furthermore, targeting of host rather than of viral proteins may, at least 
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in some cases, be advantageous as it is less likely to result in viral escape mutants, as in contrast to the 

viral proteins, cellular factors are not prone to rapid mutations.  

Acknowledgments 

F.R. is supported by the Netherlands Organization for Health Research and Development (ZonMW-

VIDI-917.76.329), by the Utrecht University (High Potential grant) and by the Netherlands 

Organization for Scientific Research (Chemical Sciences, ECHO grant-700.59.003). C.A.M.d.H is 

funded by the Utrecht University (High Potential grant) and by the Netherlands Organization for 

Scientific Research (NWO-ALW grant). M.M. is supported by grants from the Foundation for 

Research on Neurodegenerative Diseases, the Fondazione San Salvatore, the Swiss National Science 

Foundation, the Association Française contre les Myopathies, the Novartis Stiftung für Medizinisch 

Biologische Forschung and ONELIFE Advisors SA. 

References and Notes 

1. International Commitee on Virus Taxonomy. http://www.ictvonline.org (assessed on 1 September 
2011). 

2. Kahn, J.S.; McIntosh, K. History and recent advances in coronavirus discovery. Pediatr. Infect. 
Dis. J. 2005, 24, S223-227. 

3. Garbino, J.; Crespo, S.; Aubert, J.D.; Rochat, T.; Ninet, B.; Deffernez, C.; Wunderli, W.; Pache, 
J.C.; Soccal, P.M.; Kaiser, L. A prospective hospital-based study of the clinical impact of non-
severe acute respiratory syndrome (Non-SARS)-related human coronavirus infection. Clin. Infect. 
Dis. 2006, 43, 1009-1015. 

4. Drosten, C.; Preiser, W.; Gunther, S.; Schmitz, H.; Doerr, H.W. Severe acute respiratory 
syndrome: identification of the etiological agent. Trends Mol. Med. 2003, 9, 325-327. 

5. Rota, P.A.; Oberste, M.S.; Monroe, S.S.; Nix, W.A.; Campagnoli, R.; Icenogle, J.P.; Penaranda, 
S.; Bankamp, B.; Maher, K.; Chen, M.H.; et al. Characterization of a novel coronavirus 
associated with severe acute respiratory syndrome. Science 2003, 300, 1394-1399. 

6. Peiris, J.S.; Guan, Y.; Yuen, K.Y. Severe acute respiratory syndrome. Nat. Med. 2004, 10,  
S88-97. 

7. Gu, J.; Gong, E.; Zhang, B.; Zheng, J.; Gao, Z.; Zhong, Y.; Zou, W.; Zhan, J.; Wang, S.; Xie, Z.; 
et al. Multiple organ infection and the pathogenesis of SARS. J. Exp. Med. 2005, 202, 415-424. 

8. Wevers, B.A.; van der Hoek, L. Recently discovered human coronaviruses. Clin. Lab. Med. 2009, 
29, 715-724. 

9. Woo, P.C.; Lau, S.K.; Chu, C.M.; Chan, K.H.; Tsoi, H.W.; Huang, Y.; Wong, B.H.; Poon, R.W.; 
Cai, J.J.; Luk, W.K.; et al. Characterization and complete genome sequence of a novel 
coronavirus, coronavirus HKU1, from patients with pneumonia. J. Virol. 2005, 79, 884-895. 

10. van der Hoek, L.; Pyrc, K.; Jebbink, M.F.; Vermeulen-Oost, W.; Berkhout, R.J.; Wolthers, K.C.; 
Wertheim-van Dillen, P.M.; Kaandorp, J.; Spaargaren, J.; Berkhout, B. Identification of a new 
human coronavirus. Nat. Med. 2004, 10, 368-373. 

11. Perlman, S.; Netland, J. Coronaviruses post-SARS: update on replication and pathogenesis.  
Nat. Rev. Microbiol. 2009, 7, 439-450. 



Viruses 2011, 3 

 

1619

12. Pensaert, M.B.; de Bouck, P. A new coronavirus-like particle associated with diarrhea in swine. 
Arch. Virol. 1978, 58, 243-247. 

13. Kim, L.; Hayes, J.; Lewis, P.; Parwani, A.V.; Chang, K.O.; Saif, L.J. Molecular characterization 
and pathogenesis of transmissible gastroenteritis coronavirus (TGEV) and porcine respiratory 
coronavirus (PRCV) field isolates co-circulating in a swine herd. Arch. Virol. 2000, 145,  
1133-1147. 

14. Weiss, S.R.; Navas-Martin, S. Coronavirus pathogenesis and the emerging pathogen severe acute 
respiratory syndrome coronavirus. Microbiol. Mol. Biol. Rev. 2005, 69, 635-664. 

15. Hartmann, K.; Ritz, S. Treatment of cats with feline infectious peritonitis. Vet. Immunol. 
Immunopathol. 2008, 123, 172-175. 

16. Addie, D.; Belak, S.; Boucraut-Baralon, C.; Egberink, H.; Frymus, T.; Gruffydd-Jones, T.; 
Hartmann, K.; Hosie, M.J.; Lloret, A.; Lutz, H.; et al. Feline infectious peritonitis. ABCD 
guidelines on prevention and management. J. Feline Med. Surg. 2009, 11, 594-604. 

17. Andrew, S.E. Feline infectious peritonitis. Vet. Clin. North Am. Small Anim. Pract. 2000, 30,  
987-1000. 

18. Saif, L.J. Bovine respiratory coronavirus. Vet. Clin. North Am. Food Anim. Pract. 2010, 26,  
349-364. 

19. Cavanagh, D. Coronavirus avian infectious bronchitis virus. Vet. Res. 2007, 38, 281-297. 
20. Barcena, M.; Oostergetel, G.T.; Bartelink, W.; Faas, F.G.; Verkleij, A.; Rottier, P.J.; Koster, A.J.; 

Bosch, B.J. Cryo-electron tomography of mouse hepatitis virus: Insights into the structure of the 
coronavirion. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 582-587. 

21. Sturman, L.S.; Holmes, K.V.; Behnke, J. Isolation of coronavirus envelope glycoproteins and 
interaction with the viral nucleocapsid. J. Virol. 1980, 33, 449-462. 

22. Niemann, H.; Klenk, H.D. Coronavirus glycoprotein E1, a new type of viral glycoprotein.  
J. Mol. Biol. 1981, 153, 993-1010. 

23. Kuhn, J.H.; Li, W.; Radoshitzky, S.R.; Choe, H.; Farzan, M. Severe acute respiratory syndrome 
coronavirus entry as a target of antiviral therapies. Antivir. Ther. 2007, 12, 639-650. 

24. Bosch, B.J.; van der Zee, R.; de Haan, C.A.; Rottier, P.J. The coronavirus spike protein is a class I 
virus fusion protein: Structural and functional characterization of the fusion core complex.  
J. Virol. 2003, 77, 8801-8811. 

25. Eifart, P.; Ludwig, K.; Bottcher, C.; de Haan, C.A.; Rottier, P.J.; Korte, T.; Herrmann, A. Role of 
endocytosis and low pH in murine hepatitis virus strain A59 cell entry. J. Virol. 2007, 81,  
10758-10768. 

26. Chu, V.C.; McElroy, L.J.; Chu, V.; Bauman, B.E.; Whittaker, G.R. The avian coronavirus 
infectious bronchitis virus undergoes direct low-pH-dependent fusion activation during entry into 
host cells. J. Virol. 2006, 80, 3180-3188. 

27. Huang, I.C.; Bosch, B.J.; Li, F.; Li, W.; Lee, K.H.; Ghiran, S.; Vasilieva, N.; Dermody, T.S.; 
Harrison, S.C.; Dormitzer, P.R.; et al. SARS coronavirus, but not human coronavirus NL63, 
utilizes cathepsin L to infect ACE2-expressing cells. J. Biol. Chem. 2006, 281, 3198-3203. 

28. Ziebuhr, J. Molecular biology of severe acute respiratory syndrome coronavirus. Curr. Opin. 
Microbiol. 2004, 7, 412-419. 

29. Gorbalenya, A.E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E.J. Nidovirales: Evolving the largest RNA 
virus genome. Virus Res. 2006, 117, 17-37. 



Viruses 2011, 3 

 

1620

30. Ziebuhr, J.; Snijder, E.J.; Gorbalenya, A.E. Virus-encoded proteinases and proteolytic processing 
in the Nidovirales. J. Gen. Virol. 2000, 81, 853-879. 

31. Knoops, K.; Kikkert, M.; Worm, S.H.; Zevenhoven-Dobbe, J.C.; van der Meer, Y.; Koster, A.J.; 
Mommaas, A.M.; Snijder, E.J. SARS-coronavirus replication is supported by a reticulovesicular 
network of modified endoplasmic reticulum. PLoS Biol. 2008, 6, e226. 

32. van Hemert, M.J.; van den Worm, S.H.; Knoops, K.; Mommaas, A.M.; Gorbalenya, A.E.; Snijder, 
E.J. SARS-coronavirus replication/transcription complexes are membrane-protected and need a 
host factor for activity in vitro. PLoS Pathog. 2008, 4, e1000054. 

33. Ulasli, M.; Verheije, M.H.; de Haan, C.A.; Reggiori, F. Qualitative and quantitative ultrastructural 
analysis of the membrane rearrangements induced by coronavirus. Cell Microbiol. 2010, 12,  
844-861. 

34. Gosert, R.; Kanjanahaluethai, A.; Egger, D.; Bienz, K.; Baker, S.C. RNA replication of mouse 
hepatitis virus takes place at double-membrane vesicles. J. Virol. 2002, 76, 3697-3708. 

35. Goldsmith, C.S.; Tatti, K.M.; Ksiazek, T.G.; Rollin, P.E.; Comer, J.A.; Lee, W.W.; Rota, P.A.; 
Bankamp, B.; Bellini, W.J.; Zaki, S.R. Ultrastructural characterization of SARS coronavirus. 
Emerg. Infect. Dis. 2004, 10, 320-326. 

36. Sawicki, S.G.; Sawicki, D.L.; Siddell, S.G. A contemporary view of coronavirus transcription.  
J. Virol. 2007, 81, 20-29. 

37. Pasternak, A.O.; Spaan, W.J.; Snijder, E.J. Nidovirus transcription: How to make sense...?  
J. Gen. Virol. 2006, 87, 1403-1421. 

38. den Boon, J.A.; Ahlquist, P. Organelle-like membrane compartmentalization of positive-strand 
RNA virus replication factories. Annu. Rev. Microbiol. 2010, 64, 241-256. 

39. Kawai, T.; Akira, S. Innate immune recognition of viral infection. Nat. Immunol. 2006, 7,  
131-137. 

40. Gantier, M.P.; Williams, B.R. The response of mammalian cells to double-stranded RNA. 
Cytokine Growth Factor Rev. 2007, 18, 363-371. 

41. de Haan, C.A.; Rottier, P.J. Molecular interactions in the assembly of coronaviruses. Adv. Virus 
Res. 2005, 64, 165-230. 

42. Satija, N.; Lal, S.K. The molecular biology of SARS coronavirus. Ann. N. Y. Acad. Sci. 2007, 
1102, 26-38. 

43. de Haan, C.A.; Rottier, P.J. Hosting the severe acute respiratory syndrome coronavirus: specific 
cell factors required for infection. Cell Microbiol. 2006, 8, 1211-1218. 

44. Miller, S.; Krijnse-Locker, J. Modification of intracellular membrane structures for virus 
replication. Nat. Rev. Microbiol. 2008, 6, 363-374. 

45. Reggiori, F.; Monastyrska, I.; Verheije, M.H.; Calì, T.; Ulasli, M.; Bianchi, S.; Bernasconi, R.; de 
Haan, C.A.; Molinari, M. Coronaviruses Hijack the LC3-I-positive EDEMosomes, ER-derived 
vesicles exporting short-lived ERAD regulators, for replication. Cell Host Microbe 2010, 7,  
500-508. 

46. Verheije, M.H.; Raaben, M.; Mari, M.; Te Lintelo, E.G.; Reggiori, F.; van Kuppeveld, F.J.; 
Rottier, P.J.; de Haan, C.A. Mouse hepatitis coronavirus RNA replication depends on GBF1-
mediated ARF1 activation. PLoS Pathog. 2008, 4, e1000088. 

  



Viruses 2011, 3 

 

1621

47. Knoops, K.; Swett-Tapia, C.; van den Worm, S.H.; Te Velthuis, A.J.; Koster, A.J.; Mommaas, 
A.M.; Snijder, E.J.; Kikkert, M. Integrity of the early secretory pathway promotes, but is not 
required for, severe acute respiratory syndrome coronavirus RNA synthesis and virus-induced 
remodeling of endoplasmic reticulum membranes. J. Virol. 2010, 84, 833-846. 

48. Oostra, M.; Te Lintelo, E.G.; Deijs, M.; Verheije, M.H.; Rottier, P.J.; de Haan, C.A. Localization 
and membrane topology of coronavirus nonstructural protein 4: involvement of the early secretory 
pathway in replication. J. Virol. 2007, 81, 12323-12336. 

49. Oostra, M.; Hagemeijer, M.C.; van Gent, M.; Bekker, C.P.; te Lintelo, E.G.; Rottier, P.J.; de 
Haan, C.A. Topology and membrane anchoring of the coronavirus replication complex: not all 
hydrophobic domains of nsp3 and nsp6 are membrane spanning. J. Virol. 2008, 82, 12392-12405. 

50. Kanjanahaluethai, A.; Chen, Z.; Jukneliene, D.; Baker, S.C. Membrane topology of murine 
coronavirus replicase nonstructural protein 3. Virology 2007, 361, 391-401. 

51. Harcourt, B.H.; Jukneliene, D.; Kanjanahaluethai, A.; Bechill, J.; Severson, K.M.; Smith, C.M.; 
Rota, P.A.; Baker, S.C. Identification of severe acute respiratory syndrome coronavirus replicase 
products and characterization of papain-like protease activity. J. Virol. 2004, 78, 13600-13612. 

52. Aebi, M.; Bernasconi, R.; Clerc, S.; Molinari, M. N-glycan structures: recognition and processing 
in the ER. Trends Biochem. Sci. 2010, 35, 74-82. 

53. Hebert, D.N.; Bernasconi, R.; Molinari, M. ERAD substrates: Which way out? Semin. Cell Dev. 
Biol. 2010, 21, 526-532. 

54. Tsai, Y.C.; Mendoza, A.; Mariano, J.M.; Zhou, M.; Kostova, Z.; Chen, B.; Veenstra, T.; Hewitt, 
S.M.; Helman, L.J.; Khanna, C.; et al. The ubiquitin ligase gp78 promotes sarcoma metastasis by 
targeting KAI1 for degradation. Nat. Med. 2007, 13, 1504-1509. 

55. Bernasconi, R.; Molinari, M. ERAD and ERAD tuning: Disposal of cargo and of ERAD 
regulators from the mammalian ER. Curr. Opin. Cell Biol. 2011, 23, 176-183. 

56. Wu, Y.; Termine, D.J.; Swulius, M.T.; Moremen, K.W.; Sifers, R.N. Human endoplasmic 
reticulum mannosidase I is subject to regulated proteolysis. J. Biol. Chem. 2007, 282, 4841-4849. 

57. Termine, D.J.; Moremen, K.W.; Sifers, R.N. The mammalian UPR boosts glycoprotein ERAD by 
suppressing the proteolytic downregulation of ER mannosidase I. J. Cell Sci. 2009, 122, 976-984. 

58. Calì, T.; Galli, C.; Olivari, S.; Molinari, M. Segregation and rapid turnover of EDEM1 by an 
autophagy-like mechanism modulates standard ERAD and folding activities. Biochem. Biophys. 
Res. Commun. 2008, 371, 405-410. 

59. Le Fourn, V.; Gaplovska-Kysela, K.; Guhl, B.; Santimaria, R.; Zuber, C.; Roth, J. Basal 
autophagy is involved in the degradation of the ERAD component EDEM1. Cell Mol. Life Sci. 
2009, 66, 1434-1445. 

60. Hosokawa, N.; Wada, I.; Nagasawa, K.; Moriyama, T.; Okawa, K.; Nagata, K. Human XTP3-B 
forms an endoplasmic reticulum quality control scaffold with the HRD1-SEL1L ubiquitin ligase 
complex and BiP. J. Biol. Chem. 2008, 283, 20914-20924. 

61. Miura, H.; Hashida, K.; Sudo, H.; Awa, Y.; Takarada-Iemata, M.; Kokame, K.; Takahashi, T.; 
Matsumoto, M.; Kitao, Y.; Hori, O. Deletion of Herp facilitates degradation of cytosolic proteins. 
Genes Cells 2010, 15, 843-853. 

62. Hori, O.; Ichinoda, F.; Yamaguchi, A.; Tamatani, T.; Taniguchi, M.; Koyama, Y.; Katayama, T.; 
Tohyama, M.; Stern, D.M.; Ozawa, K.; et al. Role of Herp in the endoplasmic reticulum stress 
response. Genes Cells 2004, 9, 457-469. 



Viruses 2011, 3 

 

1622

63. Mueller, B.; Lilley, B.N.; Ploegh, H.L. SEL1L, the homologue of yeast Hrd3p, is involved in 
protein dislocation from the mammalian ER. J. Cell Biol. 2006, 175, 261-270. 

64. Zuber, C.; Cormier, J.H.; Guhl, B.; Santimaria, R.; Hebert, D.N.; Roth, J. EDEM1 reveals a 
quality control vesicular transport pathway out of the endoplasmic reticulum not involving the 
COPII exit sites. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 4407-4412. 

65. Xie, Z.; Klionsky, D.J. Autophagosome formation: core machinery and adaptations. Nat. Cell 
Biol. 2007, 9, 1102-1109. 

66. Yoshimori, T.; Noda, T. Toward unraveling membrane biogenesis in mammalian autophagy. 
Curr. Opin. Cell Biol. 2008, 20, 401-407. 

67. Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; 
Ohsumi, Y.; Yoshimori, T. LC3, a mammalian homologue of yeast Apg8p, is localized in 
autophagosome membranes after processing. EMBO J. 2000, 19, 5720-5728. 

68. Tanida, I.; Ueno, T.; Kominami, E. LC3 conjugation system in mammalian autophagy.  
Int. J. Biochem. Cell Biol. 2004, 36, 2503-2518. 

69. Nakatogawa, H.; Ichimura, Y.; Ohsumi, Y. Atg8, a ubiquitin-like protein required for 
autophagosome formation, mediates membrane tethering and hemifusion. Cell 2007, 130, 165-178. 

70. Hayashi-Nishino, M.; Fujita, N.; Noda, T.; Yamaguchi, A.; Yoshimori, T.; Yamamoto, A.  
A subdomain of the endoplasmic reticulum forms a cradle for autophagosome formation.  
Nat. Cell Biol. 2009, 11, 1433-1437. 

71. Sou, Y.S.; Waguri, S.; Iwata, J.; Ueno, T.; Fujimura, T.; Hara, T.; Sawada, N.; Yamada, A.; 
Mizushima, N.; Uchiyama, Y.; et al. The Atg8 conjugation system is indispensable for proper 
development of autophagic isolation membranes in mice. Mol. Biol. Cell 2008, 19, 4762-4775. 

72. Stertz, S.; Reichelt, M.; Spiegel, M.; Kuri, T.; Martinez-Sobrido, L.; Garcia-Sastre, A.; Weber, F.; 
Kochs, G. The intracellular sites of early replication and budding of SARS-coronavirus. Virology 
2007, 361, 304-315. 

73. Prentice, E.; Jerome, W.G.; Yoshimori, T.; Mizushima, N.; Denison, M.R. Coronavirus 
replication complex formation utilizes components of cellular autophagy. J. Biol. Chem. 2004, 
279, 10136-10141. 

74. Zhao, Z.; Thackray, L.B.; Miller, B.C.; Lynn, T.M.; Becker, M.M.; Ward, E.; Mizushima, N.N.; 
Denison, M.R.; Virgin, H.W.t. Coronavirus replication does not require the autophagy gene 
ATG5. Autophagy 2007, 3, 581-585. 

75. Prentice, E.; McAuliffe, J.; Lu, X.; Subbarao, K.; Denison, M.R. Identification and 
characterization of severe acute respiratory syndrome coronavirus replicase proteins. J. Virol. 
2004, 78, 9977-9986. 

76. Snijder, E.J.; van der Meer, Y.; Zevenhoven-Dobbe, J.; Onderwater, J.J.; van der Meulen, J.; 
Koerten, H.K.; Mommaas, A.M. Ultrastructure and origin of membrane vesicles associated with 
the severe acute respiratory syndrome coronavirus replication complex. J. Virol. 2006, 80,  
5927-5940. 

77. de Haan, C.A.; Reggiori, F. Are nidoviruses hijacking the autophagy machinery? Autophagy 
2008, 4, 276-279. 

78. Calì, T.; Vanoni, O.; Molinari, M. The endoplasmic reticulum crossroads for newly synthesized 
polypeptide chains. Prog. Mol. Biol. Transl. Sci. 2008, 83, 135-179. 

79. de Haan, C.A.; Molinari, M.; Reggiori, F. Autophagy-independent LC3 function in vesicular 
traffic. Autophagy 2010, 6, 994-996. 



Viruses 2011, 3 

 

1623

80. Chan, C.P.; Siu, K.L.; Chin, K.T.; Yuen, K.Y.; Zheng, B.; Jin, D.Y. Modulation of the unfolded 
protein response by the severe acute respiratory syndrome coronavirus spike protein. J. Virol. 
2006, 80, 9279-9287. 

81. Versteeg, G.A.; van de Nes, P.S.; Bredenbeek, P.J.; Spaan, W.J. The coronavirus spike protein 
induces endoplasmic reticulum stress and upregulation of intracellular chemokine mRNA 
concentrations. J. Virol. 2007, 81, 10981-10990. 

82. Ye, Z.; Wong, C.K.; Li, P.; Xie, Y. A SARS-CoV protein, ORF-6, induces caspase-3 mediated, 
ER stress and JNK-dependent apoptosis. Biochim. Biophys. Acta 2008, 1780, 1383-1387. 

83. Minakshi, R.; Padhan, K.; Rani, M.; Khan, N.; Ahmad, F.; Jameel, S. The SARS Coronavirus 3a 
protein causes endoplasmic reticulum stress and induces ligand-independent downregulation of 
the type 1 interferon receptor. PLoS One 2009, 4, e8342. 

84. Mann, S.S.; Hammarback, J.A. Molecular characterization of light chain 3. A microtubule 
binding subunit of MAP1A and MAP1B. J. Biol. Chem. 1994, 269, 11492-11497. 

85. Pedrotti, B.; Ulloa, L.; Avila, J.; Islam, K. Characterization of microtubule-associated protein 
MAP1B: phosphorylation state, light chains, and binding to microtubules. Biochemistry 1996, 35, 
3016-3023. 

86. Monastyrska, I.; Rieter, E.; Klionsky, D.J.; Reggiori, F. Multiple roles of the cytoskeleton in 
autophagy. Biol. Rev. Camb. Philos. Soc. 2009, 84, 431-448. 

87. Kimura, S.; Noda, T.; Yoshimori, T. Dynein-dependent movement of autophagosomes mediates 
efficient encounters with lysosomes. Cell Struct. Funct. 2008, 33, 109-122. 

88. Jahreiss, L.; Menzies, F.M.; Rubinsztein, D.C. The itinerary of autophagosomes: from peripheral 
formation to kiss-and-run fusion with lysosomes. Traffic 2008, 9, 574-587. 

89. Fass, E.; Shvets, E.; Degani, I.; Hirschberg, K.; Elazar, Z. Microtubules support production of 
starvation-induced autophagosomes but not their targeting and fusion with lysosomes.  
J. Biol. Chem. 2006, 281, 36303-36316. 

90. Kochl, R.; Hu, X.W.; Chan, E.Y.; Tooze, S.A. Microtubules facilitate autophagosome formation 
and fusion of autophagosomes with endosomes. Traffic 2006, 7, 129-145. 

91. Pankiv, S.; Alemu, E.A.; Brech, A.; Bruun, J.A.; Lamark, T.; Overvatn, A.; Bjorkoy, G.; 
Johansen, T. FYCO1 is a Rab7 effector that binds to LC3 and PI3P to mediate microtubule plus 
end-directed vesicle transport. J. Cell Biol. 2010, 188, 253-269. 

92. Hagemeijer, M.C.; Verheije, M.H.; Ulasli, M.; Shaltiel, I.A.; de Vries, L.A.; Reggiori, F.; Rottier, 
P.J.; de Haan, C.A. Dynamics of coronavirus replication-transcription complexes. J. Virol. 2010, 
84, 2134-2149. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


