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ABSTRACT 
Rotaviruses (RV) are considered to be the most common cause of viral gastroenteritis in young 

children and infants worldwide. Before the recent developments, studies on rotavirus biology have 

always suffered from the lack of an effective reverse genetics (RG) system to generate recombinant 

rotaviruses and study the precise role of the viral proteins in the context of RV infection. 

 

In the first part of this work, we aimed to develop a helper-virus dependent reverse genetics system 

applicable to all genomic segments (gs). Our new approach is based on the use of a selective marker 

(i.e. EGFP) that could in principle be used with any gs. A T7-driven genome segment-like RNA 

encoding EGFP fused to the viral protein gene of interest separated either by the Tobacco Etch Virus 

protease (TEVp) cleavage site or self-cleaving peptide 2A is expressed in virus infected cells. 

In vivo processing of the fusion protein yields the fully functional viral protein and EGFP, which will 

be used as marker to identify cells sustaining recombinant RV replication. In order to increase the 

availability of the recombinant segment to be packaged, we harnessed the CRISPR/Csy4 fused to 

NSP5 to shuttle the virus-like mRNA into the RV viral factories. Infection-sorting cycles were repeated 

several times to isolate reassortant RVs. However, despite many efforts, we encountered some 

difficulties in rescuing the recombinant rotaviruses (rRV). 

 

In the second part of this work, we took advantage of the newly developed plasmid-only based RG 

system for the generation of recombinant rotaviruses to study the role of NSP5 

hyperphosphorylation in the context of RV infection. Using an NSP5 trans-complementing cell line 

we generated and characterised several rRVs with mutations in NSP5. We demonstrated that a rRV 

lacking NSP5 was completely unable to assemble viroplasms and to replicate, confirming its pivotal 

role in rotavirus replication. Furthermore, we investigated the mechanism of NSP5 

hyperphosphorylation during RV infection using NSP5 phosphorylation-negative rRV strains, 

corroborating its role into the assembly and maintaining the architecture of the RV viral factories. 

 

Ultimately, here we present the first genome editing of a double stranded RNA (dsRNA) virus 

harnessing the CRISPR/Csy4 endoribonuclease. The editing was achieved shuttling the Csy4 by fusing 

it with the NSP5, to viroplasms, the site of  RV genome replication and virus assembly. 
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Taking advantage of the fully tractable RG system we generated several rRVs directing the Csy4 target 

sequence into the different RV genome segments.  

After a single round of infection of cells expressing the NSP5-Csy4 enzyme with rRV strains, carrying 

the Csy4 target sequence into the gs5 (gs5*), we observed the generation of a deleted version of 

gs5* lacking 27 and 42 nucleotides. We proved that this was the direct cause of Csy4-mediated 

cleavage activity  as the 3’ site of both edited segments coincides with the Csy4 cleavage into the 

viroplasmic environment and was only achieved with the active nuclease but not with a catalytically 

inactive mutant. 

Furthermore, we took advantage of this precise in vivo editing of the RV genome to address an 

important question related to the virus replication cycle: the role of the secondary transcription by 

newly made transcriptionally active dual-layered intermediate particles.  We imaged for the first time 

the product of secondary transcription events in living cell  and our results suggest that this step of 

viral replication strongly contributes to the  overall production of viral protein at late hours post 

infection. 

A defined and consistent editing of a dsRNA viral genome can pave the way to shed light on the still 

underexplored and poorly understood replication steps of rotaviruses.  
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1 INTRODUCTION 
 

Rotavirus (RV) belongs to the family of Reoviridae, in the genus of Rotavirus. It is a non-enveloped 

virus with a double-stranded RNA multi-segmented genome. 

Human Rotavirus was recognised as the major cause of severe acute diarrhoea in infants and young 

children worldwide1. It was first discovered in 1973 in sections of duodenal mucosa and was 

subsequently isolated in feces of young children and observed by electron microscopy (EM). 

Despite the efficacy of two live oral attenuated vaccines, the pentavalent bovine-human reassortant 

rotavirus vaccine (RotaTeq®) and the monovalent human rotavirus vaccine (Rotarix®), Rotavirus is 

still a big problem related to developing countries, being the cause of about 600,000 deaths among 

children younger than 5 years of age2–4. On the other hand, thanks to the impact and the efficacy of 

these vaccines in developed countries the rate of rotavirus-associated deaths is drastically decreased, 

although rotavirus gastroenteritis is still responsible for many hospitalizations. 

Rotavirus has always been characterized by a great strain diversity and multiple events of interspecies 

transmission and subsequent adaptation has been observed. When two different strain of viruses 

infect the same cells, they may exchange some viral genome segments giving rise to what is called 

reassortant viruses. These reassortments has been documented within the same region at the same 

time, proving that the virus is able to spread between humans and animals 5.  

Rotavirus affects also livestock animals (calves, piglets, equines) where it is the major cause of 

enteritis, causing important economic losses 6. 

Over the last 40 years’ rotavirus, research have attempted to characterize in depth  the biology of 

rotavirus, however the precise in vivo functions of RV proteins are still unresolved due to the lack of 

a universal helper-virus independent reverse genetics system that would allow the manipulation of 

the viral genome. However, recent developments has led to the establishment of  plasmid only based 

reverse genetics systems for RV7 which has been considered a revolutionary breakthrough in the field 

allowing deeper understanding of the molecular biology as have occurred with other RNA viruses 

once helper virus-free reverse genetics system was established8. 
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1.1 Rotavirus classification 
 

Rotaviruses are classified serologically on the specificity of the antigens and are separated into  seven 

species/groups (from A to H), which are based on the reactivity of VP6 epitopes, the protein forming 

the intermediate layer9. Rotaviruses of species A, B and C are found in both humans and various 

animals whereas the other species seem to be infective only for animals. Viruses within each group 

are able to reassort their genomic viral segments but the reassortment is not possible among RV of 

different groups10.  

Cross-neutralization studies have allowed the further classification of RV of species A in serotypes, 

based on the reactivity of the antibodies against the two outer capsid neutralization antigens VP7 

and VP4, and genotypes, on the basis of sequence analysis. 

Serotypes determined by VP7 are termed G (for glycoprotein) and those determined by VP4 are 

termed P (for protease-sensitive protein). According to the Rotavirus Classification Working Group, 

rotavirus group A comprises 27 different G serotypes and 37 P genotypes9. In the case of G types, 

serotype and genotype numbers are synonymous, for the P types they are not. 

A RV strain is defined on the base of the species, indicated with an alphabetic letter (A-H), a subgroup 

denoted by a roman number (I and II) and by two serological profiles G and P indicated in Arabic 

numbers in squared brackets. The human Wa strain, for instance, is classified as G1P1A[8]. 

In 2008, a classification based on complete genome nucleotide sequence was developed for species 

A RVs. 

 This system assigns a specific genotype to each of the 11 RV segments according to established 

nucleotide percent identity cut-off values11. This new classification is very useful to identify 

phylogenetic relations, RV evolution and transmission pathways12. 

 

1.2 Structure of the virion  
 
The structure of the Rotavirus particles has been deeply studied by cryo-electron microscopy (cryo-

EM) images and X-ray crystallography allowing the reconstruction of virion complexity 13. The virion 

shape resembles a wheel (from Latin “rota”) and is around 75-100 nm of diameter. The infective 

particle is composed by three protein layers and denoted as Triple-Layered Particle (TLP). However, 

during the initial phases of the viral replication cycle the virus loses the external layer giving arise to 

a non-infective subviral particle, called Double-Layered Particle (DLP). DLPs are also described as 
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rough particles because their periphery shows projecting trimeric subunits of the inner capsid 11. The 

DLP is composed by an intermediate layer and the core protein VP2 surrounding the viral genome.  

 

 

 

 

 

 

 

 

Virions are penetrated by 132 aqueous holes, deep ~140 Å, which link the outer surface of the TLPs 

with the inner core. The channels are differentiated into three classes based on their position on the 

icosahedral structure and their size. These holes within the virion plays an important role in the 

transport of metabolites necessary to RNA replication; especially the type I channels, are responsible 

for the export of messenger RNA has been synthetized by the enzyme complex composed of VP1, 

the RNA-dependent RNA polymerase, and VP3, the methyl-transferase, both located at the inner 

surface of the core11,14. 

 

The outermost capsid layer of rotavirus is around 35-Å-thick and presents a T=13 icosahedral 

symmetry. It is formed by 260 trimers of VP7 glycoproteins and the spikes composed by trimers of 

VP4 project for around 100 Å from the external shell. Cryo-electron microscopy (EM) showed that 

VP4 is the spike protein on RV virion and the spikes have well-defined structural features with two 

distal globular domains, a central body with an approximate twofold symmetry, and a globular 

domain 15. 

The VP7 layer partially covers the base of the VP4 spikes (Fig. 2) locking the VP4 onto the virion. This 

mechanism is Ca2+ dependent since Ca2+ is able to stabilize VP7 trimers. The outer shell is crossed by 

132 channels that have been classified into three types: 12 type I channels at the five-fold vertices of 

a diameter of ~40 Å, 60 type II channels adjacent to the vertices and 60 type III channels surrounding 

the icosahedral threefold axes, both with a diameter of ~65 Å. 

Figure 1: Cryo-EM reconstruction and cutaway view of the rotavirus triple-layered particle. The spike proteins VP4 is colored in 
orange, the outermost VP7 layer in yellow, the inner VP6 in bluen and VP2 in green and the VP1/VP3 complex in red201. 
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N-terminal arms of VP7 interact with the underlying intermediate layer constituted by 260 trimers of 

VP6 protein with a T=13 symmetry (Fig. 2). The cavity underling each type I channels of the outer 

layer is surrounded by five trimers of VP6, while the cavity beneath type II and III channels is formed 

by six trimers. 

The internal layer of the viral particle is composed by 120 molecules of VP2 arranged as 60 dimers 

that surround the genomic dsRNA in highly ordered structures.  

X-ray and cryo-EM structures of DLPs showed that the VP2 layer is composed by twelve decameric 

cap structure at the fivefold axis. Each homodecamers are formed by two different VP2 conformers 

(VP2A and VP2B) that are chemically identical and engage completely distinct inter-subunit 

contacts16. 

Interactions of VP6 with the VP7 layer are important in stabilizing the entire rotavirus capsid. 

Structural integrity of the DLP is a crucial requirement for endogenous transcription of mRNAs 17,18. 
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Viral genome segments are packaged within the inner layer in dodecahedral structures disposed 

interacting with two enzymes: the RNA-dependent RNA polymerase (RdRp) VP1, involved in 

transcription and genome replication, and the capping enzyme VP3, both forming the transcription 

complex (TC). The complex composed by VP1 and VP3 is associated to a pentamer of VP2 that seems 

to help to properly position the TCs19. TCs have an important role also in the exit of the viral mRNAs 

as supported by the “specialization model”. According to this model, each RNA exit channel is linked 

to a specific TC and only a single transcript of each viral genomic segment is extruded from each DLP 

at any given time 20. 

 

 

 

 

 

Figure 2: Interaction between the proteins composing the three layers of the virion. A cutaway view with VP4 spike. VP8* is in magenta 
and VP5* is in red. The foot is anchored in the VP6 layer (green). A VP7 trimer (Yellow) caps each trimer of VP6 [Modified from 18] 
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1.3 Viral genome 
 
Viral genome of rotavirus is approximately 18,500 bp in size and is composed by 11 segments of 

dsRNA encoding 6 structural proteins (VP1-VP7) and 5 non-structural proteins (NSP1-5). In some 

strains the eleventh segment encodes both the NSP5 and a twelfth protein, NSP6. The genomic 

segments can be extracted from purified virus and separated by polyacrylamide gel electrophoresis 

(PAGE); they were numbered from 1 to 11 on the basis of their size (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The segments of many RV strains share several characteristics:  

• high content of A+U (58-67 %); 

• cap structure at the 5’ of each positive-sense strand (m7GpppG(m)GPy); 

• single open reading frame (ORF), except for segment 11 in some strains, flanked by 

untranslated regions (UTRs); 

• lack of cap structure at minus-strand; 

• lack of a poly(A) tail. 

 

Figure 3: Electrophoretic separation in polyacrylamide gel (PAGE) of the 11 genome segments of SA11 strain of rotavirus. The genome 
segments are numbered on the left while the encoded proteins are indicated on the right. The eleventh segment of this strain SA11 
presents an alternative ORF encoding the non-structural protein NSP6 (Adapted from 199) 
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Comparing homologous segments of different RV strains, regions have been identified with high 

identity levels especially in the UTR at the 5’ and 3’ termini (Fig. 4). The role of UTRs in the viral cycle 

is not yet known but these sequences are supposed to play a key role in transcription and replication 

of the genome (Fig. 5). However, the sequences that act as signals for assortment and packaging of 

the genomic segments in the newly formed viral particles were not identified yet. 

 

 

 

 

 

 

 

 

 

At the 3’ terminus a highly conserved sequence of seven nucleotides is present, 5’-UGUGACC-3’, that 

has been identified as a signal promoting minus-strand RNA synthesis 21. To further support this 

finding, transcripts lacking this sequence were found to be unable to act as templates for the 

synthesis of the complementary strand. Moreover, the insertion of 3’ consensus sequence in non-

viral constructs allows them to be in vitro replicated by the viral polymerase, even if with low 

efficiency21. Recent studies also demonstrated that the 3’ sequence is recognized by VP1 and the last 

four nucleotides of the 3’UTR (GACC) are bound by NSP3, functioning as translation enhancers16. 

 

The sequence 5’-GGC(A/U)6-8-3’ at the 5’ terminus  function as enhancer for the replication 22. The 

first two guanidines, in particular the G2 residue may play an important role in the attachment of the 

RdRp 23. The viral (+)ssRNAs are usually capped at the 5’ end and this allows the interaction between 

5’end and the translation factor eIF4G (Fig. 5). 

Computer modelling has predicted a cis base pairing between 5’ and 3’ signals that should lead to 

formation of panhandles where the 3’consensus sequence extends as a single-strand tail 24. In this 

conformation the (+)ssRNA seems to be more stable and facilitate the interaction with cellular and 

Figure 4 :  Schematic representation of group A (+)ssRNA. Conserved sequences are indicated at 5’ and 3’ termini. Both sequences 
are necessary for the optimal replication of the genome. 3’ consensus sequence plays a role of cis acting essential for the synthesis 
of dsRNA and the 5’ consensus sequence plays a role of replication enhancer 11. 
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rotavirus proteins especially with the viral polymerase, which, thanks to the 3’-terminal CC, that acts 

as a cis-acting signal, drives the synthesis of the (-)ssRNA 25,26. 

 

 

 

 

 

 

 

 

 

 

1.4 Viral proteins 
 

Viral proteins are divided into structural proteins forming the viral particle, and non-structural 

proteins, that are produced by the virus in the host cell upon the infection but are not incorporated 

into the virion. 

 

1.4.1 VP1 
 
VP1 (125 kDa) is endoced by the genome segment 1 and it functions as the RNA-dependent RNA 

polymerase (RdRp). It acts both as transcriptase, for the synthesis of viral mRNAs, and as replicase, 

for the synthesis of the negative strand RNAs. Recently, cryo-EM studies showed that the VP1 is 

present in 11-12 copies enclosed with the 11 dsRNA segments and the VP3 enzyme inside the VP2 

shell (Fig.6)27. 

 

 

Figure 5:  Cis-acting elements of RV +RNAs. Top: linear representation of RV (+)ssRNA molecule. The central open-reading frame (ORF) 
is shown in red, and the 5ʹ and 3ʹ untranslated regions (UTRs) are shown in black. A cap structure (grey) is at the 5ʹ end of the the 
molecule, and the consensus sequence (UGUGACC) is at the 3ʹ end. Below: Left, schematic represents a hypothetical cytosolic 
(+)ssRNA used as template for protein synthesis. A panhandle structure is formed by base-pairing of the 5ʹ and 3ʹ ends, and RNA-
specific stem-loop(s) are thought to project from these regions. The 3ʹ terminus is bound by the non-structural protein NSP3, which 
itself interacts with eIF4G. Right, schematic representation of a hypothetical viroplasmic (+)ssRNA that is selectively packaged into 
cores and used as a template for genome replication. A panhandle structure is formed by base-pairing of the 5ʹ and 3ʹ ends, and RNA-
specific stem-loop(s) project from these regions. The extreme 3ʹ end of the template is accessible to the polymerase VP1 as a single-
stranded tail. The 5ʹ cap of the template is presumed to interact with a cap-binding site on VP1. The VP3 capping enzyme interacts 
with VP1 (Modified from 271). 
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Based on information from reovirus polymerase, four tunnels are involved in (a) the entry of the 

templates ((+)RNA or (−) RNA), (b) the entry of NTPs, (c) the exit of dsRNA/(−)RNA, and (d) the exit of 

the (+)RNA 16. 

The polymerase activity of VP1 is supported by a series of evidence: i) the presence of motifs shared 

with other viral RdRp 28,29, ii) binding activity to NTPs and inhibition of transcription when nucleotide 

analogues, such as 8-azido-ATP, are cross-linked with VP1 30, iii) the ability to synthetize the negative 

strand RNA only in presence of VP2 31. 

In contrast, sequence-specific interactions are made only with the 3’ terminus sequence UGUGACC 

of the plus strand that is anchored to the template entry site in VP1. This motif is a polymerase 

recognition signal and is required for high-affinity interactions with VP1 and subsequent replicase 

activity. Interestingly, the VP1 - (+)RNA complex structure is in an auto-inhibited state and must 

undergo through conformational changes requiring VP2, GTP, the template, and Mg2+, to be 

activated 16. Interaction of VP1-RNA complex with VP2 seems necessary for the initiation of rotavirus 

genome replication 16,32, and reaches maximal level when VP1 and VP2 have a ratio of 1:10, 

Figure 6: Cryo-EM of a well-resolved VP1 molecule attached to one of the five possible binding sites near an ssRNA exit portal (i). In the 
figure an a-helix in close contact with both the polymerase and the exit portal can be detected (i, ii, iv, v, red arrow). This helix could 
well be part of the RNA-capping enzyme VP3, whose structure contains a helix of appropriate length and is proposed to reside near VP1. 
In addition to proteins, the reconstruction also shows structural features in the nucleic acid regions of the density map near VP1 (iii) 
(Adapted from 27).  
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supporting the idea that replication needs the assembly of a portion of core lattice to induce 

necessary structural changes on the polymerase (Fig.7). 

 

 

High resolution crystal structure revealed the structure of VP1, alone or in complex with RNA 33. The 

diameter of the globular compact protein is around 70 Ả and it is composed by 3 domains: i) a N-

terminal domain, ii) a polymerase domain, iii) a C-terminal domain. The polymerase domain has been 

described as a “right-hand” architecture, with two fingers, two palm and one thumb subdomains. C- 

and N- terminal domains surround the polymerase domain as a cage with a catalytic centre. The 

passage of free nucleotides, templates and RNA products is allowed by four channels that connect 

the catalytic centre with the outside. 

VP1 interacts not only with the RNA but also with the the N-terminal domain of VP2, as the co-

transfection of plasmid containing VP1 and VP2 genes into insects cells induce the formation of virus-

like particles (VLPs)31. Furthermore, co-immunoprecipitation experiments showed the interaction 

between VP1 with both NSP2 and NSP5 both in transfected and RV-infected cells 34. 

 

1.4.2 VP2 
 
The protein VP2 (encoded by segment 2, 100 kDa) is one of the major components of rotavirus 

particles. The inner layer of the RV particles forming the core scaffold, is composed by 120 molecules 

of VP2, organized in dimers. The first 26 amino acids in the N-terminal of VP2 present a specific RNA-

binding activity with a high affinity for plus stranded RNA, suggesting a role in the encapsidation of 

Figure 7: Rotavirus VP1-VP2 interactions. (A) Left: Structure of the rotavirus VP2 core shell in the context of a DLP. VP2-A and VP2-B 
monomers of one decamer unit are colored blue and cyan, respectively. Right: The core shell is shown computationally sliced through 
the middle to reveal the likely locations of VP1–VP3 heterodimers. (B) VP1–VP2 contacts in the fully-assembled DL. VP2-A, VP2-B, and 
VP1 are shown in ribbon representation and colored blue, cyan, and pink, respectively. The visible regions of the VP2 N termini are 
colored red. (C) VP1 is shown in surface representation and computationally sliced through the middle to reveal four tunnels. The 
location of the retracted priming loop is shown in yellow, and a 7-nucleotide +RNA template that is bound out-of-register with the 
active site shown in black. VP2 is predicted to engage VP1 at the +RNA exit interface and trigger structural rearrangements including 
a repositioning of the priming loop and +RNA template310. 



 15 

the templates for genome replication31,35–37. This interaction seems to promote the correct position 

of the transcriptional complex and genome packaging in the newly synthetized capsid.  

The N-terminal 92 amino acids play a key role in the incorporation of VP1 and VP3 in VLPs as a 

deletion mutant of VP2 truncated of the first 25 amino acids loses the ability to bind VP1 35. 

VP2 layer contains some channels that allow the passage of the mRNAs thanks to conformational 

changes VP2 goes through during transcription38,39.  RNA interference studies suggested a role of VP2 

in the stability of mRNAs 40. 

The capacity of VP2 alone to ensure the structural stability of the core particles are supported by the 

observation that the expression of VP2 in insect cells, in absence of other structural or non-structural 

proteins, generates cores without the genome, known as empty core-like particles 41. Furthermore, 

co-expression of VP2 and VP6 resulted in the formation of double-layered virus-like particles (VLPs), 

while the addition of VP7 generates triple-layered VLPs. Interestingly, both VLPs types share the same 

structure and functions with the native particles 42. 

Cryo-electron microscopy studies highlight the role of VP2 also in the organization of the genome 

inside the viral particle, since the internal shell of VP2 interacts with the genomic dsRNA within the 

core38. 

VP2 plays a role in the formation of Viroplasm-like Structures (VLS-VP2i) when co-expressed with  

NSP5 in non-infected cells43,44. The interaction between NSP5 and VP2 seems to be modulated by 

VP6 through its binding to VP2. Several evidences suggest that  the interaction VP2/VP6 is influenced 

by the presence of RNA, becoming stronger when the genome is present within the particle and being 

hampered by NSP5 when the genome is not completely assorted. This regulation mechanism might 

be important to avoid the formation of viral particles before the incorporation of the genome, thus 

reducing the yield of “empty” particles45.  

 

1.4.3 VP3 
 
VP3 is encoded by the genome segment 3 and has a molecular weight of 88 kDa. It is the protein 

responsible for the capping of the plus strand RNA, exerting the activity of guanylyl-methyl-

transferase 46,47. VP3 is able to form reversible complexes with GMP in the presence of GTP  and to 

transfer GMP from the complex VP3-GMP to GDP resulting in a GpppG cap48.  

VP3 shows affinity binding for RV ssRNA but not dsRNA, with a preference for uncapped ssRNA, 

although its 5’ capping activity doesn’t discriminate between RNAs that start with G, like RV mRNAs, 

or A residues 49. VP3 is a component of the cores and, together with VP1 and plus strand RNA, is part 
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of the non-functional complexes purified from infected cells, as the VP1 polymerase activity is directly 

dependent on the interaction with VP2 31 50.  

VP3 is able to bind the N-terminal portion of VP2 in a region that interacts also with VP1 and (+)ssRNA 
37, supporting the hypothesis that VP3 may play a key role in RNA replication during RV infection 31,35.  

VP3 is the only protein of the virion whose structure is still unknown but the combination of 

phylogenetic analysis, sequence alignment, and homology modelling provided a powerful tool  to 

predict the VP3 structure 51. Based on these analyses, VP3 is supposed to share conserved motifs 

with the bluetongue virus (BTV) capping enzyme containing a variable N-terminal domain, a central 

guanine-N7-methyltransferase domain with an additional ribose-2’-O-methyltransferase domain, a 

C-terminal guanylyltransferase and RNA 5’triphosphatase domain.  

Several experiments showed that the C-terminal domain of VP3 has a phosphodiesterase (PDE) 

activity involved in the cleavage of 2’-5’-oligoadenylates (2-5A), blocking the activation of RNase L 

pathway, a component of the innate immune response that reacts to the presence of viral mRNA 

preventing its cleavage 52–54. The analysis of transcripts produced both in vivo and in vitro showed the 

presence of capped and uncapped viral mRNAs, although some capped transcripts exhibit incomplete 

2’-O-methylation 55. Furthermore, silencing of VP3 alone leads to a decrease of the synthesis of viral 

RNA but does not affect the synthesis of viral protein, whilst silencing  of both VP3 and RNase L 

resulted in a decreased level of viral RNA in cells 53. This effect was not due to a decreased 

transcription or replication of the viral genome but more likely to the activity of RNase L, which is not 

controlled when VP3 is absent. The results obtained from these experiments suggest a role of VP3 in 

the stability of viral mRNAs that is not due to the capping activity but is related to the presence of a 

PDE domain that, by antagonizing the RNase L pathway, protects viral mRNA from degradation. 

 
 
1.4.4 VP4 
 
The protein VP4 (88 kDa) is encoded by the genome segment 4 and it is the component of the 

external shell with its 60 spikes, which are in contact with both VP7 and VP656. VP4 is the protein that 

confers infectivity to the viral particle 57,58 and plays a key role in the entry of the host cell 59,60. 

Furthermore, VP4 has been shown to have many different properties as viral hemagglutinin61, as 

determinant of virulence62 and as neutralization antigen63. 

Like many other viruses (paramyxoviruses, orthomyxoviruses and retroviruses) which use the 

proteolytic digestion of viral spike proteins64, rotavirus has also exploited this mechanism to enhance 
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its infectivity.  The VP4 protein undergoes enzymatic digestion (trypsin, elastase and pancreatin in 

the intestinal tract, reproduced in vitro by trypsin) on Arginines 231, 241, 247 but, since those 

residues have different susceptibilities to digestion, the cleavage occurs in an ordered sequence 57,58. 

The cleavage of VP4 generates two products: VP8* (28 kDa), which represents the distal domain of 

the protein, and VP5* (60 kDa) that represents the proximal domain. Both fragments of VP4 remain 

non-covalently associated in the virion after the cleavage and are implicated in the attachment of the 

virus particle to the cell surface. VP8* forms the “head” of the spike and, since it contains 

haemagglutinin activity, it is involved in the binding of sialic acid, determining the tropism of the 

virus65, whilst VP5* is implicated in the interaction with integrins66. 

VP4 is folded in a protease-resistant structure but the soluble protein can be serially digested with 

chymotrypsin and trypsin yielding the fragment VP5CT, the N-terminal half of VP5*15. 

Furthermore, trypsin digestion of VP4 protein allows the accessibility to other cleavage sites at lysine 

258, arginine 582 and arginine 467 defining structural alteration in VP7 trimers and probably 

enhancing the infectivity of the viral particle 67. Some differences between trypsin-untreated and 

trypsin-treated viral particles can be found in cryo-electron microscopy reconstruction. In this 

context, the spikes of trypsin-untreated virions are not visible, whilst the visibility strongly increases 

when particles are digested with trypsin. This suggests that VP4 spikes are icosahedrally disordered 

in the non-trypsinized TLPs, but they shift to a more stable conformation in the presence of the 

trypsin cleavage 67.  

 

 

 

 

 

 

 

 

 

 

Figure 8: Atomic model of the VP4 spike. Top, ribbon presentation of the atomic structure of VP4 spike, the colour code matches that 
of the linear diagram in the bottom. Each of the subunits (named A. B and C) are highlighted in colours while the remaining molecules 
are shown in grey. Bottom, diagram of the organization of the VP4 chain, VP4 proteolytic products (VP5* and VP8* and domains are 
labelled. Residues delimiting domains and trypsin cleavage sites are indicated (Adapted from 66). 
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Despite the initial indication of a dimeric structure, VP4 was discovered to be a trimer 15,66. When 

uncleaved virions are released from infected cells, three VP4 molecules with flexible stalks occupy 

each of 60 symmetry-equivalent positions; upon trypsin cleavage, the external portion of two VP4 

subunits become more rigid, clustering into the “body” of the spikes, elevating and presenting the 

respective two VP8* fragments, named “heads”, that cover their hydrophobic tips; the third VP4 

molecule, named “stalk”, remains flexible and a second rearrangement occurs, favouring the cell 

entry (Fig. 8). At this stage, two VP5* subunits fold back on themselves and join a third VP5* subunit 

to form a tightly associated trimer, shaped like a folded umbrella, from which VP8* dissociates, 

probably due to the loss of VP7. This second rearrangement was thought to be a mechanism to 

unmask the hydrophobic apex of the VP5* antigen domain, which may insert into a host-cell 

membrane exposing the membrane interaction regions and allowing cell penetration 15,68 (Fig.9). The 

C-terminal domain of all the three subunits contribute to form the “foot”, that is buried beneath by 

the VP7 shell69(Fig. 8). 

 

 

 

 

 

 

 

 

Figure 9: Conformational rearrangements of the rotavirus spike during entry. The rotavirus spike is formed by three subunits of VP5* 
(warm colors) and capped by two subunits of VP8* (grey). The hydrophobic loops thought to interact with the membrane (green) and 
the sequence in VP5* that will refold into a coiled-coil (blue) are highlighted. During penetration (or fusion), the meta-stable ‘pre’ state 
is perturbed, resulting in dissociation of the receptor-binding subunits, extension of the penetration protein, and insertion of the 
hydrophobic peptide into the host cell membrane (yellow). How refolding of VP5* accomplishes membrane penetration is currently 
not known. Dissociation of the VP7 layer appears to trigger VP5* refolding, but it is also not known if VP5* performs membrane 
penetration while still particle associated or as a discrete complex (Adapted from 67). 
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On the basis of these observation, we can conclude that VP4 has a metastable structure and 

undergoes three rearrangements that correspond to priming and virus entry: i) trypsin-primed stage 

that exposes VP5* for binding to the membrane of the cell, ii) dimeric interaction of two VP4 subunits 

that form the visible spike and allow binding to the cell surface ligands and iii) trimerization, that is 

probably associated with the virus entry 15 (Fig. 10).  

The role of trypsin activation for the acquisition of a stable conformation by VP4 and a successful 

infection was questioned by the observation that knocking out VP4, the DLPs are still able to bud into 

the ER and become TLPs lacking the VP4 spikes70. 

 

 

 

 

 

 

 

 
 
 

 
1.4.5 VP6 
 

VP6 (segment 6, 45 kDa) plays a key role in the organization of the virion, forming the 260 trimers 

that constitute the intermediate layer 71–73. VP6 is in direct contact with both the inner and the outer 

layers and is involved in different functions such as the entry in the host cell, the packaging of the 

viral genome 74 and the transcription of viral messenger 75. 

Several experiments suggest that the interactions between VP6 and VP2 is important not only for the 

stability of DLPs but also influences the transcription and the exit of the transcripts from the viral 

particles 76. Further studies confirmed the transcriptional inhibition of DLPs due to structural changes 

in VP6, induced by the interaction with VP7 and also by the use of neutralizing antibodies against VP6 
39,77,78.  

Figure 10: Model for VP4 rearrangements during priming and entry. The colors code matches that of the linear diagram (D). Wavy lines 
indicate flexibility. A) Uncleaved state. B) Trypsin-primed state. C) folded-back state that corresponds to the VP5CT crystal structure 
(Modified from 13). 
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During the infection, VP6 is located in the periphery of the viroplasms, where new DLPs are 

assembled, but it is also found near the Endoplasmic Reticulum (ER) 79, revealing a possible role in 

the budding of newly formed DLPs into the ER. This hypothesis is supported by the interaction of VP6 

with the non-structural protein NSP4, which is the viral-transmembrane protein mediating the 

budding of viral particles into the ER lumen 80–82.  

From a structural point of view, the VP6 monomer is composed by two domains B and H (Fig.11) 

involved in stabilization of the trimeric structure and the contact with the proteins of the other layers 

(VP2, VP7, VP4). On the top of the monomer there are 3 loops and a β–hairpin. 

 

 

 

 

 

 

 

 

 

 

 

The trimer is an elongated molecule resembling a tower-like shape with a triangular base of around 

60 Ả on either side and a roughly hexagonal section head with a diameter of 45 Ả (Fig. 12). The three 

subunits that form the VP6 molecule wrap around a central 3-fold axis with a right-handed twist. 

Each trimer contains conserved surfaces for interactions with other structural proteins, at the base 

for binding to VP2, at the top contacting VP7, at the side of domain H to interact with VP4 and at 

domain B for lateral interaction with other VP6 trimers.  

VP6 loops proved to tolerate some exogenous amino acids as demonstrated by the incorporation of 

VP6, containing the Biotin Acceptor Peptide (BAP), into the progeny viruses following infection with 

RV carrying a wild-type VP6 83. 

At the centre of the molecule, a Zn2+ ion is located, and it is coordinated by three histidines, one for 

each component of the trimer. When mutations in the Zn2+ coordination sites occur, the trimer 

becomes more sensitive to proteases, although such alteration has no effect on the interaction with 

Figure 11: Diagram of the monomer of VP6. Domain H (residues 152-331) is indicated in red, the two segments that composed domain 
B are indicated in blue (residues 1-150) and in green (331-397).  
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VP2 or on DLP transcriptional activity. The centre of the twenty faces of VP2 have been supposed to 

act as nucleation point interacting with the VP6 trimers and then the same interactions between the 

trimers work as a driving force for the assembly of the second layer. 

When co-expressed from plasmid in insect or mammalian cells, VP2 and VP6 can form double-layered 

virus-like particles (VLPs) that can be purified 41. However, while VP2 can form core-like particles in 

the absence of other viral proteins, VP6 forms spherical or tubular structures only when VP2 is not 

present, highlighting the importance of VP2 in the assembly of VP6-contained viral particles. 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 

1.4.6 VP7 

 
VP7 (38 kDa) is the protein encoded by the genome segment 9 for most RV strains. It is organized in 

260 trimers forming the external layer of rotavirus56, into which VP4 molecules are inserted. In many 

rotavirus strains VP7 is N-glycosylated. It is characterized  by a high content of conserved cysteines 

that form disulfide bonds essential for the correct folding of the protein and the maturation of viral 

particles84.  

During the replicative cycle the newly synthesized VP7 is inserted in the ER membrane with a luminal 

orientation85. The VP7 targeting to the ER is due to two hydrophobic regions located at the N-

terminus of the protein and are cleaved immediately after the insertion of the protein in the 

membrane but are still necessary for retention of VP7 in the ER 85–89. The C-terminus is thought to be 

protruding into the cytosol and have important functions for the assembly of mature viral particles90. 

Figure 12: Representation of the upper and later view of VP6 trimer 
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VP7 trimerization needs Ca2+ confirming that conformation and stability of VP7 are Ca2+ dependent91 
92, thus calcium chelation can also be used in vitro to remove the external shell and generate DLPs93. 

The uncoating of the TLP during entry and the formation of the third layer during assembly are 

considered to be the result of Ca2+ dependent conformational modification of VP7. RNA interfering 

assays indicate that VP7 is responsible, together with NSP4, for the variation of calcium levels during 

infection94. Knocking down VP7 does not affect the expression nor the distribution of viral proteins 

but it leads to an accumulation of “enveloped” particles inside the ER, although a small production 

of mature and infective viruses is still detected70,95. Because of its capacity to destabilize membranes, 

VP7, together with NSP4, seem to play a key role in the removal of the envelope after budding of 

DLPs into ER. 

The important role played by VP7 during cell entry is not only due to its membrane permeabilizing 

activity89, but also to its binding to αvβ3  and αxβ2 integrins on the plasma membrane 96 97. VP7 

exhibits an inhibitory role of DLP transcriptional activity inducing a structural change of VP6 with a 

consequent reorganization of the VP6 trimers around the 5-fold axes39;moreover, it causes a steric 

hindrance that blocks the exit of nascent mRNAs through the type I channels17.  

 

1.4.7 NSP1 
 
NSP1 (59 kDa) is encoded by the genome segment 5. It is an RNA-binding non-structural protein that 

accumulates in the cytoplasm of infected cells in association with the cytoskeleton98. It is the least 

conserved of all rotavirus proteins; only the N-terminal zinc binding motif, demonstrated to be 

essential for binding viral RNAs at the 5’UTR, seems to be maintained across different strains99.  

NSP1 has also the ability to target the Interferon Regulatory Factor 3 (IRF3), a transcriptional factor 

with a key role in the induction of the interferon antiviral response 100. This cellular protein is 

activated upon viral infection, promoting the expression of IFN-β. This interleukin is secreted and 

induces the neighbouring uninfected cells to express another transcription factor, IRF7101. IRF7 is the 

main responsible for the production of type I IFN (IFNα and β) in the anti-viral host response.   

NSP1 role in viral replication is related to the counteraction against the interferon response102 and 

the fight against apoptosis in the host cell activating the survival pathways during early stages of 

infection103. More in detail, NSP1 suppress exogenous IFN response acting as a broad-spectrum 

antagonist. 

NSP1 has been shown to target IRF3 to the proteasome 102, and it has been proposed to act as a E3 

ubiquitin protein ligase since the arrangement of the cysteine residues of the zinc binding motif 
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resembles RING fingers of the E3 ligase100. However, NSP1 of some rotavirus strains does not interact 

with IRF3 as a target, despite having an intact zinc-binding domain100.  

The ability to degrade or inhibit IRF3 is not found in all the rotavirus strains (i.e. porcine OSU) but 

they still inhibit IFN induction by activating a pathway that affects NF-kB activation, degrading the 

essential cofactor β-TrCP104 or sequestering in viroplasms the NF-kB subunit, a protein transcription 

factor important for the regulation of genes responsible for both the innate and adaptive immune 

response105. 

Furthermore, it has been shown that NSP1 also induces the proteasome degradation of IRF7 and 

IRF5102. This is probably related with the ability of the virus to replicate in specialized trafficking cells 

(macrophages and dendritic cells) constitutively expressing IRF7 106 and IRF5, which is a factor 

involved in triggering apoptosis during viral infection107. Based on these observations, NSP1 may be 

considered as a broad-spectrum antagonist of the innate immune response. 

NSP1 affects IFN production also inhibiting retinoic acid inducible gene I (RIG-I) in an IRF3- 

degradation-independent mechanism108. Recently it has been reported that NSP1 inhibits IFN-

mediated STAT1 phosphorylation and the subsequent transcription of antiviral interferon-stimulated 

genes (ISGs) impairing the migration of STAT1 in the nucleus and leading to its accumulation in the 

cytoplasm105,109. Furthermore, NSP1 also degrades mitochondrial antiviral signalling protein (MAVS) 

impairing the interferon response induced by the presence of viral RNA in the cytoplasm110. 

The importance of NSP1 in the viral replication has always been subject of studies. Silencing assays 

of NSP1 expression showed that the synthesis of viral proteins or the assembly of viral particles are 

not affected 95 and viruses with rearranged NSP1 gene encoding a truncated version of NSP1 lacking 

the C-terminus still efficiently replicate in cell cultures 111. 

These observations have been confirmed by the production of the first recombinant rotavirus using 

the recently developed reverse genetics technique7. This study showed that the C-terminal 103 

residues of NSP1 are required to inhibit IFN signaling by inducing proteasome-dependent 

degradation of IRFs7. Furthermore, a replication-competent recombinant rotavirus expressing only 

the N-terminal 27 residues of NSP1 retains the ability to propagate but with an attenuated replication 

kinetic, probably explained by the defect in the IFN suppressor activity of NSP17,112.  

Since these results confirmed the non-essential role of NSP1 for replication, the genome segment 

encoding the NSP1 protein has been engineered to contain exogenous proteins and create the first 

rotaviruses expressing fluorescence proteins (EGFP, mCherry, ZsGreen) 113,114. 
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1.4.8 NSP2 
 
NSP2 (encoded by segment 8, in most RV strains, 36,7 kDa) is a basic, conserved protein with an 

important role in virus replication. 

It is also responsible for different roles during the infection: ssRNA binding, nucleic acid helix 

destabilization 115 probably required to relax positive-strand RNA templates to facilitate genome 

replication, Mg2+ dependent nucleoside triphosphatase (NTPase) 116, RNA triphosphatase (RTPase) 
117 and nucleoside diphosphate (NDP) kinase118. NSP2 is also able to interact with many different viral 

protein like VP130, VP2 119 and NSP5120, whose binding is important for viroplasm formation and might 

regulate the NSP2-RNA interaction during genome replication (Fig.13).  

NSP2 has also been detected in early replication complexes 50,121and during in vitro replication assays 

seems to interfere with the function of VP2, probably competing for ssRNA binding, but does not 

block VP1 template recognition122. 

Recently, it has been shown that two forms of NSP2 localize differently in infected cells: a cytoplasmic 

dispersed NSP2 (dNSP2) and a viroplasmic NSP2 (vNSP2) 123. The first form of NSP2 is involved in new 

viroplasm formation whilst the viroplasmic form is a component of mature viroplasms. These two 

forms are both phosphorylated but vNSP2 seems to have a higher phosphorylation rate. 

The role of NSP2 during the infection has been investigated both by NSP2 silencing experiments and 

the analysis of cells infected with a temperature-sensitive (ts) mutant of SA11 rotavirus strain 124,125. 

A reassortant RV encoding a mutated NSP2 (A152V), disabled the protein to maintain the octamer 

structure and consequently leads to the loss of several enzymatic capacities. These studies revealed 

its important role in viroplasm formation, genome replication and packaging. The requirement of 

NSP2 in viroplasm formation is also confirmed by the fact that NSP2 forms viroplasm-like structures 

(VLS) when transiently co-expressed with NSP5 in the absence of other viral proteins43. The NSP2 

monomer is composed of two domains, N-terminal and C-terminal domain, separated by an 

electropositive cleft with histidine triad (HIT)-like motif assigned to nucleotide binding and hydrolysis 

of γ-β-phosphate, two Mg2+ dependent activities with His225 as catalytic residue. 

Since the 5’ end of rotavirus (-)ssRNAs lack a γ-P126 and NSP2 was found in early replication 

complexes, it has been proposed that its RTPase activity is exerted through the removal of the 

terminal phosphate from the nascent negative strand RNA to protect it against the RIG-I antiviral 

pathway, that is triggered by the presence of three 5’-triphosphate on dsRNA127. RTPase specifically 

acts on the negative strand since the cap on the positive strand interferes with its function118.  
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NSP2 was thought to play a role not only in the homeostasis of NTPs necessary for transcription, 

thanks to the NDP activity, but also to act as a molecular motor in which its NTPase activity provides 

energy for genome replication and encapsidation. 

 

The functional form of NSP2 is a doughnut-shaped octamer with a central hole and four deep 

positively-charged grooves14,128. While the enzymatic activities of NSP2 can be attributed to the 

monomeric subunits, its binding properties require the formation of an octamer (Fig.13). More in 

detail, it has been shown that NSP2 has a nucleic acid helix destabilizing activities 111 and it is able to 

bind NSP5 129 and VP134. The four deep positively charged grooves extending diagonally across the 

octamer are the place where both ssRNA and NSP5 compete for the binding, suggesting that NSP5 

could act as a regulator of NSP2-RNA interactions during genome replication.  

The four grooves are also responsible for interactions with tubulin, and evidence suggests that NSP2 

is able to sequester tubulin, explaining the microtubules depolymerization observed during 

infection130. Recently, studies showed that only unphosphorylated dNSP2 interacts with alpha and 

beta tubulin. This interaction seems be important in the primary assembly of viroplasms but it is no 

longer required when viroplasms are established and NSP2 has been phosphorylated, becoming 

vNSP2123. 

 

 

1.4.9 NSP3 
 

Figura 13: Structures of NSP2 and interactions with RNA and NSP5. Left: Octameric structure of NSP2. The monomer is colored in 
red, respectively, and the rest of the subunits in the functional octamer are shown in gray. Middle: NSP2 monomer showing the two 
subunits. Right: Cryo-electron microscopy of NSP2 binding to NSP5 and NSP2 binding to RNA (Adapted from 125). 



 26 

NSP3 (encoded by segment 7 in most strains, 35 kDa) is a slightly acidic protein composed of two 

functional domains separated by a dimerization domain. During viral infection, NSP3 is distributed 

diffusely throughout the cytoplasm, but its role in the viral replication cycle is still not completely 

clarified. Some experiments suggests that NSP3 might be involved in the block of cellular proteins 

synthesis, whilst its complicity in the synthesis of viral proteins is still debated131. 

Capping and polyadenylation of mRNAs play a key role during the synthesis of cellular proteins, 

resulting in a more efficient initiation of translation: the 5’ cap (m7GpppN) is bound by eIF4F while 

the poly(A) tail is recognized by the poly A binding protein (PABP). These two effectors are then linked 

by the scaffolding protein eIF4G that circularize the messenger facilitating the recruitment of the 

small 40S ribosomal subunit. During infection, viral messengers are supplied with a 5’ cap, provided 

by VP3,  but lack the poly(A) tail; however, the N-terminal domain of NSP3 can act as an analogue of 

PABP recognizing the sequence GACC within the consensus sequence at the 3’UTR of all viral mRNAs, 

thus protecting the 3’ end from RNase digestion132,133. Interestingly, NSP3 can recognize only mRNAs 

derived from the same serogroup, which could be one of the reasons why genomes of rotaviruses of 

different species cannot reassort133.  

Other structural and functional data showed that the C-terminal domain NSP3 binds to eIF4GI in the 

same region recognized by PABP134, while the central domain of NSP3 has been found to bind RoXaN 

(Rotavirus X protein Associated with NSP3)135, a cellular partner whose function seems to be involved 

in translation regulation and that offers a zinc-finger motif, thus facilitating protein-protein or nucleic 

acid-protein interactions. RoXaN can form a ternary complex with NSP3 and the other cellular ligand 

of NSP3: eIF4GI (eukaryotic Initiation Factor 4GI). 

The two terminal domains have been further investigated by X-ray crystallography in complex with 

the respective ligands: the hexanucleotide derived from mRNA 3’ consensus sequence 135 and a 

fragment of eIF4G136. The N-terminal domain is a heart-shaped asymmetric homodimer with a single, 

highly basic RNA binding tunnel for the specific recognition of the 3’ consensus sequence, while PABP 

showed a multi RNA recognition motif. The C-terminal domain is a symmetric homodimer in which 

each monomer creates a total of two hydrophobic binding pockets for eIF4G137. 

It has been demonstrated that NSP3 is able to hijack PABP into the nucleus leading to an inhibition 

of cellular mRNAs translation138. On the other hand, NSP3 enhances the translation of viral proteins 

through the interaction between mRNA and eIF4G, promoting the circularization of viral mRNAs134. 

However, this theory was questioned by the observation that viral proteins are visible already two 

hours post infection whilst the association between NSP3 and eIF4G is detected only 4 hours post 



 27 

infection139. Furthermore, RNA interference experiments that knock-down NSP3 expression 

confirmed its antagonising role with regard to cellular transcription but also showed that NSP3 is not 

required for viral protein synthesis and, even more, its silencing correlates with an increased 

synthesis of viral RNA with a concomitant increase in the yield of viral progeny. This effect is probably 

due to the fact that the tight connection between NSP3 and (+)ssRNA could somehow interfere with 

the synthesis of negative strand. It has then been proposed that the interactions of eIF4GI and the 3’ 

end of viral RNAs have two distinct functions: the first would help sequestering eukaryotic translation 

initiation complexes, thus inhibiting cellular protein synthesis, the second would prevent viral plus-

strand RNAs from being selected for replication, thus ensuring a pool of transcripts to be available 

for translation, or would protect viral mRNAs from degradation131. 

 

 
1.4.10   NSP4 
 

NSP4 (20kDa) is encoded by segment 10 and it is a multifunctional non-structural glycoprotein with 

key roles in virus transcription, morphogenesis and pathogenesis11,85. During the infection, three 

pools of NSP4 with different functions have been identified based on their localization in infected 

cells: i) a first pool is represented by the NSP4 molecules localized in the ER membrane with the role 

of mediating the DLPs budding into the ER; ii) a second pool includes the NSP4 molecules localized in 

an intermediate compartment between ER and Golgi apparatus (ERGIC) and plasma membrane 

where it associates with microtubules, lipid rafts and caveolae to direct trafficking of vesicles with 

new viral particles85; iii) the third pool involves NSP4 molecules distributed in cytoplasmic vesicular 

structures associated with the autophagosomal marker LC3 and with viroplasms, promoting the 

formation of large viroplasms by recruiting early viroplasms into presumed “scaffold vesicles”140. 

NSP4 contains three predicted hydrophobic domains named H1, H2 and H3. H1 is a 18 aa-domain, 

which is N-glycosylated in two sites and located in the ER lumen; H2 is a transmembrane domain and 

was initially thought to correspond to the signal sequence; H3 is embedded in lipid bilayers on the 

cytoplasmic side of the ER141 and is followed by a predicted amphipathic α-helix (AAH), which overlaps 

a folded coiled-coil region. This H3 domain is thought to mediate NSP4 oligomerization into dimers 

and tetramers stabilized by Ca2+  81,88,142. 

The hydrophilic C-terminal portion forms an extended cytoplasmatic domain and was shown to be 

involved in viral morphogenesis by acting as an intracellular receptor on the ER membrane143. 
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This C-terminus domain functions as a binding domain for immature viral particles144 and as binding 

sites for two extracellular matrix protein, lamin-β3 and fibronectin, which co-operate with 

pathogenesis145. Furthermore, the final part of the same domain is involved in a hydrophobic 

interaction with caveolin-1, a component of a subset of lipid raft microdomains called caveolae, 

which seems to be involved in the intracellular transport of NSP4146–148. In addition, the same region 

contains two distinct integrin interaction motifs that bind to α1β1 and α2β1 integrins, triggering a 

signalling cascades important for the enterotoxin function of NSP4149. The coiled-coil region and the 

C-terminus contains a site for VP4 and VP7 binding  that hetero-oligomerizes with NSP4 mediating 

the budding of DLPs into the ER lumen150. 

As already mentioned, NSP4 is a glycosylated protein and this post-translational modification takes 

place on two N-linked high mannose oligosaccharide residues, that appear to be critical for the 

function of NSP4. However, glycosylation of NSP4 was reported to be not essential for NSP4 binding 

to DLPs or for oligomerization, but it was required for binding the ER-associated molecular chaperone 

calnexin151. 

Silencing NSP4 expression revealed the involvement of NSP4 in many aspects of the replication cycle: 

i) regulation of production of viral transcripts by decreasing the quantity of (+)ssRNA, ii) translocation 

of viroplasm proteins and viroplasm maturation as NSP4 knockdown modifies distribution and 

trafficking of viral proteins and affects also viroplasms number and dimension; iii) genomic packaging 

and viral morphogenesis, NSP4 silencing also decreases the assembly of viral particles and increases 

the production of lower density particles, especially DLPs. 

NSP4 is considered to play a key role in calcium homeostasis during RV infection and also when NSP4 

is expressed alone. The effect of NSP4 is confirmed by the detection of increased calcium 

permeability of the plasma membrane leading to its accumulation into the cytosol94,152. 

 

 

1.4.11   NSP5 
 
NSP5 (encoded by segment 11, 22 kDa) is a phosphoprotein rich in Serine and Threonine residues 

that undergoes O-linked glycosylation as well as N-acetylation153, SUMOylation and 

phosphorylation154, that occurs when NSP5 is co-expressed with NSP2 or VP2. NSP5 is able to form 

multimers 155,156 and a strong affinity for ssRNA and dsRNA have been shown157.  

Despite recent developments, the exact roles in rotavirus replication of NSP5, of its post-translational 

modifications and of its interactions remain still unclear.  
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NSP5 localizes in viroplasms79 and, since it is the indispensable component for the formation of VLS, 

it is supposed to be the principal organizer orchestrating the formation of viroplasms43. NSP5-

silencing in infected cells leads, not only to the reduction in viroplasms, viral proteins and viral 

progeny but also to an anomalous distribution of viral proteins, which are dispersed in the cytosol, 

instead of being concentrated in viroplasms158. NSP5 not only produces viroplasm-like particles when 

co-expressed with NSP2 or VP2 and in the presence of calcium, but also recruits in those aggregates 

other viral proteins known to localize in viroplasms44. 

NSP5 has been extensively studied both in the full-length format and in many truncated variants, 

which provided new insights on the involvement of different NSP5 regions in several processes 

involving viroplasm formation, phosphorylation, capability of multimerizing and interactions with 

other RV proteins. The investigation of truncated forms of NSP5 proved that the C-terminal amino 

acids interact with each other forming dimers that complex in a decamer, the NSP5 biologically 

relevant form required for viroplasm formation in cells 159,160. Each C-terminus protrude as an arm 

and could allow simultaneous interaction with other NSP5 binding partners, including NSP2, VP1 and 

VP2. 

The NSP5 polypeptide consists of 196-198 amino acids (depending on the virus strain), has a high 

serine and threonine content and, once analysed by SDS-PAGE analysis, displayed several 

phosphorylated isoforms, from 26 to 35 kDa in size155,161,162. All these bands were shown to 

correspond to phosphorylated isoforms by labelling experiments, even the band at 26 kDa that is 

resistant to lambda- phosphatase (λ-PPase) treatment. Mass-spectrometry analysis revealed that 

NSP5 has nine serine phosphorylated sites that are present in all isoforms, except for serine 30 and 

37, without a position exclusive for a specific isoform 153. The mechanism leading to the NSP5 

phosphorylation in infected cells is not yet completely elucidated. There are reports indicating that 

NSP5 expressed in bacteria, purified and incubated with [γ-32P]ATP has a low level of auto-kinase 

activity in vitro, 162 but still this evidence is not sufficient to understand the hyperphosphorylated 

isoforms. Also the role of cellular enzymes like Casein Kinase 1α (CK1α) has been investigated showing 

that CK1α might be the first kinase to start the phosphorylation cascade through the phosphorylation 

of the Serine in position 67 of the NSP5 molecule 163–165. However, since the NSP5 alone does not get 

phosphorylated in non-infected cells the involvement of viral components has been hypothesized. 

NSP2 was the first candidate to up-regulate NSP5 hyperphosphorylation and it was shown that it is 

due to the interaction between the two non-structural proteins 120.  
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The speculated interaction between NSP5 and the positive groove of NSP2 128 was confirmed by mass 

spectrometry studies, revealing that serine 164 reaches the highest phosphorylation level suggesting 

that the increase of the negative charge could improve NSP5-NSP2 interaction 153.  

C-terminal domain of NSP5 is necessary for the hyperphosphorylation of the protein, probably 

because NSP5 needs to multimerize in complexes larger than dimers to be hyperphosphorylated 
129,160,166. Co-expression of NSP2 and a mutated form of NSP5 lacking the 18 C-terminal amino acids 

avoid VLS formation 43,164, indicating that an intact C-terminus plays a role in VLS and probably also 

viroplasms formation 167.  

A controversial issue is the possibility of a link between NSP5 hyperphosphorylation and VLS or 

viroplasm formation: despite the frequently observed correlation between the hyperphosphorylation 

status of NSP5 and the viroplasm/VLS formation, most evidence indicate that the former is not 

required for viroplasm/VLS formation. 

Furthermore, mutated NSP5 which is deleted of the 68 C-terminal amino acids is not 

hyperphosphorylated but is recruited into viroplasms in infected cells 163 and silencing of kinase CK1α 

inhibits NSP5 hyperphosphorylation but does not inhibit viroplasms formation 165, even if it modifies 

viroplasms shape and decreases dsRNA synthesis.  

 

1.4.12   NSP6 
 
NSP6 is encoded by an alternative ORF of segment 11, the same segment that encoded for NSP5. It 

is the smallest non-structural protein of rotavirus and it is expressed at very low levels in cytoplasm 

where it is degraded within two hours and replaced with a high rate of turnover. NSP6 is considered 

a protein not essential for viral replication: strains of RV that do not express NSP6 or encode a 

truncated version do not show defects in the replicative cycle 160,168,169. This observation was further 

confirmed by the generation of a recombinant virus lacking NSP6 protein, which was demonstrated 

to be not essential for viral replication in cell culture 170. 

NSP6 was found to interact with the 35 C-terminal amino acids of NSP5 and it has been proposed to 

have a regulatory role in the self-association of NSP5. Recently, it has been shown that similarly to 

NSP5, NSP6 has an unspecific affinity for both ssRNA and dsRNA 171. 
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1.5 Viral replication cycle overview 
 

The natural target of the rotavirus infection ARE the mature villous enterocytes of the small intestine 

but most of the information about RV replication cycle have been obtained through the infection of 

a cell line derived from monkey kidney (MA104), where the virus is able to propagate to a high 

infectivity titers.  

General features of the replicative cycle of rotavirus have been described (Fig.14): 

• The replication is exclusively cytoplasmatic; 

• Viral enzymes take part in the replication and transcription of viral RNA; 

• Viral transcript (+)ssRNAs act as both, messengers for the production of viral protein and 

templates for the synthesis of negative strand RNAs; 

• The viral replication takes place in cytoplasmic viral factories called “viroplasms”, where viral 

proteins and RNA accumulate; 

• Free dsRNA or free negative-strand ssRNA are never found in infected cells, therefore it is 

concluded that the negative strand is synthetized only within the new viral particles; 

• Levels of intracellular calcium are crucial to allow virus assembly and stability of the virions. 
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Figure 14: The rotavirus replication cycle. The rotavirus virion first attaches to the target cell; many strains bind cell surface sialic acids 
through VP8* (produced by cleavage of VP4 into VP5* and VP8*) at the tips of the virion spikes. Binding to HBGAs, Non-clathrin-, non-
caveolin-mediated endocytosis delivers the virion to the early endosome. There, reduced calcium concentrations are thought to trigger 
uncoating (loss of VP7) of the triple-layered particle (TLP) and membrane penetration by VP5*. Loss of the outer capsid and release of 
the double-layered particle (DLP) into the cytosol activates the internal polymerase complex (VP1 and VP3) to transcribe capped 
positive-sense RNA ((+)RNAs) from each of the 11 double-stranded RNA (dsRNA) genome segments. (+)RNAs serve either as mRNAs 
for synthesis of viral proteins by cellular ribosomes or as templates for synthesis of negative-sense RNA ((–)RNA) during genome 
replication. Non-structural protein 2 (NSP2) and NSP5 interact to form large inclusions (viroplasms) that sequester components 
required for genome replication and the assembly of subviral particles. Genome packaging is initiated when VP1 (and, presumably, 
VP3) bind the 3ʹ end of viral (+)RNAs. It is currently thought that interactions among the 11 (+)RNAs drive formation of the ‘assortment 
complex’; the current model proposes that interaction with the rotavirus transmembrane protein, NSP4, recruits DLPs and the outer 
capsid protein VP4 to the cytosolic face of the endoplasmic reticulum (ER) membrane. Through an undefined mechanism, the DLP–
VP4–NSP4 complex buds into the ER. Subsequent removal of the ER membrane and NSP4 permits assembly of the ER-resident outer 
capsid protein, VP7, and formation of the TLP. (Adapted from 322).  
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1.5.1 Cell attachment, entry and uncoating  
�

Rotavirus attachment and entry is a multistep process that involves sequential interactions of VP4 

and VP7 with different cellular receptors 57,60. 

Although VP7 has been shown to contribute to the attachment 50,172, VP4 plays a major role in this 

preliminary phase of cell entry173. The first event involving VP4 (88KDa) is its cleavage by intestinal 

trypsin into two fragments, VP5* (60KDa) and VP8* (28KDa), which remain associated in the virion57. 

Whereas, binding to cells does not require cleaved VP4 or glycosylated VP7 efficient cell entry 

requires proteolytic cleavage of VP4174. 

Sialic acid (SA) was the first rotavirus receptor identified as crucial for cell attachment based on 

hemagglutination of red blood cells induced by some rotavirus strains 175,176. VP8* was recognized as 

the functional component of rotavirus hemagglutinin65. However, many rotavirus strains were shown 

to initiate infection even in presence of sialidase treatment of cultured cells and were not believed 

to bind to SA 177. Based on this observation rotavirus strains were divided in two categories: SA- 

dependent and SA-independent. This distinction is now considered imprecise because it was 

demonstrated that their sialic acid binding sites are located in internal positions of the 

oligosaccharide structure, protecting them from sialidases treatment.  

A second receptor identified in the preliminary attachment of the virus was the α2β1 integrin, which 

interacts with the DGE motif of VP5 96,178. However, different receptor plays a key role in the post-

attachment phase:  

• integrins α4β7, α4β1, α1β1 which are bound by both VP5* and VP7 179. 

• integrins αvβ3, αxβ2 interacting with GPR motif (residues 253 to 255 on VP7) 180,181. 

• The heat shock protein Hsc70, that interacting with VP5, may modify the conformation of 

virus particles to help the virus enter the cell and it is thought to play an important role in the 

following phase of internalization 182–184. 

• A role of the Histo-blood group antigens (HBGA) via the Galβ1-4GlcNa motif  has been recently 

investigated 185–187 and it seems that some strain of RV share the same HBGA receptors of 

Norovirus 188. 

The binding between virus and cellular receptors seems to take place in lipids-rich zones of the 

plasma membranes, called lipid rafts, containing cholesterol. In support of this hypothesis, it was 

shown that treatments like cholesterol extraction and inhibition of fatty acid synthesis, that impairs 

these regions, can drastically reduce the infectivity of the rotavirus97.  
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The internalization of the viral particles occurs through a not completely elucidated mechanism, but 

it does not take place at a temperature between 0-4°C, strongly suggesting that active cellular 

processes are required. Trypsin cleavage of VP4 enhances the process since trypsinized viral particles 

enter the cell more quickly than non-trypsinized particles and treatment with protease inhibitors 

reduce viral infection and replication67,189,190. 

Although it was thought that RV enters the cells directly through the membrane 60,191, recently it has 

been shown that the internalization process can happen both by a clathrin-dependent endocytosis 

or a clathrin- independent endocytosis, depending on different strains192,193. VP4 seems to be the 

factor that determined the pathway used for the entry, since a single mutation (K187R) is sufficient 

to switch the RV entry from clathrin independent to clathrin dependent193.  

Following the binding to the cellular plasma membrane, the viruses takes 60-70 minutes to be 

internalized 194 and, once within the cells, they converge in early endosome192. 

However, the entry of the membrane penetration of the virus can be bypassed by transfection of 

double layered particles (DLPs) using cationic liposomes, overcoming cell attachment and so infecting 

cells that are considered not susceptible to RV infections 195. The cationic liposomes tend to mimic 

the outer layer of RV particle and during internalization, in close time proximity with membrane 

permeabilization, the liposome-DLP complex undergoes a process of uncoating, leading to the loss 

of the external shell and the formation of the transcriptionally active DLPs within the cells. In this 

process, lower the calcium concentration can be play a key role depending on strains93,194,196,197. 

 

1.5.2 Transcription 
 

After cell entry, RV particles, containing the dsRNA genome segments, synthesize mRNAs that direct 

the translation of viral proteins and also function as templates for the synthesis of the dsRNA genome, 

which becomes encapsidated into newly made particles.  

However, synthesis of full-length positive-strands from the negative-strands of the dsRNA genome 

(transcription) occurs after cell entry (primary transcription) and when new DLPs are formed within 

viroplasms (secondary transcription)198. At least three hours are necessary to obtain a good quantity 

of product of primary transcription, while the starting of secondary transcription, performed by the 

new generation of DLPs assembled in viroplasms, is not well defined but it proceed for 9-12 hours 

and then decrease40,199. 

The transcriptional process can be divided in three stages: 
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• Initiation: synthesis of the first 6-7 nucleotides and capping of the nascent transcripts. 

• Elongation: synthesis still proceeds but transcripts start to separate from the genomic 

template. 

• Translocation: the growing transcripts pass from DLPs to cytosol through type I channels. 

 

The uncoating process and the consequent loss of the external shell seem to be essential to 

trigger the primary transcription93. However, TLPs cannot be defined as transcriptionally incompetent 

because, in vitro, they are able to produce small capped transcripts (5-7 nucleotides), suggesting that 

polymerase and capping enzyme are both functional in TLPs. It was hypothesised that the structural 

protein VP7 of the outer shell may cause a steric hindrance blocking the exit of nascent mRNAs 

through type I channels 200.  

Rotavirus contains all the necessary enzymatic machinery to synthesize complete capped mRNA 

transcripts within the core without the need for disassembly. Indeed, transcription occurs efficiently 

only when the transcriptionally competent particle is fully intact 17.  

Synthesis of viral transcripts is mediated by the endogenous viral RNA-dependent RNA polymerase 

complex (PC), consisting of VP1 and the capping enzyme VP3. These transcriptional complexes (TC) 

are complexed with every genome segment 20 and are located near the 5-fold axes of VP2 core 201.  

From the negative strand of the dsRNA, the viral polymerase VP1 produces copies of capped (+)ssRNA 

lacking a poly(A) tail. Since the initial template is a double stranded RNA, it was thought that a 

helicase-like protein may be required to unwind the template, but that enzymatic property has so far 

not been demonstrated for any of the viral proteins. To provide the capping for mRNA transcripts, 

the viral protein VP3 functions as both methyltransferase, which uses S-adenosylmethionine (SAM) 

as substrate, and guanylyltransferase, which uses GTP as substrate.  

Although the mechanism by which the RNA exit the particle is still not known it is thought that the 

newly made mRNAs leave the virion through type I channels and are released simultaneously from 

an actively transcribing particle 13,17.  

 

1.5.3 Translation 
 

Rotavirus uses the cellular translation machinery exploiting the ribosomes of the host. In the host 

cell, during the translation of cellular proteins the cap structure is recognized by the cellular cap 

binding protein eIF4E, which promotes the association with the 40S ribosomal subunit; a helicase 

unwinds RNA secondary structures and the scaffolding protein eIF4G binds PolyA Binding Protein 
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(PABP), circularizing the messenger. However, since RV transcripts do not have a poly(A) at the 3’end, 

they are unable to recruit PABP. 

The rotavirus viral protein NSP3 recognizes the 3’consensus sequence of viral messengers and is able 

to compete with PABP for the eIF4G binding. However, the PABP-analogous activity of NSP3 seems 

to not be correlated with an increase of viral protein; it rather stops translation of cellular mRNAs by 

interfering with PABP/eIF4G binding and accumulating free PABP in the nucleus. Furthermore, the 

binding of NSP3 to viral (+) RNAs has been proposed to protect viral mRNAs from degradation, 

keeping a pool of plus-stranded RNAs in the cytoplasm available for translation 131. The result of all 

these processes leads to a shut-off of translation of cellular proteins, favouring the synthesis of viral 

proteins. 

Most of viral mRNAs are translated by free ribosomes; only VP7 and NSP4 are translated by ribosomes 

associated to ER, due to a specific N-terminal signal sequence, which, in the case of VP7, is cleaved 

during translation 198. 

The incorporation of (+)RNA into replication complexes and virus assembly occur in viroplasms, which 

are electron-dense structures first detected in the cytosol 2 to 3 hours after infection, when a critical 

amount of viral proteins is reached. How the viroplasms assemble is still unknown but it has been 

hypothesized that they start assembling around the incoming DLPs 95.  

Viroplasms are composed mostly of viral proteins (VP1, VP2, VP3, VP6, NSP2, NSP5, and in some 

strains NSP6). The non-structural proteins NSP2 and NSP5 are essential for the formation of these 

viral factories, as the co-transfection of these two proteins are able to induce the formation of 

Viroplasm-Like Structures (VLPs). Interactions among VP1, VP2, VP3, VP6, tubulin and NSP5 may play 

a role in supporting and maintaining viroplasms organisation. The proteasome is also essential for 

early assembly of viroplasms, since silencing the proteasome reduces accumulation of virus proteins, 

viroplasm formation, and RNA replication 202.  

Viroplasms formation has been hypothesized to start once NSP2 dispersed in cytoplasm (dNSP2) 

associates with unphosphorylated NSP5 and the interaction between dNSP2 and microtubules leads 

to the recruitment of the other components forming the viroplasms. At this stage, the 

phosphorylation of the proteins induces a conformational change in dNSP2 that becomes 

viroplasmatic NSP2 (vNSP2), triggering viroplasms maturation 123. 
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1.5.4 RNA replication and packaging  
 

RNA replication and packaging represent the most studied processes in the rotavirus life cycle, 

although very little is known about how RV replicates its genome and chooses the eleven genome 

segments.  

The newly developed reverse genetics system (REF) will help to understand the molecular 

mechanisms which substantiate these viral steps. 

The newly synthesized (+) RNA strands are used not only as transcripts for the synthesis of viral 

proteins, but also as templates for the synthesis of the complementary (-) RNA strands, leading to 

the emerge of the dsRNA genome segment that will be encapsidated into newly-formed viral 

particles.  

After replication, dsRNAs remain associated with viral proteins such as VP1, VP3, and non-structural 

proteins NSP2 and NSP5, with which it forms some replication intermediates that precedes the 

formation of subviral particles. Due to the association to viral proteins, genomic dsRNA is never found 

free in the infected cells 50,121. 

The  VP1 viral polymerase acts both as transcriptase and replicase catalysing dsRNA synthesis only in 

the presence of the core protein VP2, as showed by in vitro assays31. In supporting of the essential 

role of VP1-VP2 complexes in the replication of the rotavirus genome, transfection experiments of 

VP1 and VP2 in insect cells were performed42.  Upon the expression of the two proteins, some 

complexes VP1-VP2 are generated and, after purification, they showed the capacity to trigger dsRNA 

synthesis in a cell-free system 31,203. However, the levels of replicase activity were significantly higher 

in the presence of VP3, suggesting that VP3 may play a key role in the replication of RV genome. 

In vitro, the ratio between VP1 and VP2 in replication activity is 1:10, strengthening the idea that 

pentamers assembled on the core surface act as scaffold for the replication activity, suggesting an 

important structural role for VP2 in the formation of a fully functional early viral particle32. 

The 3’-terminal sequence plays a key role in the synthesis of the minus strand. Specifically, the UR 

portion of the sequence acts as a recognition signal for the RNA dependent RNA polymerase, 

facilitating the recruitment of the CC terminal portion that cooperates to stabilize the initiation 

complex 32. 

The recruitment of the 5’ cap to a specific binding site on VP1 can reinforce the interaction between 

VP1 and RNA 16. After genome replication, the dsRNAs are sequestered in cores and act as templates 

for a second round of transcription in which VP1 synthetise (+)ssRNA starting from 3’ end of (- )ssRNA 
16. Similarly to translation, the first steps of replication of the genome concern only a small portion of 
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RNA transcripts, which increase as soon as new DLPs are formed 40. 

Replication takes place in viroplasms, viral factories mainly formed by NSP2 and NSP5 proteins and, 

although non-structural proteins are not essentially required for replicase activity, they may play a 

pivotal role increasing genome packaging or replication efficiency in vivo. SiRNA studies were 

performed to discover their role in replication and packaging. These experiments proved that 

silencing NSP5 leads not only to the inhibition of viroplasms formation, but also to a reduction of 

(+)ssRNA and dsRNA 204–206, whilst silencing NSP2 affects genome replication 95.  

The octameric form of NSP2, due to its ssRNA binding and helix destabilizing properties, has also been 

proposed to function as a platform that organizes replication complexes and unwind secondary 

structures in positive-sense RNA templates orchestrating the selection of the eleven genome 

segments to package 207. Furthermore, NSP2 takes part in genome replication acting as a molecular 

motor providing the energy deriving from hydrolysis of NTPs for dsRNA synthesis and/or genome 

packaging 14.  

The close association of NSP2 with NSP5 in viroplasms, the shared affinity for the RNA and the 

interaction of NSP5 with VP2, suggested a regulatory role for NSP5 that may act as a scaffold protein 

between NSP2 and VP2. 

On the other hand, other RV non-structural proteins NSP3 131, NSP4 208 and VP7 95 are clearly not 

involved in replication and packing processes. 

In the end, as already mentioned, RV needs an active proteasome to enable its replication, as 

proteasome inhibitors block viral replication avoiding VP1, VP2 and VP6, recruitment into viroplasms 
202,209. 

 

Viroplasm, where RV dsRNA replication takes place, is a very selective environment which is mainly 

composed by viral protein and appeared to be refractory to the entrance of any other cellular RNAs 

or proteins 95. 

In support of this, silencing experiments against viral genome segment 9, coding for VP7, showed the 

capacity to knockdown the VP7 protein, while the amount of newly made gs9 dsRNAs appeared to 

be normal 95. This evidence supported the idea of the existence of two separated pools of (+)ssRNAs, 

one used for translation and the other for replication. In fact, it is thought that the transcripts that 

act as templates for genome replication extrude by DLPs and are then captured by RNA binding 

proteins (e.g. NSP5, NSP2, VP1, VP2), therefore they are located inside the viroplasms and protected 

against siRNA-mediated degradation. On the other hand, transcripts that act as messengers for 
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protein synthesis are located in the cytoplasm and are sensible to the siRNA-RISC complex. This model 

opens new insights into the packaging of RV genome segments and supports the idea that an active 

trafficking pathway from cytoplasm to viroplasm is not present.  Furthermore, the labelling of 

(+)ssRNA transfected into cells at 5 hours post infections proved that viroplasms are refractory to the 

entrance of exogenous recombinant mRNAs 95, but, since the incorporation of exogenous RNA in the 

viral progeny has been reported 210, viroplasms are thought to be not completely isolated but to 

exhibit only a limited accessibility.  

Differently from transcription, genome packaging is a very selective process capable to guarantee the 

presence of all eleven genome segments in equimolar amounts in every newly assembled RV particle. 

Genome segments have only a partial homology but have secondary structures different from each 

segment and they are conserved in different strains23,211. The requirements for packaging are rather 

complex and they suggest that all viral mRNAs are recognize by VP1, but the mechanisms of 

recognition can be different from gene to gene. Secondary structures of the eleven dsRNA segments 

proteins may act as packaging signals to assure a complete genome assortment and nonstructural 

could be involved in facilitating the selective packaging 23,207. 

However, it remains unclear how rotavirus + RNAs are selected for packaging into cores. Previous 

studies on pre-formed core particles failed to demonstrate a preferential packaging of RV viral + RNAs 

in vitro 212, opening the way to the hypothesis that other factors (viral or cellular proteins) might 

contribute to packaging specificity 23,207,213 

 

Two main packaging models have been described 213,214 (Fig.15): 

• The concerted packaging model. In this model, assortment is mediated by RNA–RNA 

interactions and happens before genome packaging. Polymerase Complex (PC, composed by 

VP1 and VP3) binds each (+)ssRNA produced by DLPs, thanks to the VP1 high affinity for 5’ 

cap and 3’ terminal sequence. After assortment, VP2 plays a key role assembling around RNA-

protein complexes and promoting the synthesis of the (-)ssRNA. However, when VP2 is 

absent, NSP2 and NSP5, can help the assortment of the PC-RNA complexes through their 

interaction with stem-loop structures present on the same filaments. Furthermore, it was 

hypothesized that the affinity of VP1 for RV (+)RNA creates a catalytically inactive complex, 

giving time for the 11 replication templates to find each other before core shell encapsidation. 

Recent in vitro studies supported this model showing that previous interactions among the 

different (+) RNAs might be important in the packaging of the viral genome 215. 
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•  The core-filling model. The 11 (+)RNAs undergo ordered insertion into a pre-formed protein 

shell that does not contain RNA but is conjugated with PC anchored to the internal shell of 

the particle. Through the NTPase activity of NSP2, each (+) RNAs is individually translocated 

into the core shells, after being assorted by a specific binding with viral protein. Following 

introduction of the 11 +RNAs, PCs are activated and the RpRd initiates minus-strand synthesis 

to generate the dsRNA genome. However, there are several problems in supporting a core-

filling packaging model for RV. Although empty particles can be recovered from the infection, 

there are not direct evidences that these particles are precursor of virions, nor that they 

contain partially packaged or replicated genomes. Furthermore, particles lacking the genome 

are reproducible with the co-expression of VP1, VP2 and VP3 but there are no experimental 

data suggesting a packaging capacity in vitro, even in the presence of NSP2. Some studies 

showed that knocking down VP1 expression in infected cells still leads to the accumulation of 

empty particles, in contrast with this model that deny a role of VP1 in (+)ssRNAs translocation 

in the cores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Models of RV +RNA assortment and packaging. The two models of selective (+)ssRNA packaging, concerted or core-filling, proposed for RV.  
[Modified from 214] 
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1.5.5 Morphogenesis and release 
 
Initial assembly of viral particles starts in viroplasms, where new DLPs are synthesized and viral 

genome segments are sorted and packaged through a still unknown mechanism. During the course 

of viral infection, viroplasms mature, showing an increase in size and a decrease in number, fusing 

themselves through microtubular network 129,216. 

For the encapsidation, VP1 and VP3 need the interaction with the N-terminal portion of VP2 35 and 

assembly of the VP6 intermediate layer takes place only after the formation of cores. Purification of 

viral virions by CsCl gradient ultracentrifugation showed that the assembly occurs in absence of VP1 

and VP340. 

It has been hypothesized that the nascent viral particle acquires VP6 when it is leaving the viroplasm, 

since VP6 is localized at the periphery of this structure. DLPs formation is assisted by NSP4, as knock 

down of this protein leads to a defect in viroplasm maturation with a decreased assembly of packaged 

particles 70.  

The cytosolic (C-terminal) domain of viral non-structural protein NSP4 mediates the interaction with 

VP6 and acts as a DLPs intracellular receptor, mediating their budding into ER 141,217; VP7 and VP4 do 

not seem to have a function in the transit of DLPs into the ER, because in their absence DLPs can still 

bud into the ER 70. However, they oligomerize with NSP4 and form heterotrimeric complexes150, 

which may play a role when a transient envelope containing all three proteins is acquired 218.  

Maturation of RV particles in the ER is a calcium-dependent process, as disruption of calcium 

gradients and inhibition of the endoplasmic reticulum calcium pumps, significantly decreases the 

production of infectious particles with the concomitant accumulation of enveloped particles 219. The 

elimination of calcium in the ER seems to block VP7 trimerization 92 and alters the formation of VP4-

VP7-NSP4 complexes 220. Thereafter, the membrane is removed and VP7 and VP4 assemble onto the 

particle, generating the mature TLPs. Although it was proved that the treatment of infected cells with 

tunicamycin (which blocks N-glycosylation) arrests viral morphogenesis, causing enveloped DLPs to 

accumulate in the ER lumen, the mechanism by which the intermediate envelope is removed from 

the double layered particles is still unknown 221. 

In addition to calcium concentrations, other factors are essential for a proper virus assembly in the 

ER: the ATP concentration and the presence of some chaperones 84, such as disulphide isomerase 

(PDI), gr78, calnexin and reticulin, which are involved in proper folding of NSP4 and VP7 151,222,223. 

Differently from the other two proteins VP7 and NSP4, VP4 seems to be not fundamental for viral 

morphogenesis since in its absence there is the production of spike-less viral particles 224. VP4 is 
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localised at the periphery of viroplasms and outside the ER during RV infection, but how and when 

the RV particle acquire the VP4 shell is still unknown.  

In non-polarized cell line MA104 and HEK293, viral particles are released through cell lysis 225 and VP4 

seems to assemble with VP7 in ER. These findings are supported by electron microscopy studies that 

revealed VP4 presence in the cytoplasm between viroplasms and ER 226, and immunofluorescence, 

that localized VP4 together with NSP4 on enveloped-viral particles 166. By contrast, it has been 

observed that in Caco-2 cells infected with RV, the virus release occurs from apical surface through a 

non-conventional pathway that eludes the Golgi apparatus 227. Interestingly, in RV-infected Caco-2 

cells VP4 was not found to co-localize in the ER but it was detected in association with lipid raft 

microdomains, which are absent in the ER and were shown to be involved in targeting rotavirus 

particles to the cell surface. Consequently, it has been hypothesized that RV, as many other non-

enveloped viruses, exploits lipid rafts for the release from cells and VP4 seems  to mediate the 

interaction of the virions with these lipid-rich microdomains. More in detail, VP4 association with 

rafts might be mediated by the N-terminal galectin-like domain of VP4 that would confer the capacity 

of galectin-4 to use the “nonclassical secretory pathway”228–230. This hypothesis is reinforced by the 

findings that VP4 can reach the plasma membrane through the microtubule network independently 

of the presence of other viral proteins, and the use of drugs that interfere with lipid rafts formation 

reduced virus release 231. 

Another idea is that the association of VP4 with the viral particles occurs in the ER221. In any case, the 

most valuable hypothesis is the presence of two distinct pools of VP4, one that associates with viral 

particles in the ER and another localised in the plasma membrane.  

Several data suggest that the ER-Golgi intermediate compartment (ERGIC) plays a role in rotavirus 

maturation because of the localisation of NSP4, VP4 and VP7 in this compartment 144,232,233. In 

addition, the overexpression of NSP4 in transfected cells as well as natural rotavirus infection changes 

the distribution of ERGIC-53, an ERGIC marker protein, from a juxtanuclear vesicle-like pattern to a 

more dispersed diffusion 25,144. Furthermore, NSP4 blocks trafficking of transport vesicles from ER to 

Golgi 144 and could mediate the fusion between NSP4. 

In the end, we can conclude that, although many studies have been carried out, the mechanism by 

which RV leaves the cell is still obscure. 
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1.6 Pathogenesis, immune responses and prevention 
 

Rotaviruses replicate in non-dividing mature enterocytes in the middle and upper region of the small 

intestinal villi, where, in the presence of RV infection, mild lesions and mild inflammation can be 

observed. 

Diarrhoea is the principal symptoms of RV infection, whose severity depends also on the degree of 

Cl- secretion of the crypt cells that lye in the proximity of the infected enterocytes. Analysis of 

different virus reassortants identified several viral proteins involved in virulence. In particular, NSP4 

acts as an enterotoxin, but also VP3, VP4, NSP1, VP6, VP7, NSP2 and NSP3 can play a role in the 

development of RV-associated symptoms 198,234. The disease is mostly caused by the damage to the 

enterocytes resulting in villous atrophy, malabsorption, loss of digestive enzymes and increased 

osmotic pressure in the gut lumen.  

Symptoms occurs 1-2 days after the incubation, followed by strong diarrhea lasting 4-7 days but 

major complications can occur including dehydration, electrolytic capacity, observed principally in 

young children.  

Rotaviruses are transmitted by the fecal-oral route, although it cannot be excluded that the viruses 

can also spread by the respiratory pathway. Their resistance to physical inactivation and their ability 

to survive on various surfaces under different conditions may account for their rapid spread and their 

efficient transmission. However, antibodies against RV can be transmitted by mothers 

transplacentally to the children, protecting them and rendering RV infection asymptomatic. 

The most important component of the immune response to RV is the development of antibodies 

against outer e intermediate shell of the particle.  

Since rotavirus disease is recognized to be a vaccine-preventable infection, vaccines development 

has been in progress since 1983.  

In August 1993, a tetravalent rhesus-based rotavirus vaccine (RotaShield®) was licensed by Food and 

Drug Administration (FDA); it contained rhesus monkey G3 serotype rotavirus and three rhesus-

human mono-reassortant strains carrying human G1, G2 and G4 genes and proteins. However, it was 

withdrawn in 1999 because of a number of intussusception cases, which were epidemiologically 

associated with the first dose of the vaccine. In 2006, two oral live attenuated rotavirus vaccines 

showed effectiveness: a pentavalent human-bovine reassortant live-attenuated oral vaccine 

(RotaTeq®, developed by Merck Research Co.) and a monovalent vaccine (Rotarix®, developed by 

GlaxoSmithKleine). Although it is indisputable that an orally administrated rotavirus vaccine can 

protect against rotavirus, the risk of undesirable effects of live attenuated vaccines (clinical 
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complications, revertance to virulence) remains a real possibility, underlining the importance of 

intensive post-marketing surveillance. 

 

1.7 Reverse genetics of Rotaviruses 
 

Reverse genetics technology provides an optimal opportunity to investigate rotavirus replication 

cycle modifying the genome. During recent years, many developments have been reported for 

several genera of the Reoviridae family such as orthoreoviruses, bluetongue viruses, and lately, also 

rotaviruses. The plasmid-based reverse genetics system for orthoreoviruses has been developed 

using the recombinant T7 vaccinia virus system that drives the expression of all genomic segments 
235,236. Concerning bluetongue virus, researchers applied a different approach transfecting a 

complete set of mRNAs transcribed in vitro either by the T7 RNA polymerase 237 or from purified viral 

core particles238. The success of the approaches mentioned, suggested that the mRNAs of the high-

number segmented dsRNA viruses are infectious but for Rotaviruses the rescue of infectious viral 

particles have always been unsuccessful. One of the main reasons explaining the difficulties 

encountered in setting a helper virus-free system is the very poor expression of transfected cDNAs, 

caused by an inhibitory motif present in 5’UTR of several genome segments (gs3, 5, 6, 7, 8, 9, 10 and 

11)239. However, very recently, the first only-plasmid-based reverse genetics system for rotaviruses 

has been developed7. 

 

1.7.1 Helper virus-dependent reverse genetics systems 
 

Before the establishment of a plasmid-only based reverse genetics system for rotaviruses5, different 

attempts for generating a helper-virus dependent reverse genetics system have been made. A few 

strategies have been reported. The first system based on T7 polymerase-driven transcription of a 

messenger encoded a VP4 and the imply of a virus helper210,240. In the procedure, a strong selective 

pressure against the native helper virus was provided using antibodies that specifically neutralized its 

VP4; thus, recombinant viruses carrying the exogenous VP4 gene segment were not neutralized and 

therefore were the only viruses able to infect the cells, although recombinant viruses were rescued 

at a very low frequency. One limitation of this system is that it can be applied only to segments 

encoding VP4 and VP7. 

A similar strategy, but with a different selective pressure, has led to the generation of a reassortant 

rotavirus carrying a recombinant genome segment 7 that encodes the non-structural protein NSP3. 
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This system took advantage of a head-to-tail duplications of some genomic segments , rendering 

them preferentially incorporated in respect to the non-duplicated ones. However, since the 

duplication occurs after the stop codon, the amino acid sequence of the encoded viral protein is not 

altered 241–244. Therefore, a cDNA encoding an in vitro-engineered form of rearranged segment 7 was 

transfected into the cells under the control of a T7 promoter and, upon the infection with a helper 

RV, the wild-type segment was replaced by the partially-duplicated one245. Rescue of the 

recombinant virus was acheived after 18 passages in cell culture demonstrating the high inefficiency 

of this system. This strategy was then applied to genome segment numer 7 and 11 of bovine RF 

strains, showing that partially duplicated genome segments are preferentially incorporated246. The 

reasons for this preferential packaging are not known, although it is possible that some not-yet 

identified packaging signals present near the 3’UTR are duplicated thus facilitating packaging. 

A reverse genetics study based on rearranged segments was carried out on genome segments 5 and 

11 of bovine RF rotavirus strain247. However, the presence of these rearranged segments might 

disturb either the viral RNA transcription or replication process generating additional spontaneous 

rearrangements, both in the exogenous segments and in the wild-type segments of the helper virus.  

Another complex RV reverse genetics system uses a double selection mechanism. The NSP2 protein 

produced by the helper virus does not work at high temperature (39°C), and therefore just the 

recombinant viruses are allowed to replicate and grow. In order to apply a stronger selection 

pressure, the same cells were transfected with an siRNA specific for the segment 8 of the helper 

virus248.  

A similar strategy was used to generate reassortant viruses carrying a mutated VP4 gene of chicken 

RVA strain to prove that avian and mammalian rotaviruses can exchange genome segments, resulting 

in replication-competent reassortants with new genomic and antigenic features 249. In this case BHK-

T7 cells were transfected with a cDNA encoding the engineered genome segment 4 under the control 

of the T7 promoter and then infected with simian temperature-sensitive RV as helper-virus. The 

rotaviruses were grown at temperatures where only the virus carrying the mutated VP4-encoded 

genome segment was able to replicate and the reassortant RV was recovered after many passages in 

MA104 cells 249. 

Once again, these systems are applicable only to cases on which there is availability of temperature 

sensitive mutant for the specific segment. 

In conclusion, all the described strategies involve the need of a helper virus and consequently the 

establishment of a defined segment-specific selective method to rescue the recombinant particles. 
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The use of a helper virus with the transfection of an exogenous viral segment has the advantage of 

giving the possibility to generate reassortant viruses, which usually happens also in nature between 

two viruses, but the use of a segment-specific selection system to rescue the reassortant viruses may 

represent a serious problem, since it implies the inability of introducing desired mutations that would 

affect the function of the viral protein.  

At present, it is known that the frequency of generating reassortant viruses is very low and 

furthermore there is not yet an efficient selection method that could be applied to all genomic 

segments. The low frequency of generation of reassortant viruses might be due to several reasons 

but viroplasms seem to be the main obstacle.  

Viroplasms are very closed cytoplasmic rotavirus-induced structures and appear to be refractory to 

the entrance of engineered mRNAs. In supporting of this observation, experiments with siRNA for 

viral gene 9 showed that the mRNA involved in translation was degraded by RISC complex and the 

VP7 protein was knocked down, but the amount of viral segment 9 newly synthetized was normal 95. 

This suggests that RISC complex is not allowed to enter the viroplasm, where the replication and 

production of the dsRNA from (+) strand mRNAs takes place. A method to force the entrance of the 

engineered mRNA within the viroplasm is needed and it might probably increase the frequency of 

generating reassortant viruses.  

As mentioned, it is obvious that a strong selection pressure is required, because in its absence the 

isolation of recombinant viruses is very complicated. However, so far, the selection systems described 

above are dependent on specific genomic segments and are not of general applicability, thus, 

highlighting the need of having a universal selection system that could be applied to all the genomic 

segments.  

 

1.7.2 Plasmid only-based reverse genetics systems 
 

In 2007, Kanai et al. brought a breakthrough in the rotavirus field developing a reverse genetics (RG) 

system 7 based only on the transfection of 11 plasmids encoding RV RNA viral segments (SA11 strain) 

in BHK cells that constitutively express T7 RNA polymerase. This system does not need a selection 

system since no helper virus is not involved. The newly-developed RG system relies on the use of 11 

plasmids encoding RV genome segments, which are inserted between a T7 RNA polymerase 

promoter at the 5ʹend and the antigenomic hepatitis δ-virus ribozyme at the 3ʹend. In order to 

stabilize the viral (+)ssRNAs within the cytoplasm, two plasmids encoding the two subunits of Vaccinia 
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Virus capping enzymes (D1R and D12L) were co-transfected together with the rescue plasmids. 

Although this system allows the transcription and stability of authentic full-length viral ss(+)RNA 

transcripts, the recovery of infectious RV progeny failed. Therefore, Kanai et.al took advantage of 

fusion-associated small transmembrane (FAST) proteins (encoded by Aquareovirus and some 

Orthoreovirus species), that were found to promote viral replication and pathogenesis in vivo, tacking 

advantages of their fusogenic properties 250. Previous studies  suggest that the cell fusion activity of 

FAST proteins accelerates cell-to-cell transmission of virus infection and ensures rapid release of 

progeny virions from apoptotic syncytia, thereby promoting systematic infection 7 250–252. It was 

reasoned that the FAST protein may also increase co-transfection efficiency, resulting in increased 

virus production in reverse genetic systems via fusion of transfected cells with neighbouring cells, 

leading to formation of syncytia carrying all 14 transfected plasmids (11 RV cDNA plasmids, 

expression plasmids encoding FAST and VV capping enzymes). FAST protein would have allowed a 

better rescue of the infectious viral particles accelerating the cell-cell spread of the RV infection 7. 

Following these leads, the 11 RV cDNA-containing plasmids were co-transfected into BHK-T7 cells 

constitutively expressing T7 RNA Polymerase together with plasmids expressing a Reovirus FAST 

protein and the two subunits of the Vaccinia Virus-capping enzyme 8. After two passages of the lysate 

of transfected cells in MA104 cells, infectious RV particles were recovered 7. 

The plasmid-based reverse genetics system for RV has been used to study the role of NSP1 during RV 

infection, confirming that the C-terminal 103 residues of NSP1 are required to inhibit IFN signalling 

by inducing proteasome-dependent degradation of Interferon regulatory factors (IRFs) 7. Based on 

previous findings of the nonessential role of NSP1 for RV replication in vitro, a replication-competent 

recombinant RV expressing a foreign gene (encoding N-Luciferase) fused to the N-terminal 27 

residues of NSP1 was produced 7. The rescued recombinant RV, carrying this transduced gene, 

produced a bioluminescence signal and was shown to be useful for dose-dependent screening of 

antivirals 7.  

Despite the development of this first RG system, the reliability of the technique was very low, possibly 

due to the high toxicity of the FAST protein that, when used with high amount, promote apoptosis 

and cell death (REFs).  

An alternative fully tractable and reliable RV RG system plasmid-only based was developed by Komoto 

et al.114. This system did not require VV capping enzymes and FAST protein but cotransfected of three 

times increase of the gs11 and gs8-encoding plasmid. They showed that increasing the amount of 

the two plasmids carrying the NSP2 and NSP5 genes improves the efficiency of virus generation 114. 
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The increased efficacy in rescuing recombinant viruses may be due to the fact that the NSP2 and 

NSP5 proteins in MA104 cells promotes the formation of viroplasm-like structures, which would be 

important for a successful RV reverse genetics system. However, the higher number of electron 

dense viroplasms were not detected. Whereas the reason why the increase of gs8 and gs11 

transfected improves the efficiency of recombinant rotavirus generation is still unknown, the 

practical applications are exponential114. 

This newly developed RG system allowed the generation of recombinant Rotaviruses expressing 

bioluminescent (N-Luc) or fluorescent reporters (EGFP, mCherry), replacing part of the NSP1 ORF in 

the genome segment 5 114. 

Previous RNA interference experiments against NSP1 mRNA 95 has indicated the non-essential role of 

the NSP1 protein in the RV replication cycle and recombinant RV mutants carrying truncated NSP1 

ORFs was shown to replicate in cell culture 7, this suggests that the NSP1 ORF could be replaced by a 

foreign gene. Furthermore, these recombinant viruses carrying reporter genes showed a strong 

genetic stability after several passages in cell cultures 114. 

This newly-developed RG system only-plasmid based is a revolution because, having fully-tractable 

system that allows the generation and rescue of recombinant viruses is the key to address questions 

of the basic molecular biology of RVs, which include the identification of the packaging signals of the 

RV genome segments. 

 

1.8 CRISPR-Cas systems  
 

Prokaryotes have evolved an anti-viral defence mechanism, which relies on a set of endonucleases 

capable of targeting the exogenous genomes, organised in clustered, regularly interspaced, short 

palindromic repeat (CRISPR) loci253. A CRISPR locus consists of a CRISPR array, comprising a region of 

short direct repeated nucleotide sequences separated by short variable DNA sequences (called 

‘spacers’), which are flanked by diverse cas genes. These regions of the genome are transcribed as 

primary transcript  (pre-crRNAs). These transcripts are then processed to generate small RNAs 

(crRNAs), which assemble with CRISPR-associated (Cas) proteins and guide the molecular complexes 

to invading nucleic acids recognising them by base-pairing and leading to their degradation254.  

The action of the CRISPR-Cas system can be divided into three steps (Fig. 16)254:  

1) adaptation or spacer integration  

2) expression, processing and maturation of the pre-crRNAs of the CRISPR locus to crRNAs. 
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3) DNA (or RNA) interference 

 

In the adaptation stage two proteins, Cas1 and Cas2 mediate the incorporation of fragments of 

foreign DNA (known as ‘protospacers’) from invading pathogens (viruses or plasmids) into the CRISPR 

array with the result of creating of new spacers. These spacers are the sequence memory for a 

targeted defence against exogenous invasions by the corresponding virus or plasmid.  

During the expression stage, the CRISPR array is transcribed as a precursor transcript (pre-crRNA), 

which is processed and matured to produce CRISPR RNAs (crRNAs). This step is performed either by 

an RNA endonuclease complex or via an different mechanism that involves bacterial RNase III and an 

additional RNA species 253. The mature crRNA is complexed with one (type II) or several (types I and 

III) Cas proteins, which then targets the cognate DNA or RNA molecule during the interference 

stage253. In this stage crRNAs, aided by Cas proteins, function as guides to specifically target and 

cleave the nucleic acids of cognate viruses or plasmids253,255,256. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon consideration of phylogenetic analysis, comparative genomic data and proteins structures, a 

new CRISPR systems classification has been established257. Although several CRISPR type groups were 

Figure 16: The three stages of CRISPR–Cas immunity. A) Organization of the CRISPR–cas locus in a bacterial or archaeal genome. B) In 
the adaptation stage, the Cas1–Cas2 complex composed by two Cas1 and a single Cas2, acquires a protospacer from the exogenous 
DNA and integrates it into a new spacer in the CRISPR array. C) In the expression and maturation stage, the CRISPR array is then 
transcribed as pre-crRNA and processed to generate mature CRISPR RNAs (crRNAs). D) In the interference stage, the crRNA–Cas RNP 
complex is assembled and identifies the target DNA through complementary base-pairing (Adapted from 254). 
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discovered, the most adopted classification identifies Type I, II and III CRISPR-Cas systems, with each 

having several subgroups253. These systems are distinguished based on the different mechanisms by 

which Cas proteins induce the processing of pre-crRNAs and the cleavage of the effector nucleic acids 

(Fig. 17)258. 

The CRISPR/Cas type I and III systems rely on the use of a single endoribonuclease from the Cas6 

superfamily to cleave pre-crRNAs within each invariant repeat sequence. This generates mature 

crRNAs, which are then assembled in the downstream target recognition effector complex 

(Cascade)259–261. 

On the other hand, in the most studied type II CRISPR/Cas system, RNAse III mediates the cleavage 

of a double stranded (ds) RNA formed by the pre-crRNAs base paired with a small, noncoding RNA 

(tracrRNA)261. The result of this RNA processing is the formation of a complex crRNA-tracrRNA 

associated with a single effector nuclease named Cas9, which targets and cleaves specific dsDNA 

sequences. Due to its flexibility and potentials, CRISPR/Cas9 system has been rewired as a genome-

editing tool to induce specific breaks in DNA molecules and knock out specific genes262.  

CRISPR/Cas9 has also been directed to the genome of viral pathogens. Several human pathogens with 

double stranded (ds) DNA genome, including Hepatitis B virus (HBV), Herpesviruses (HCV) and Human 

Papilloma Virus (HPV), have been efficiently subjected to CRISPR/Cas9 targeting in different cell-

culture-based and in vivo systems262.  

Recently, members of the type VI CRISPR/Cas13 family have been harnessed to specifically target and 

degrade viral single-stranded (ss)RNAs of HIV and HCV as a means to obstruct virus infection263. 
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Among the Type I subtype F CRISPR systems, the Csy4, recently renamed as Cas6f264, processes pre-

crRNAs to generate mature crRNAs in Pseudomonas aeruginosa (Pa)265.  

The bacterial pathogen Pseudomonas aeruginosa UCBPP-PA14 (Pa14) possesses a CRISPR/Cas system 

which contains two CRISPR elements flanked by six Cas genes, including the one encoding Csy4265 

(Fig. 17). The CRISPRs loci comprise 28-nucleotide near-identical repeats separated by 32-nucleotide 

spacers. Processing of pre-crRNA transcripts yields crRNAs containing one spacer sequence flanked 

by sequences derived from the repeat element (Fig. 18)265. 

Figure 17: Scheme of pre-crRNA processing and interference mediated by Cas-cRNA complex. (A) In Type I systems, the 
pre-crRNA is processed by members of Cas5 or Cas6. DNA target cleavage requires Cas3 together with Cascade and 
crRNA. (B) Type II systems use both RNase III and tracrRNA for crRNA processing together. Cas9 targets DNA using the 
crRNA-guided to the target molecule. (C) The Type III systems also use Cas6 for crRNA processing in addition with an 
unknown factor, which perform end trimming. Here, the Type III Csm/Cmr complex is depicted as targeting DNA, but 
RNA may also be targeted. (Adapted from 258) 
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The 21.4 kDa Csy4 protein binds its cognate pre-crRNA with very high affinity (50 pM equilibrium 

dissociation constant - Kd). A 16-nucleotide stem–loop motif is required for its tight binding266,267 (Fig. 

19-A). 

The crystal structure of Csy4 bound to its pre-crRNA substrate demonstrates a unique set of 

molecular interactions which allows RNA recognition266(Fig. 19 B-C). A highly basic a-helix docks 

contain a set of arginine residues that form a network of hydrogen bonds along the 5’ of the stem267. 

Resembling DNA binding proteins, Csy4 interacts with the two bases at the bottom of the stem-loop 

structure due to specific hydrogen bonds formed between the stem, involving A19 and G20 

residues267). 

Thanks to electrostatic contacts to the phosphate backbone, Csy4 is not only able to bind selectively 

its 16-nucleotides stable hairpin sequence in the major groove of the pre-crRNAs, but it has the 

capacity to cleave its cognate RNA molecule265–267. The RNA cleavage by Csy4 occurs through a 

divalent metal ion-independent mechanism. This requires the serine 148 (S148) and histidine 29 

(H29) residues in the active site for the chemical activation of a ribosyl 2’-hydroxyl for internal 

nucleophilic attack on the phosphodiester bond 265,266. Mutations of S148 into Cysteine (S148C) or 

H29 into Alanine (H29A) strongly inhibited the crRNA biogenesis, suggesting that Ser148 might play 

a role in activating and/or positioning the 2’-hydroxyl for nucleophilic attack because it is located in 

close proximity to the 2’ carbon265. Based on structural evidence, it has been hypothesised that His29 

may act as a proton donor for the 5’-hydroxyl leaving group because Alanine substitution of the active 

site histidine abolished all activity, indicating that His29 contributes an essential catalytic 

function265,266. 

Figure 18: Schematic of the CRISPR/ Cas locus in Pa14. The six Cas genes encoding the respective proteins are flanked 
by two CRISPR loci. Each CRISPR locus consists of a series of 28-nucleotide repeats (black) separated by 32-nucleotide 
spacer sequences (blue). Red arrows denote the cleavage site of Csy4 protein. (Adapted from 265) 
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The lack of both a general acid and positively charged residues in the active site explains the observed 

rate constants that are 103- to 104-fold slower compared to other well-characterised metal ion-

independent ribonucleases, such as RNAse A. However, the slow cleavage rate (approximately 3  

min-1 at pH 7.2) in conjunction with highly accurate substrate selection ensure a very little to no off-

target activity on other cellular RNAs,267. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19: (A) Shown at left is the substrate RNA used to generate the protein/RNA complex. The cleavage site of Csy4 is shown in 
purple arrow and the RNA processing produces the product crRNA (right) present in the crystal structure. Gray lettering denotes 
nucleotides for which there was no corresponding electron density. (B) Overall structure of Csy4 (dark green) bound to product RNA 
(light green) (C) Enlargement of the Csy4 active site (highlighted as gray box, in B). The 2’-hydroxyl nucleophile is marked with a 
pound sign and the scissile phosphate is marked with an asterisk. RNA/protein hydrogen-bonding interactions are marked with 
dashes266 



 54 

2 AIMS OF THE THESIS 
 
Rotaviruses (RV) are a major cause of gastroenteritis world-wide and are responsible for numerous 

hospitalizations and more than 400,000 deaths every year, especially in young children living in 

developing countries. 

Due to the lack of a fully tractable reverse genetics system, the function of several rotavirus proteins 

and their precise roles in the viral replication cycle have been obscure for several years. 

Until recently reverse genetics systems for RV have been based on the use of a helper-virus and they 

require a selective marker for the genome segment (gs) of interest. Our approach to improve this 

situation is based on the incorporation of an exogenous gs encoding EGFP fused to NSP5 separated 

by the Tobacco Etch Virus protease (TEVp) cleavage site (TS) or the self-cleavage 2A peptide, which 

are expressed in MA104 cells from a Recombinant T7-Vaccinia Virus (rVV).  

This approach may be limited due to the low accessibility of the viroplasms, which are the place of 

RV genome replication and virus assembly. These viral factories are refractory to the entrance of 

cytosolic exogenous virus-like mRNA. In order to enhance the exogenous viral mRNA availability for 

packaging, we harnessed the CRISPR/Csy4 endoribonuclease to force RNA recruitment into these 

viral compartments. 

 

In a different approach, we took advantage of the newly developed helper-virus free reverse genetics 

system for RV 114 to shed light on the role of NSP5 protein in the assembly of round-shaped 

viroplasms. 

During RV infection, NSP5 undergoes hyperphosphorylation, which is primed by the phosphorylation 

of a single serine residue in position 67. Despite several in vitro data, the role of this post-translational 

modification in the formation of viroplasms and its impact on the virus replication remained obscure. 

We demonstrated that a rRV lacking NSP5, was completely unable to assemble viroplasms and to 

replicate, confirming its pivotal role in rotavirus replication.  

A number of mutants with impaired NSP5 phosphorylation were generated to further interrogate the 

function of this post-translational modification in the assembly of replication-competent viroplasms. 

We showed that the rRV mutant strains exhibit impaired viral replication and impaired ability to 

assemble round-shaped viroplasms in MA104 cells. Our results indicate that NSP5 hyper-

phosphorylation is a crucial step for the assembly of round-shaped viroplasms, highlighting the key 

role of the C-terminal tail of NSP5 in the formation of replication-competent viral factories. 
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As CRISPR-Cas systems have become useful and widely used tools to specifically edit genomes of cells 

and organisms, also viruses became the target of the CRISPR-nucleases to manipulate their genomes 

for various purposes. 

We aimed to perform the first genome editing of a dsRNA virus harnessing the CRISPR/Csy4 

endonuclease. The editing was achieved fusing the CRISPR/Csy4 protein to the essential RV protein 

NSP5 and localising the fusion protein to viroplasms upon RV infection. 

Cells expressing the NSP5-Csy4 active enzyme were infected with rRV-gs5* virus strain, carrying the 

Csy4 target sequence in the gs5, we observed the generation of a deleted version of gs5* lacking 27 

and 42 nucleotides. This was directly due to  Csy4-mediated cleavage activity  as the 3’ site of both 

edited segments coincides with the Csy4 cleavage site. 

This precise in vivo editing of the RV genome enables us to address an important question of the virus 

replication cycle: the role of the secondary transcription by newly made transcriptionally active 

intermediates particles.  Our results visualise the products of secondary transcription events and 

indicate that this viral step is extremely relevant during RV infection. 
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3 RESULTS  
 

3.1 Exploration of a potential reverse genetics system coupled with 
targeting exogenous RNAs to viroplasms 

 
The low frequency of generating reassortant viruses has always been one of the main impediments 

for the generation of an effective helper-virus dependent reverse genetics system for rotavirus. Most 

systems to produce reassortant RVs are based on i) infection with a Recombinant Vaccinia Virus (rVV-

T7), providing the T7 RNA polymerase and capping enzymes, ii) transfection with a plasmid encoding 

the exogenous segment of interest and iii) superinfection with a helper RV. Although these systems 

are very inefficient due to the low frequency of triple-positive cells and a selection system exclusively 

depended on the genome segment (gs) of interest, different recombinant rotaviruses have been 

rescued210,240,246,248,249, iv) the strong selection pressure to isolate the recombinant RV is limited to a 

small number of genome segments 210,240,248,249. 

We aimed to increase the efficiency of the packaging of exogenous segments into rotavirus particles 

and to develop a recombinant rotavirus selection system, which is entirely independent of the 

genome segment of interest.  

The rotavirus cDNA encoding the exogenous segment exploits the T7 polymerase expression system 

where the three essential elements of the genomic segment, namely the 5’ UTR, the ORF and the 3’ 

UTR, are cloned under the control of the T7 RNA polymerase promoter (T7-prom) and flanked at the 

3’ end by the HDV ribozyme, to provide autocatalytic cleavage and the generation of a virus-like 3’ 

end, and the T7 RNA polymerase terminator (T7 terminator). This system ensures the transcription 

of a messenger RNA that perfectly mimics the authentic ends of the rotavirus mRNAs, as illustrated 

in Fig. 20A. 

The ORF is composed of a selective marker protein (i.e. EGFP) fused to the RV protein of interest (i.e. 

NSP5) separated by either the Tobacco Etch Virus protease (TEVp) cleavage site (TS), processed by 

the TEVp, or the foot-and-mouth- disease virus (FMDV) 2A self-cleaving peptide (2A) (Fig. 20A). 

In both cases, the EGFP and NSP5 proteins were produced separately (Fig. 20B-C). 

The use of the EGFP will allow the detection and the selection of cells sustaining recombinant 

rotavirus with consequent isolation of the recombinant viral particles.  
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One of the main problems facing the generation of reassortant rotaviruses is the presence of very 

few cells (approximately 1%) sustaining rotavirus replication and expressing the exogenous 

recombinant segment to be packaged. This is probably due to the low efficiency of obtaining both 

transfected and RV-infected cells. In order to increase the co-existence of the recombinant gs in RV 

infected cells, we produced a recombinant Vaccinia Virus (rVV-T7-5’EGFP-TS-NSP5-3’) which, in the 

presence of isopropyl-1-thio-β-D-galactoside (IPTG), is able to transcribe our RV recombinant 

segment using the self-produced T7 RNA polymerase and translate the full-length protein in the 

cytoplasm of infected cells 268 (Fig.21, left panel).  

 

Figure 20: A) Schematic representation of the plasmid encoding the RV gs11 engineered to express EGFP-TS-NSP5 (left panel) or EGFP-
SV5-2A-NSP5 (right panel). B) Western blot of NSP5 of MA104 transfected with T7 driven plasmid encoding EGFP-TS-NSP5 in presence 
of TEVp. Black arrowhead indicates the fusion protein EGFP-TS-NSP5. Empty arrowhead indicates NSP5. C) Western blot detecting 
EGFP and NSP5 of MA104 transfected with T7 driven plasmid encoding EGFP-SV5-2A-NSP5. Black arrowhead indicates the fusion 
protein EGFP-SV5-2A-NSP5. Green and empty arrowheads indicate EGFP and NSP5 respectively.  
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The co-infection with rVV-T7-5’EGFP-TS-NSP5-3’ and RV showed 97.3% of cells positive for EGFP (Fig. 

21, right panel). This data was further confirmed by immunofluorescence analysis where viroplasms 

were detected with the anti-NSP2 antibody and showed almost 100% of rVV-RV infected cells (Fig. 

22). 

 

 

The protocol for the generation and isolation of reassortant rotaviruses carrying the EGFP-TS-NSP5 

segment is depicted in Fig. 23.  

Figure 21: Western blot of NSP5 from MA104 cells infected with rVV T7-5’-EGFP-TS-NSP5-3’ (Left panel); Cytofluorimetry analysis of  
rVV T7-5’-EGFP-TS-NSP5-3’ infected cells in presence and absence of the inducer IPTG (Right Panel).  FL1-H showed the intensity of 
EGFP fluorescence. 

Figure 22: Representative confocal immunofluorescence micrographs of MA104 cells infected with rVV T7-5’-EGFP-TS-NSP5-3’. The 
cells were stained with the indicated antibodies. 

Figure 23: Schematic representation of the protocol followed for generating and rescuing recombinant rotaviruses. Image created 
with Biorender.com 
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MA104 are co-infected with RV-wt and rVV-EGFP-TS-NSP5 generating reassortant viruses in this step. 

The lysate is collected 24 hours post infection and treated with trichlorotrifluoroethane, which is an 

organic compound able to destroy phospholipid membranes 269. This treatment will disruption the 

rVV enveloped virions but allow the recovery of the rotavirus viral particles, which remain intact after 

treatment due to the lack of an envelope layer surrounding the mature virion. The cleared lysate, 

likely containing recombinant RV carrying the EGFP-TS-NSP5 genome segment, is then incubated with 

trypsin and used to infect a stable transfectant MA104 cell line expressing TEVp (MA104-TEVp). The 

cells infected with viruses harbouring the recombinant segment are expected to be EGFP positive 

and were sorted following 5 hours post-infection (Passage 0). Since the expression of EGFP during RV 

infection has never been assessed due to the lack of recombinant RV expressing EGFP protein, we 

decided to sort the top 5% of EGFP-fluorescent cells sustaining viral replication, which were then 

further cultured with fresh MA104-TEVp cells to allow the amplification of the recombinant RVs. 

These infection-sorting cycles were repeated several times to isolate rotaviruses which have 

packaged the recombinant segment (Passage 1, etc…).  

The FACS analysis showed the appearance of some EGFP positive cells in the first passage (Passage 

0) that were then lost with the following infection/sorting passages (Fig. 24) This suggests that the 

the replication of the recombinant virus might be impaired by the lower production of full-length 

NSP5 protein, due to a EGFP-TS-NSP5 fusion protein not fully processed by TEVp. 

Figure 24: Micrographs showing cytofluorimetry analysis following several passages of the recombinant rotavirus in MA104 cells 
stably expressing TEVp.  

MA104-TEVp cells infected with RV wt MA104-TEVp infected with Passage 0 MA104-TEVp infected with Passage 1

MA104-TEVp infected with Passage 2 MA104-TEVp infected with Passage 3 MA104-TEVp infected with Passage 4
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In order to rule out the possible negative effect that TEVp may have during the stages of amplification 

of the reassortant RV, we took advantage of a construct encoding a recombinant gs EGFP-NSP5 

separated by the self-processing peptide 2A. The same protocol was used to generate and rescue 

recombinant rotaviruses in absence of the TEVp, as the self-processing of the fusion protein allowed 

the amplification of the reassortant RV in MA104 wt cells.  

However, in this case EGFP positive cells were not detected in the passage 0 and we could not isolate 

recombinant rotaviruses even after 10 passages (data not shown). This result was somehow expected 

as the processing of the 2A peptide was even lower than TEVp, the production of NSP5 was highly 

impaired and, furthermore, the use of MA104 wild-type cells did not help with the rescue of the 

recombinant virus. 

The use of Vaccinia Virus has always been present in our reverse genetics protocol; so, we wondered 

whether it may have a negative effect on RV replicationdue to the its faster replication rate. Thus, we 

decided to transcribe the recombinant genome segment in absence of VV, exploiting a BHK cell line 

stably transfected to express T7 RNA polymerase. We modified the first step of reassortment by co-

transfecting a T7-driven plasmid encoding the recombinant genome segment and purified RV Double 

Layered Particles (DLPs), which are RV intermediates able to start RV replication cycle once 

introduced into the cell11,83. In this setting, we also transfected the plasmids expressing  Vaccinia Virus 

capping enzymes D1R, D12L to stabilize the virus-like RNA within the cytosol, and the Orthoreovirus 

Fusion associated small transmembrane (FAST) protein p107. This protein has the capacity to fuse 

neighbour cells and favour the spreading and the replication of non-enveloped viruses 250–252. 

Despite these changes in the protocol, we were unable to detect any EGFP positive cells and to isolate 

RVs carrying the recombinant segment after 5 passages of selection cycles (Fig. 25).  
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Figure 25: Micrographs showing cytofluorimetry analysis following several passages of the recomibinant rotavirus in MA104 cells stably 
expressing TEVp.  

 
Rotavirus replicates and packages its genome in subcellular cytoplasmatic structures called 

viroplasms270. These viral factories appear to be refractory to the entrance of exogenous mRNAs that 

are produced in the cytosol 95. Several data suggest that the presence of viroplasms may be the main 

reason of the low frequency of packaging of recombinant RV genome segments 95. 

We explored a new approach to recruit a selected recombinant gs from the cytoplasm to the 

viroplasm, harnessing the CRISPR endoribonuclease Csy4. The Csy4 is an RNA binding protein, which 

recognise 28 nucleotides (Cy28) but possesses a very high binding affinity for 15-nucleotide specific 

sequence (Cy15) within the Cy28 sequence presence on a targeted RNA 267. It elicits a catalytic activity 

on pre-crRNA orchestrated by the Histine 29 (H29) and cleaves the pre-crRNA in precise nucleotide 

positions (G21) to generate mature crRNAs 265. 

We used the catalytically inactive Csy4-H29A mutant 265,266 fused to C-terminal part of NSP5 protein 

to target a virus-like mRNA engineered to contain the Csy4 target sequence Cy28. In order to allow 

the identification of fused protein an SV5 tag was inserted between NSP5 and Csy4-H29A. In order 

to check whether the NSP5-Csy4-H29A fusion protein was recruited into viroplasms upon rotavirus 

infection, we generated an MA104 stable transfectant cell line expressing NSP5-Csy4-H29A (MA-
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NSP5-Csy4-H29A). RV-Infection of MA-NSP5-Csy4-H29A showed a complete co-localisation of 

viroplasmic protein NSP2 and NSP5-Csy4-H29A fusion protein detected with SV5 antibody (Fig. 26). 

 

 
Figure 26: Representative confocal immunofluorescence micrographs of MA-NSP5-Csy4-H29A infected with RV-SA11 virus (MOI of 5). 
The cells were fixed 5 hours post infection and stained with the indicated antibodies. The SV5 (green) marks the NSP5-Csy4-H29A 
whereas the NSP2 (red) detects the viroplasms.  

 
We introduced the Cy28 sequence into the engineered RV-like segment right after the STOP codon 

of the open reading frame, but before the 3’UTR in order to not disrupt putative packaging signals 

that might be present in the 3’terminal region213,271. 

We reasoned that the NSP5-Csy4-H29A present in the cytosol would bind the Cy15 sequence on the 

engineered mRNA and bring the complex RNA:NSP5-Csy4-H29A into the viroplasms upon RV 

infection (Fig. 27). In this way, packaging of the recruited virus-like mRNA could have been facilitated. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 27: Schematic representation of the recruitment of the RNA:NSP5-Csy4-H29A complex into viroplasms upon Rotavirus 
infection. The NSP5-Csy4-H29A binds the virus-like mRNA in the cytosol and the whole complex is recruited to viroplasms upon RV 
infection. Image created with Biorender.com. 
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In order to check the recombinant RNA localisation in RV-infected cells, we generated a T7-driven 

plasmid encoding for a gs11-like mRNA containing the NSP5 ORF, the Cy28 sequence and the RNA-

aptamer Broccoli right after the STOP codon of the NSP5 ORF (herein named pVax-NSP5-Cy28-

Broccoli). Broccoli 49-nt aptamer is an RNA mimics of GFP, which binds and switches on the 

fluorescence of the small molecule fluorophore (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-

dimethyl-1H-imidazol-5(4H)-one (DFHBI) that resembles the GFP fluorophore272,273.  

DFHBI-binding aptamers show low photostability when imaged under strong light illumination274. The 

small molecule undergoes a light-induced isomerization which renders the RNA-fluorophore complex 

non-fluorescent. Although this process is quick and drastically decreases the fluorescence, the 

bleaching is reversible since the bleached fluorophore can come off the RNA and be replaced with 

fresh fluorophore from solution 275. Due to this low stability of the DFHBI:Broccoli aptamer complex, 

the fluorescence experiments were carried out in live-imaging 275. In order to detect viroplasms 

without the need of any antibody, we generated an  MA104 stable transfectant cell line expressing 

NSP2-mCherry (MA-NSP2-mCherry). The fusion protein localised to viroplasms upon RV infection, 

thus allowing the detection of RV viral factories during live-imaging experiments. 

MA-NSP2-mCherry cells were infected with RV and a rVV expressing the T7 RNA polymerase and 

NSP5-Csy4-H29A fusion protein. The same cells were then transfected with pVax-NSP5-Cy28-Broccoli 

plasmid. As shown in Fig. 28, RV infection induced the recruitment of the Broccoli-RNA:NSP5-Csy4-

H29A complex into the viroplasms. 
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Having shown that we can target a viral-like mRNA to RV viral factories using the NSP5-Csy4:H29A 

protein as a shuttle, we co-infected stable transfectant MA-NSP5-Csy4-H29A with a rVV expressing 

the recombinant genome segment containing the Cy28 sequence after the STOP codon of EGFP-TS-

NSP5 ORF (Fig. 29). The same cells were superinfected with a helper RV wild-type. We reasoned that 

this step would have increased the availability of the recombinant segment into the viroplasms, thus 

increasing the frequency of generation of reassortants in the first step of our selection protocol. 

Disappointingly, we could not detect and isolate any cells expressing EGFP and thus sustaining 

recombinant virus replication in the first step, nor in the next infection-selection cycles (Fig. 30). 

 

 

 

 

 

 

Figure 28: Live imaging micrographs of MA-NSP2-mCherry cells transfected with pVax-NSP5-Cy28-Broccoli (Upper 
panel) MA-NSP2-mCherry cells are transfected with the pVax-NSP5-Cy28-Broccoli plasmids, infected with rVV-T7-
NSP5-Csy4-H29A and super-infected with RV (Lower panel).  
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Figure 29: Schematic representation of genome segment encoding EGFP-TS-NSP5-Cy28.  

 

 

 

 

 
Figure 30: Cytofluorimetry analysis of the passages of the recombinant rotavirus in MA104-TEVp cells after reassortment using NSP5-
Csy4-H29A based strategy. The top 5% of EGFP positive cells were sorted and put in culture with fresh MA-TEVp cells. 
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3.2 Recombinant rotaviruses confirmed the role of NSP5 
hyperphosphorylation in the assembly of rotavirus viral factories 

 

Due to the many difficulties to isolate recombinant rotaviruses with the helper-virus based reverse 

genetics (RG) protocol (Section 3.1), we decided to explore one of the newly developed plasmid-

based reverse genetics systems7,114. This system is based on the transfection of BHK cells stably 

expressing T7 polymerase with 11 plasmids encoding RV genome segments. The transfection of NSP5 

and NSP2 genes at comparatively three fold concentration drastically increases the rescue efficiency 

of the recombinant rotaviruses114. 

We explored  the novel plasmid only-based RG systems for rotaviruses in order to gain new insights 

into the mechanisms of NSP5 hyperphosphorylation and to give the first direct evidence of the role 

of NSP5 in viroplasm assembly and virus replication during viral infection. To achieve this, we 

generated and characterised several viable recombinant rotaviruses (rRVs) with mutations in NSP5. 

Two essential modifications were introduced to trans-complement the potential loss of NSP5 

function in the rRV mutants: i) an additional T7-driven expression plasmid encoding the ORF of wt 

NSP5 (i.e., without gs11 5’ and 3’ UTRs) was included in the transfection step of BHK-T7 cells; and ii) 

each rescued rRV was amplified in an MA104 stable transfectant cell line stably expressing NSP5 wt 

(MA-NSP5), supplying the protein in trans. Crucially, the MA-NSP5 cell line was used to support the 

replication of NSP5-deficient recombinant viruses to enable their further in-depth characterisation.  
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3.2.1 NSP5/KO mutant 
 
Based on indirect evidence using isolated proteins, NSP5 expression and localisation to viroplasms in 

virus-infected cells have been considered as being critical for virus replication 158,165,205,206. Different 

studies, in which siRNA directed against viral mRNA of  gs11 was used,  showed strong impairment of 

virus replication 204,205. Here we provide the direct demonstration of the essential role of NSP5 in RV 

replication, using an NSP5 knock out rRV (termed rRV-NSP5/KO) generated by reverse genetics. The 

ORF of NSP5 was abolished by introducing a premature stop codon in position 18 of the viral mRNA 

(Tyr18Stop). Western blot of virus-infected cell extracts showed expression of NSP2 and VP2 but not 

of NSP5 (Fig. 31A). In addition, we observed complete lack of viroplasms formation in MA104-infected 

cells detected with antibodies specific for NSP2, VP2 or VP6, or infecting stable transfectant cell lines 

expressing the fluorescent fusion proteins NSP2-mCherry or NSP5-EGFP  (Fig. 31B), which are rapidly 

and efficiently recruited into viroplasms upon virus infection44,129. Production of genomic dsRNA and 

infectious progeny virus were totally abrogated in MA104 cells, but not in the complementing MA-

NSP5 cell line. (Fig. 31C). These results represent a novel direct demonstration that NSP5 is essential 

for RV replication.  
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Figure 31: Characterisation of rRV-NSP5/KO. A) Western blot of MA104 cells extracts infected with rRV-wt and rRV-NSP5/KO strains 
(MOI 1 FFU/cell). B) Confocal immunofluorescence microscopy of MA104, MA-NSP2-mCherry and MA-NSP5-EGFP cells infected with 
rRV-wt or rRV-NSP5/KO (MOI 1 FFU/cell), using antibodies for NSP5, NSP2, VP2 and VP6, as indicated. Scale bar, 15 �m. C) 
Electrophoretic migration pattern of dsRNAs extracted from rRV-NSP5/KO strain grown in MA-NSP5 or MA104 cells. Genome segments 
1-11 are indicated to the left. 
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3.2.2 rRVs with impaired NSP5 phosphorylation 
 
To address the role of NSP5 hyperphosphorylation we generated rRVs with NSP5 mutations impairing 

NSP5 phosphorylation. We first obtained a rRV carrying the S67A mutation (named rRV-NSP5/S67A) 

(Fig. 32A-B). This rRV strain was grown in the MA-NSP5 cells showing stability after several passages 

(Fig. 32A-B). Replication in wild type MA104 cells, however, was strongly compromised producing a 

reduced infectious progeny virus (around two logs) at different time points post-infection (Fig. 32C). 

In spite of this, the rRV-NSP5/S67A mutant virus was stable after 10 passages in these cells. As 

expected, NSP5-S67A produced by the rRV was not hyper-phosphorylated in MA104 cells nor in U2OS 

or Caco-2 cells (Fig. 32D). In contrast to the characteristic pattern of hyper-phosphorylated isoforms 

of NSP5 wt, the NSP5/S67A mutant mostly produced a single non-phosphorylated band with an 

apparent mass of 26 kDa as shown in western blots of total virus-infected cell extracts at 5 or 10 hpi 

(Fig. 32E). Treatments with l-Ppase and alkaline Calf Intestinal Ppase (CIP) confirmed the lack of 

phosphorylation (Fig. 32F). Because of differences in the molecular weight markers used, the NSP5 

band with the fastest PAGE mobility has been traditionally described as 26 kDa, and the most 

abundant one as 28kDa. Since this nomenclature has been used in many publications, we have 

preferred to maintain it, despite PAGE migrations do not always correspond to the markers presently 

used. Two additional rRVs with deleted versions of NSP5 were also generated: one lacking the 18 

amino acids long C-terminal tail (rRV-NSP5/∆T) and the second with a deletion of 5 amino acids (176-

YKKKY-180) just upstream of the tail (rRV-NSP5/∆176-180). Both of these viruses, despite the lack of 

Ser or Thr residues within the deletions and the presence of Ser67 did not show the classical 

hyperphosphorylation pattern (Fig. 32G) and did not replicate, also confirmed by the absence of de 

novo synthesis of genomic dsRNA (Fig. 32H).  
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Figure 32: A) Schematic representation of rRV-NSP5/S67A gs11 and sequence of NSP5 wt and S67A mutant (highlighted). B) 
Electrophoretic pattern of dsRNA genome segments of rRV-wt and rRV-NSP5/S67A strains grown in MA-NSP5 cells. C) Replication 
kinetics of rRV-wt and rRV-NSP5/S67A in MA104 cells. Data are expressed as the means +/- standard deviations (n=3); ***, p < 0.001 
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Using immunofluorescence, we investigated the formation of viroplasms in cells infected with the 

rRVs. At different times post-infection with the rRV-NSP5/S67A, anti-NSP5 revealed structures 

resembling viroplasms with an altered morphology compared to the classical spherical shapes 

obtained with the rRV-wt virus (Fig. 33A-upper panel). These viroplasms appeared smaller and more 

heterogeneous in shape compared to the regular, spherical ones produced during the wt rRV 

infection (Fig. 33B).  We also observed other forms resembling fibrous structures that became more 

evident at later periods of infection (10-12 h) (arrows in Fig. 33A-lower panel). These fibrous 

structures highly resemble those observed with the wt RV infecting cells silenced for the cellular 

kinase CK1a which strongly impairs NSP5 phosphorylation 165. The non-phosphorylated NSP5 co-

localised with the other viroplasmic proteins NSP2, VP6 and VP2 detected with the corresponding 

specific antibodies (Fig. 33D) including the fibrous structures, suggesting that they could be 

functionally active in virus replication, although with lower efficiency. NSP2-mCherry and NSP5-EGFP 

fusion proteins were also recruited in the fibrous structures (Fig. 33C). 

In contrast, no viroplasms were observed when MA104 cells were infected with the rRV-NSP5/∆T and 

rRV-NSP5/∆176-180 using antibodies against NSP5, NSP2 and VP2, while some fibre-like structures 

were detected with a VP6 specific antibody (Fig. 33E-F). This finding was not too surprising since 

similar VP6-fibres are normally formed when VP6 is expressed in cells in the absence of other viral 

proteins276,277. 

Taken together, these results confirm the essential role of NSP5 hyper-phosphorylation for 

controlling the assembly of regular-shaped viroplasms, highlighting the key role of the C-terminal tail 

in the formation of RV viral factories. 
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Figure 33: Representative confocal immunofluorescence micrographs of MA104 cells infected with rRV-wt and rRV-NSP5/S67A (MOI of 
15 FFU/cell) at 5 hpi (upper panels) or 10 hpi (lower panels). Cells were stained with anti-NSP5 and DAPI. B) Quantitative analysis of 
viroplasms size (µm2) of MA104 cells infected with rRV-wt and rRV-NSP5/S67A at 5 hpi and 10 hpi. ***, p < 0.001; **, p < 0.01. C) 
Confocal immunofluorescence micrographs of MA-NSP5-EGFP and MA-NSP2-mCherry cells infected with rRV-NSP5/S67A (MOI of 15 
FFU/cell). D) Confocal immunofluorescence micrographs of rRV-wt and rRV-NSP5/S67A infected MA104 cells (MOI 15 FFU/cell) and 
stained at 10 hpi with the indicated antibodies. E), F), Confocal immunofluorescence of MA104 cells infected with rRV-NSP5/∆176-180 
(E) or rRV-NSP5/∆T (F) and stained with the indicated antibodies and DAPI. Scale bar, 15 µm. 
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An important question relates to the functionality of the altered viroplasms and the other abnormal 

structures detected in cells infected with the rRV-NSP5/S67A virus. To address this issue, newly 

synthesized RNAs in virus-infected MA104 cells were labelled with the ribonucleoside homolog 5-

ethynyl uridine (EU) and visualized by reacting with an Alexa-488-conjugated azide. As shown in Fig. 

34A, the wt rRV produced viral RNAs (green) which mostly localised in viroplasms (detected with anti-

NSP5, red). In contrast, no newly RNA transcripts were observed in cells infected with the rRV-

NSP5/S67A (Fig. 34A-upper panel). Similar results were observed infecting the MA104-NSP2-mCherry 

cell line (Fig. 34A-lower panel). However, newly synthesised RNA was rescued upon infection of the 

MA-NSP5 complementing cell line (Fig. 34A-middle panel). 

As replication of rRV NSP5-S67A was strongly impaired but not totally negative, we applied a highly 

sensitive methodology (single molecule RNA Fluorescence In Situ Hybridisation, smRNA-FISH) to the 

detection of viral replication. In this assay, segment 6 RNA was detected in infected cells at single 

molecule sensitivity. As shown in Fig. 34B, very high levels of segment 6 RNA were observed with the 

wt rRV strain at 10 hpi, while in rRV-NSP5/S67A infected-cells only some viroplasms detected with 

NSP5-EGFP (indicated by arrow) were also positive for the viral RNA (red). Interestingly, the fibrous 

structures were also positive for the viral RNA, strongly suggesting that they may function in RV 

replication. 

In contrast, RNA smFISH performed on cells infected with the rRV-NSP5/∆T showed only a diffuse 

localisation of segment 6 RNA since no structures resembling viroplasms were apparent (Fig. 34B). 

Consistently, we did not detect de novo synthesis of dsRNA (Fig. 32H).  
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We then examined the ultrastructures of viroplasm with altered morphologies in the RV mutant rRV-

NSP5/S67A using electron microscopy. Upon infection with rRV-wt (Fig. 35, left panel), multiple 

membrane-less electron dense inclusions encircled by the well-defined endoplasmic reticulum (ER) 

filled with triple-layered particles appear in cells. At late time post-infection (10 hpi), the ER 

containing triple-layered particles (TLPs) acquired a more tubular morphology, suggesting a 

successive step in the virus egress. In contrast, rRV-NSP5/S67A-infected cells contained only few 

under-developed and immature viroplasms lacking the apparent ER network filled with TLPs (Fig. 35, 

right panel). The only few immature particles containing transient lipid membrane (Fig. 35) could be 

identified in cells infected with rRV-NSP5/S67A mutant. Interestingly, the under-developed mutant 

viroplasms also appeared to be less-electron dense, consistent with the decreased capacity to 

accumulate viral RNAs. Together, these data strongly support the role of NSP5 phosphorylation and 

its domains in maintaining the viral RNA production and genome replication in viroplasms. 
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Figure 34: A) Representative confocal immunofluorescence micrographs of MA104 (upper panel), MA-NSP5 (middle panel) and MA-
NSP2-mCherry cells (lower panel) infected with rRV-wt or rRV-NSP5/S67A strains and stained with anti-NSP5 (red, in MA104 and MA-
NSP5 cells) and EU (green). B) Single molecule RNA Fluorescence In Situ Hybridisation (smRNA-FISH) on MA-NSP5-EGFP cells infected 
with rRV-wt, rRV-NSP5/S67A or rRV-NSP5/∆T strains. Viroplasms detected with NSP5-EGFP (green) and viral RNA (probe specific for 
gs6 was Cy3-conjugated, red). Co-localization of viroplasms and RNA is indicated by white arrows. Scale bar, 15 µm. 
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3.2.3 Molecular mechanism of NSP5 hyperphosphorylation  

 
We have previously proposed a model of the complex hierarchical NSP5 hyperphosphorylation, 

comprising three steps involving: i) an initial interaction of non-phosphorylated NSP5 with NSP2 that 

induces conformational changes on NSP5; ii) a subsequent step, in which Ser67 becomes exposed 

and phosphorylated by CK1a; while this step does not take place when NSP5 is expressed alone, it 

renders the molecule a substrate for further phosphorylation and an activator for other NSP5 

molecules; iii) as a consequence of dimerisation or multimerisation (mediated by the 18 amino acids 

long C-terminal tail (T)) involving the Ser 67 phosphorylated NSP5 activator, further rounds of 

phosphorylation take place 164.  

Figure 35: High–definition electron micrographs of MA104 (A) and MA-∆3 (B) cells infected with rRV-wt (left panel) and rRV-NSP5/S67A 
(right panel) (MOI, 75 FFU/cell). At 10 hpi, cells were fixed with glutaraldehyde and processed for transmission electron microscopy. 
V, viroplasm; m, mitochondria; mt, microtubule-bundles; Nu, nucleus. The white open box indicates the immediate right magnified 
image. White arrows indicate the endoplasmic reticulum surrounding viroplasms; black arrowheads indicate viral particles with an 
envelope. Scale bar, 500 nm. 
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Whereas this model, until recently, was based on experiments performed with isolated NSP5 mutants 

expressed in isolation, we have now investigated the phosphorylation mechanism in the context of 

virus infection with different NSP5 phosphorylation-negative rRV strains. As mentioned above, 

despite the presence of Ser67, mutant NSP5/∆T was not phosphorylated and unable to 

dimerise/multimerise; it was therefore expected to be unable to act as an activator of the 

phosphorylation cascade. In fact, upon co-infection of the two rRVs NSP5/S67A and NSP5/∆T, none 

of the co-expressed NSP5 variant was phosphorylated (Fig. 36A)164. This result was supported further 

by infecting an MA104 transfectant cell line stably expressing NSP5-∆T (MA-∆T) with the rRV-

NSP5/S67A strain (Fig. 36B, lanes 3-4). The NSP5-∆176-180 mutant was also unable to induce 

phosphorylation of NSP5/S67A following co-infection with the two rRVs, despite the fact that it 

contains both S67 and the tail. This result suggests that the activator needs to be itself hyper-

phosphorylated (Fig. 36C).  

In MA-∆T cells abnormal viroplasms were produced (Fig. 36E), similar to those in wt MA104 cells, and 

replication efficiency was not recovered (Fig. 36F). Conversely, infection of another stable 

transfectant cell line that expresses the highly efficient phosphorylation activator mutant NSP5-∆3 

(MA-∆3), which also gets hyper-phosphorylated 43,161,163,164, partially reverted the rRV-NSP5/S67A 

phenotype in terms of NSP5 phosphorylation (Fig. 36B, lanes 5-6) as confirmed by the l-phosphatase 

treatment (Fig. 36D). Although NSP5-∆3 induced NSP5-S67A phosphorylation, it did not completely 

recover the complex pattern of phosphorylated isoforms of wt NSP5 (Fig. 36B, lanes 5-6 and Fig. 36D). 

Viroplasms, visualized with anti-NSP5, anti-NSP2 or anti-VP2 antibodies recovered their round shape 

and showed peripheral localisation of VP6, although virus replication efficiency was not rescued (Fig. 

36E-F). 

The two other rRVs with NSP5 phosphorylation negative phenotypes, NSP5/∆T and NSP5/∆176-180, 

were not phosphorylated, either, in MA-∆T and MA-∆3 cells (Figs. 37A-B). Consequently, viroplasms 

formation (Figs. 37C-D) did not occur,  and no infectious viral progeny  was rescued (Fig. 37E). 

Interestingly, viroplasms of the classic spherical shape were restored in MA-∆3 cells, although with 

very low recruitment of VP6 and absence of VP6 spiky structures (Figs. 37C-D). Similar results were 

obtained with the rRV-NSP5/KO virus, which in MA-∆3 cells surprisingly showed spherical viroplasms 

which contained NSP5 and NSP2, but not VP2 (Fig. 38A-B-C). 
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3.3 CRISPR-Csy4-mediated editing of Rotavirus dsRNA genome 
(In collaboration with Mr. Luca Venditti) 
 

Having previously exploited the CRISPR-Csy4 protein to target and localise virus-like mRNAs in 

viroplasms upon RV infection, we wanted to investigate the effect of the Csy4 endoribonuclease-

mediated cleavage of the viral segments on genome replication as well as protein translation. Taking 

advantage of the recently developed plasmid-only based reverse genetics system for Rotaviruses7,114, 

we generated different RVs mutants carrying the 28 nucleotides-Csy4 target sequence (herein called 

Cy28) in diverse viral segments. 

 

3.3.1 Targeting of CRISPR-Csy4 to RV viroplasms  
 
In order to target Csy4 to viroplasms and to investigate the effect of in-situ viral RNA cleavage during 

RV infection we generated MA104 stable-transfectant cell lines expressing NSP5 fused to either Csy4 

(MA-NSP5-Csy4) or to Csy4 carrying the mutation His29Ala  (MA-NSP5-Csy4-H29A) (Fig. 39A). This 

mutation completely abolishes Csy4 nuclease activity while preserving its strong Cy28 binding 

affinity114. Both fusions proteins were similarly expressed (Fig. 39A) and localised to viroplasms upon 

infection with wild-type RV (RV-wt)  (Fig. 39B). The size and number of viroplasms in these stable 

transfectant cell lines did not differ from those in the parental MA104 cells (Fig. 39C).  

Validation of these stable transfectant cell lines was achieved assessing the Csy4 cleavage activity. 

We generated an EGFP reporter plasmid having the Cy28 target sequence located after the ATG 

initiation codon 265,267. As shown in Fig. 39D, EGFP expression was, as expected, strongly diminished 

in MA-NSP5-Csy4 cells, compared to MA-NSP5-Csy4-H29A and parental MA104 cells (Fig. 39D-left 

panel). Expression levels of EGFP lacking the Cy28 target sequence showed no such differences (Fig. 

39E- right panel). 
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Figure 39:  A) Western blot of MA-NSP5-Csy4-H29A and MA-NSP5-Csy4 cells. NSP5-Csy4-H29A and NSP5-Csy4 are detected with 
anti-Sv5 antibody. B) Confocal immunofluorescences and average viroplasms size quantification analysis (C) of MA-NSP5-Csy4-
H29A and MA-NSP5-Csy4 infected with the rRV-wt strain (MOI of 5). Cells were fixed 5 hpi and stained with the indicated 
antibodies and DAPI. Scale bar, 13 µm. D-E) Immunofluorescence micrographs and quantification analysis of the indicated cell 
lines transfected with 0,5 µg of pEGFP-Cy28 (D) or pEGFP-C1 (E). 
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3.3.2 Engineering and validation of a RV strain target for CRISPR-Csy4 

The RV genome segment 5 (gs5) includes a single open reading frame (ORF) that encodes the 60 kDa 

non-structural viral protein NSP1, which functions as an antagonist of the IFN response 278. Despite 

its involvement in counteracting cellular immune system, several data showed that expression of 

NSP1 is nevertheless dispensable for virus replication in cultured cells 102,279. We took advantage of 

the recently developed fully-tractable RV reverse genetics (RG) system114 to generate a recombinant 

Rotavirus (rRV) of the simian strain SA11 containing a modified version of gs5. We engineered gs5 

(herein named gs5*) to contain the 28 nucleotides long Csy4 target sequence in the positive strand 

between the NSP1 STOP codon and its 3’ untranslated region (3’UTR) (Fig. 40A). NSP1 was also C-

terminally tagged with SV5 to facilitate detection of the recombinant viral protein (Fig. 40A). Analysis 

of the genomic dsRNA migration profile of the new recombinant virus, named rRV-gs5*, showed the 

expected increase in size of gs5 (red arrows) and packaging of all the other genome segments (Fig. 

40B). rRV-gs5* infected MA104 cells showed the production of the 60 kDa SV5-tagged NSP1 and 

showed no evident differences in hyperphosphorylation of the RV essential protein NSP5 (Fig. 40C). 

Nevertheless, the rRV-gs5* showed a small decrease in viral replication at early time points post 

infection compared to the rRV with unmodified gs5 (rRV-wt), with a more reduced replication fitness 

at late hours post infection (Fig. 40D). 

We then measured whether Csy4 nuclease activity could modulate NSP1 expression in cells infected 

with the rRV-gs5* strain. Upon infection of cells expressing both, NSP5-Csy4 or NSP5-Csy4-H29A a 

reduction in NSP1 expression levels was observed compared to infection of wild type MA104 

consistent with the reduction of viral proteins levels (Fig. 40E, left panel). However, gs5* mRNA levels 

were in both cases comparable, but significantly higher than in MA104 cells (Fig. 40E, right panel). 

These results suggest that binding of mRNA by Csy4 has a stabilising effect on the mRNA that is not 

reflected in translation. Although this was somehow expected for the Csy4-H29A mutant that has no 

cleavage activity but high binding affinity, the RNA-stabilising activity of the wild type Csy4 fusion 

protein was surprising. However, the already observed very slow cleavage activity of Csy4 could 

explain the observed effect 266. 
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Figure 40:  A) Schematic representation of gs5 (upper) and gs5* (lower) derived mRNAs. B) Electrophoretic pattern of dsRNA 
genome segments of rRV-wt and rRV-gs5* strains grown in MA-wt cells. Red arrowhead indicates gs5*. Gs5* size (bp) is 
indicated. C) Western blot of MA-wt cells infected with rRV-wt and rRV-gs5*. NSP5 and NSP1-SV5 proteins are shown. D) 
Replication kinetics of rRV-wt and rRV-gs5* grown in MA-wt cells. E) Western blot and qPCR analysis (right panel) of MA-wt, 
MA-NSP5-Csy4-H29A and MA-NSP5-Csy4 cells infected with rRV-gs5*. Data are expressed as the means +/- standard deviations 
(n=3). 
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3.3.3 Viroplasm targeted Csy4 nuclease mediates editing of gs5 during viral 
replication 

 
Rotavirus genome replication in viroplasms is mediated by the RNA dependent RNA polymerase 

(RdRp) VP1, which synthesises dsRNA using the single stranded RNA of positive polarity (+ssRNA) as 

a template. Several in vitro data suggest that the 3'UTR consensus sequence present in the viral 

mRNA (5'-UGUG-3') is fundamental for priming replication of the genome segment16,21,31,280. 

Localisation of NSP5-Csy4 suggests that this nuclease chimera may cleave the viral ssRNA within 

viroplasms, affecting production of the mature gs5* dsRNA. 

Analysis of the newly produced dsRNAs at 16 hours post-infection of rRV-gs5* infecting MA-NSP5-

Csy4 cells showed normal migration of all genome segments with the exception of gs5*, which 

surprisingly migrated mainly as a shorter segment (approximately 82% of the unmodified gs5*) as 

demonstrated by sequencing of cloned segments into plasmids (Fig. 41A-C).  In contrast, infection of 

MA-NSP5-Csy4-H29A or the parental MA104 cells did not show any difference on the dsRNA 

migration patterns (Fig. 41A). This finding was unexpected as spontaneous genome modifications in 

RV were mostly described as partial duplications of the viral segments 246,281,282. Sequence analysis of 

the newly-edited dsRNA gs5* revealed that it consisted of a mixture of two segments carrying a 

deletion of either 42 (gs5*-∆42) or 27 (gs5*-∆27) nucleotides compared to gs5*, in a ratio of 

approximately 55 and 45%, respectively (Fig. 41B-D). This data was further confirmed by qPCR 

analysis of the two deleted gs5* at 3 hpi and 7 hpi, which also showed that the gs5*-∆42 and gs5*-

∆27 were only detected during late infection (7 hpi) in rRV-gs5* infected MA-NSP5-Csy4 (Fig.41F). 

This genome editing of gs5* dsRNA required nuclease localisation to the viroplasm, as infection of an 

additional stable transfectant MA104 cell line expressing the non-viroplasmic localising Csy4 (MA-

Csy4) did not affect the dsRNA migration pattern (Fig. 41A-G-H). Furthermore, the deletion events 

were not restricted to Csy4 targeted to viroplasms by the NSP5 fusion, as the same result was 

obtained by fusing Csy4 to the viroplasm-localising protein NSP2 (MA-NSP2-Csy4 stable transfectant 

cell line) (Fig. 41F). In fact, editing in MA104-NSP2-Csy4 cells generated the same two gs5* deletions 

of 42 and 27 nucleotides with similar frequencies. The 3’ site of both deletions in all cases (NSP5-Csy4 

and NSP2-Csy4 cells) was always exactly at the Csy4 cleavage site (Fig. 41B), consistent with the 

requirement of the nuclease activity. Both newly edited rRVs gs5*-∆42 and gs5*-∆27 were 

independently packaged into newly- made viral particles and were not further mutated after 6 

consecutive replications in MA104 cells, confirmed by sequencing (Fig.41I). Taken together, these 
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data indicate that targeted cleavage within viroplasms of RV ssRNA templates can unexpectedly 

generate formation of a defined edited dsRNA genome segment. 
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Figure 41:  A) Electrophoretic pattern of dsRNA genome segments of rRV-wt and rRV-gs5* strains grown in the indicated cell lines. 
B) Schematic representation of gs5*, gs5* ∆27 and gs5*∆42. Percentage of gs5 and gs5* deleted forms from 22 total sequenced 
clones (C) and gs5*∆42 and gs5*∆27 from 18 total sequenced clones (D). E) Confocal immunofluorescence micrographs of MA-
NSP2-Csy4 infected with rRV-wt (MOI of 5). Cells were fixed 5 hpi and stained with the indicated antibodies. NI; not infected. F) qPCR 
quantification of production of gs5*∆42 and gs5*∆27 in MA-NSP5-Csy4 and MA-NSP2-Csy4. G) Western blot of MA-Csy4-H29A and 
MA-Csy4 cells. Csy4-H29A and Csy4 were detected with anti-Sv5 antibody. H) Confocal immunofluorescence of MA-Csy4-H29A cells 
infected with rRV-wt (MOI of 5). Cells were stained with the indicated antibodies and DAPI 5 hpi NI; not infected. I) Electrophoretic 
pattern of dsRNA genome segments of the rRV-wt, rRV-gs5*, rRV-gs5*∆27 and rRV-gs5*∆42 grown in the indicated cell lines. 

Csy4Csy4
H29A

Sv5
25

MA:

GAPDH

SV5 Merge

NSP2 SV5 Merge

rRV-wt rRV-wt rRV-wt

M
A-

C
sy

4-
H

29
A NSP2

G H
NI NI NI

MW
(kDa)

rRV

gs5*-
∆27

gs5*-
∆42gs5*gs5*wt

Cells MA: NSP5-
Csy4-
H29A

wt NSP5-
Csy4

wt wt

I



 89 

3.3.4 Further insights into the mechanism of gs5* Csy4-mediated editing   
 
We then asked whether the observed editing events were dependent on the position of the Cy28 

nuclease target sequence. In the case of the above described gs5*, Cy28 was located 95 nucleotides 

upstream of the 3’ end of the gs5* (+) strand. We thus generated a rRV carrying a similar gs5* with 

Cy28 located 284 nucleotides upstream of the (+) strand 3’ end (termed, rRV-gs5*/284) (Fig. 42A). 

As NSP1 is dispensable for infection of cells in culture7,114, the insertion of Cy28, which generates a 

truncated NSP1 ORF (47 kDa), did not affect rescue of the virus.  

The dsRNA profile and sequence analysis showed that rRV-gs5*/284 also generated an edited version 

of gs5*/284 when infecting MA-NSP5-Csy4 cells but not when infecting MA-NSP5-Csy4-H29A cells 

(Fig. 42B). Surprisingly, we could not detect any unrearranged gs5*/284, while the edited segment 

contained the same 42 and 27 nucleotides deletions upstream of the Csy4 cleavage site with a 

coverage of 34% and 66%, respectively (Fig. 42C). 

A common mechanism of segmented viruses, including the ones having a dsRNA genome, following 

co-infection with different strains, is the generation of a reassortant virus progeny rather than 

recombination between similar segments 283.  

In order to investigate whether the editing deletions of gs5* were due to unusual recombination 

events between two gs5* derived template molecules (trans-mechanism) or to a process taking place 

on the same replicating genome segment (cis-mechanism), we first generated an almost identical 

rRV containing a gs5* with two restriction enzyme (RE) sites (herein named rRV-gs5*-RE). This 

recombinant virus has a SpeI site 120 nucleotides upstream the Cy28 sequence and a BamHI site 7 

nucleotides downstream the Csy4 cleavage site (Fig. 42D). The gs5*-RE dsRNA was edited in MA-

NSP5-Csy4 cells generating the expected ∆42 and ∆27 genomic deletions previously observed  (Fig. 

42E). 

Co-infection of MA-NSP5-Csy4 cells with the two viruses (rRV-gs5* and rRV-gs5*-RE) in a 1:1 ratio 

should produce edited dsRNA gs5* variants having only one RE site (either SpeI or BamHI) in case of 

a trans acting mechanism. Conversely, if editing involves a cis mechanism, the double stranded ∆42 

and ∆27 gs5* should have either none or the two restriction enzyme sites. Sequence analysis of the 

dsRNAs from rRV-gs5* / rRV-gs5*-RE co-infected MA-NSP5-Csy4 cells showed that 100 % of the 

edited gs5* contained either no SpeI-BamHI restriction sites or both (Fig. 42F).  

These data indicate that a cis-acting editing mechanism, instead of a recombination between two 

different RNA molecules, is at the basis of the Csy4-mediated rearrangement of gs5*. 
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3.3.5 Insertion of Cy28 sequence in other RV genome segments  
 
We next investigated whether the same Csy4-mediated editing could occur in other RV genome 

segments. For this purpose, we obtained a rRV with the Spacer-Cy28 sequence positioned in the gs11 

(gs11*), which encodes the essential viral protein NSP5, the main architect of the viroplasms 

assembly 44,129,270 (Fig. 43A). Analysis of viral protein levels showed a lower production of NSP5 and 

VP2 proteins when rRV-gs11* infected MA-NSP5-Csy4 cells in comparison to MA-NSP5-Csy4-H29A 

infected cells (Fig. 43B). The decrease in viral replication was further confirmed by the analysis of the 

newly produced dsRNAs at 16 hours post-infection, which was drastically reduced in rRV-gs11* 

infecting MA expressing NSP5-Csy4 active enzyme (Fig. 43C).  

However, the dsRNA migration profile of MA-NSP5-Csy4 infected cells did not reveal any generation 

of gs11* edited versions, which were also not detected following RT/PCR on total RNA from infected 

cells at 7 hpi (Fig. 43C).  These results thus suggest that, despite insertion of the same Cy28 sequence 

used in gs5* and in the corresponding homologous position in gs11, the deletion editing events may 

depend on the targeted genome segment and the respective encoded protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 43:  A) Schematic representation of gs11*. B) Western blot of rRV-gs11* infection of the indicate cell lines at 5 hpi. C) 
Electrophoresis of dsRNA genome segments of rRV-wt and rRV-gs11* grown in the indicated cell lines. Blu arrowhead shows 
the gs11*. 
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3.3.6 Harnessing Csy4-mediated editing of gs5* to study rotavirus secondary 
transcription 

 
A hallmark of RV is the transcriptional activity of DLPs. Purified Triple layered particles (TLPs) that are 

deprived of the third layer (formed by VP4 and VP7) by Ca2+ chelating agents in vitro become 

transcriptionally active and are able to produce large amounts of mRNAs from all genome segments, 

and DLPs transfected into living cells are infectious 83. During virus replication in infected cells DLPs 

are assembled in viroplasms and are supposed to be transcriptionally active (secondary 

transcription), before or during budding into the ER for final maturation into TLPs. 

It remains largely unknown up to what degree secondary transcription by the newly made DLPs, and 

the consequent secondary translation of viral proteins, contribute during the virus replication cycle 

and the final infectivity yield. The in vivo Csy4-mediated editing provides an ideal tool to study 

secondary transcription as it allows monitoring expression of the edited genome segment.  

For this purpose, we took advantage of our previous observation with rRV-gs5* and we generated a 

new rRV with a modified gs5* (gs5*-HA) containing an extra tag (HA) downstream of NSP1-SV5 STOP 

codon and the minimal 20 nt-long Csy4 target sequence (Cy20), which still keeps the same binding 

affinity for Csy4 protein (scheme in Fig. 44A). rRV-gs5*-HA normally produce the 60 kDa protein 

tagged with SV5 (NSP1-SV5) but only upon ∆42 or ∆27 editing events NSP1-SV5 protein becomes 

additionally tagged with HA. The rRV-gs5*-HA generated the expected edited gs5*-HA when infecting 

MA-NSP5-Csy4 cells expressing the active Csy4 enzyme (Fig. 44B). 

As only newly made particles would contain an edited gs5*-HA, expression of NSP1-SV5-HA allows 

monitoring the product of the newly produced transcripts, hallmark of secondary transcription. As 

shown in Fig. 44C, upon infection with rRV-gs5*-HA, NSP1-HA was detected in MA-NSP5-Csy4 cells 

as early as 7 hpi, but not in cells expressing the inactive NSP5-Csy4-H29A. Quantitative time course 

analysis of NSP1-SV5-HA expression showed that the production of protein derived from secondary 

transcription is increased from 5 hpi onwards. This was done detecting the 60 kDa non-edited NSP1-

SV5 (product of primary transcription) and comparing the levels with the 61 kDa edited NSP1-SV5-

HA (product of secondary transcription) (Fig. 44D). Remarkably, quantitative analysis showed that 

the product of secondary transcription reaches almost the same levels of the primary-transcription 

product at 7 hours post infection and become even predominant at very late hours post infection (9 

hpi), contributing for more than 60% of the whole production of viral protein (Fig. 44E). 

In order to visualise the onset of secondary transcription over the time and following the Csy4-

mediated editing in living cells, we generated a rRV carrying a modified version of gs7 that encodes 
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NSP3 followed by the picornavirus peptide 2A and the EGFP reporter protein (named rRV-gs7-f2A-

EGFP*).  It has been previously shown that such modified genome segments can be rescued 284. We 

generated the NSP3-2A-EGFP , which showed strong EGFP fluorescence that accumulated as puncta 

not co-localising (as expected) with viroplasms (data not shown). A minimal Csy4 target sequence 

composed of only 20 nucleotides (herein named Cy20) was inserted within the ORF of EGFP 

producing a truncated reporter (EGFP*)  (Fig. 45A). The EGFP* was not fluorescent due to the lack of 

the Glutamic Acid (E) at position 222, which is essential for the maturation of the protein and for the 

emission of the green fluorescence 285. 

Upon the 42-nucleotides editing deletion event the full-length EGFP ORF would be restored allowing 

the production of EGFP, as a consequence of the secondary transcription within those cells homing 

the editing events. 

Surprisingly, analysis of the dsRNA genome segments migration profile of rRV-gs7-f2A-EGFP* 

infected MA-NSP5-Csy4 cells showed a very reduced level of gs7-f2A-EGFP*, and no indication of 

deletions editing (Fig. 45B). Nevertheless, the cytofluorimetry analysis and immunofluorescence 

images showed a small number of EGFP positive cells (around 1%) in MA-NSP5-Csy4 infected cells at 

16 hpi, reflecting a very low efficiency of ∆42 editing on gs7-f2A-EGFP* below the sensitivity of dsRNA 

electrophoresis (Fig. 45C-D). We thus measured the kinetics of the secondary transcription over the 

time detecting the EGFP positive cells after rRV-gs7-f2A-EGFP* infection in the presence of the active 

NSP5-Csy4 fusion protein. We were able to detect live cells producing the fluorescent EGFP, product 

of secondary transcription,  as early as 7 hours post infection with an increasing fluorescence over 

the time (Fig. 45E-F), corroborating our previous results with the NSP1-SV5-HA protein.   
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Figure 44:  A) Schematic representation of gs5*-HA. B) Electrophoresis of dsRNA genome segments of rRV-wt and rRV-gs5*-HA 
grown in the indicated cell lines. C-D) Western blot of MA-NSP5-Csy4 and MA-NSP5-Csy4-H29A infected with rRV-gs5*-HA. The 
cells were collected and lysate at the indicate hours post infection (hpi). The membranes were incubated with anti-HA antibody 
(C) or anti-SV5 antibody (D) to detect the recombinant proteins (NSP1-SV5-HA or NSP1-SV5). Red asterisk indicated the NSP1-
SV5-HA protein, while black asterisk indicates the NSP1-SV5 protein. E) Percentage of relative NSP1-SV5 and NSP1-SV5-HA 
quantity measured by densitometry.  
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Figure 45:  A) Schematic representation of gs7-f2A-EGFP*. B) Electrophoresis of dsRNA genome segments of rRV-gs7-f2A-EGFP* 
grown in MA-NSP5-Csy4-H29A and MA-NSP5-Csy4. C) FACS analysis of MA-NSP5-Csy4-H29A and MA-NSP5-Csy4 infected with 
rRV-gs7-f2A-EGFP*. D) Confocal immunofluorescence micrographs of MA-NSP5-Csy4-H29A and MA-NSP5-Csy4 cells infected 
with rRV-gs7-f2A-EGFP*. Cells were stained 7 hpi with the indicated antibodies and DAPI. Scale bar 13 µm. E) Live imaging 
micrographs showing MA-NSP5-Csy4 cell line infected with rRV-gs7-f2A-EGFP* from 6 to 9 hpi. The images were taken every 20 
minutes. Cells were stained with DAPI.  F) Quantification of EGFP fluorescent cells from 6 to 9 hpi normalized to MA-NSP5-Csy4-
H29A.  
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4 DISCUSSION 
 
4.1 Development of a reverse genetics system coupled with targeting 

exogenous RNAs to viroplasms 
 
 
One of the ways to study virus biology relies on the engineering of their genomes with particular 

mutations in individual viral genes and the subsequent production of the infectious recombinant viral 

particles. This approach, named “reverse genetics”, has been widely used to get new insights on 

replication, host restriction and pathogenicity of different viral pathogens8,286. 

Reverse genetics of RNA viruses involves a cDNA level of engineering of the viral genome, followed 

by procedures to generate live infectious progeny virus (wild-type or mutated) after transfection of 

cDNAs or in vitro transcribed RNAs into cells. To achieve this, co- or superinfection with a helper virus 

has been used in initial attempts. However, because viral progeny carrying the engineered genome 

segments may be difficult to separate from the helper viruses, a selection system is needed to identify 

and isolate recombinant viral particles8. 

The selection systems currently available for isolation of recombinant rotaviruses are dependent on 

specific genomic segments and are not of general applicability 210,240,248,249. Thus, the final aim is to 

develop a universal selection system that could be applied to all the genomic segments.  

To do this, we thought to engineer a gs11 to encode a selective marker (i.e. EGFP) followed by either 

2A element or TEV cleavage site, upstream the ORF of NSP5 protein. Both systems allow the 

independent generation of the two proteins (EGFP and NSP5) in the cell. The EGFP produced will be 

used as a marker to detect cells sustaining recombinant virus replication. With this design the viral 

protein is produced with a minimal modification at the N-terminus (addition of a Proline in the case 

of 2A and a deletion of the first amino acid in the case of TEVp cleavage site). We tested this model 

with gs11 encoding the NSP5 protein. 

One of the main problems facing the generation of recombinant viruses turned out to be the very 

low efficiency in transfecting cells with a plasmid encoding recombinant segment and super-infecting 

them with a helper rotavirus. Since recombinant Vaccinia Virus (rVV) has been widely used to express 

a large amount of exogenous proteins in a cell with very high efficiency287and it is already employed 

in the RV-protein expression system for the production of T7 RNA polymerase, we decided to 

engineer a rVV to express also the T7-driven recombinant RV genome segment. We showed that co-

infection with both rVV and RV leads to more than 97% of double-positive cells. We reasoned that 
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increasing the number of cells containing both the recombinant viral segment and RV infection 

should have enhanced the possibility to incorporate the exogenous segment into the new viral 

progeny. Despite many attempts and the use of FACS-sorting cycles of putative EGFP positive cells, 

which should have sustained recombinant virus replication, the isolation of the recombinants was 

unsuccessful.  

The failure in isolating the recombinant viral particles could be due to several reasons: i) although the 

use of rVV encoding the recombinant RV genome segment may increase the probability to generate 

reassortant, it could have a negative effect on RV replication by competing for the hijack of cellular 

machinery; ii) the engineered genome segment 11 encoding EGFP-TS/2A-NSP5 is not suitable for 

packaging into newly made viral particles; iii) the recombinant segment is somehow excluded from 

viroplasms, which is the site where rotavirus replicates and packages its segmented genome. 

To address the first point and eliminate rVV from the first reassortment step of our protocol, we co-

transfected CsCl-purified RV-intermediates DLPs, a plasmid encoding the recombinant gs11 and one 

encoding the FAST protein into BHK cells stably expressing T7 RNA polymerase 7,251. In this way, the 

constitutive T7 RNA polymerase would drive the transcription of the recombinant viral segment, and 

the DLPs, once introduced into the same cells by transfections, would be able to start the replicative 

cycle.  

Recent developments in the RV field have demonstrated that the formation of syncytia among RV 

infected cells increases the replication and production of the viral particles7,250. We reasoned that the 

use of FAST protein in the reassortment step might increase the spread of the viral infection, allowing 

the recombinant viruses to replicate faster. Moreover, the induction of the syncytia may also increase 

the co-existence of both RV and recombinant gs within a FAST-induced syncytium, increasing the 

probability to generate reassortants. 

Despite these changes in the reassortment protocol, the isolation of the recombinant viral progeny 

still failed. Rotavirus genome replication and packaging of the 11 dsRNA genome segments takes 

place in subcellular cytoplasmatic structures, named viroplasms. Several data suggest that these viral 

factories are refractory to the entrance of exogenous mRNAs generated into the cytosol95, pointing 

at one of the main reasons for the low frequency of packaging of recombinant viral genome segments 

and the principal failure to the development of a helper-virus dependent reverse genetics system. 

We generated a system to recruit cytoplasmic-produced RV-like mRNAs into the viroplasms by 

harnessing the Pseudomonas aeruginosa Csy4/Cas6f endoribonuclease265–267. Csy4 functions a 

single-turnover enzyme recognising a 28 nucleotides sequence, binding to the pre-crRNAs 15 
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nucleotides RNA hairpin of the CRISPR repeat (herein called Cy15) with very high affinity (Kd=50 pM) 

and cleaving immediately downstream of the five-base-pair stem-loop element267. Further 

characterisation of this endoribonuclease showed that the active site of Csy4 contains an essential 

histidine residue at position 29 (His29), whose substitution into Alanine abolished the cleavage 

activity but still preserve its high binding affinity for the Cy15 sequence 265.  We fused the Csy4-H29A 

to the C-terminal region of the RV non-structural protein NSP5. Previous reports have also shown 

that ectopic proteins such as EGFP or mCherry fused to the C-Terminal domain of RV proteins NSP5 

or NSP2 can localise to viroplasms upon RV infection.  As expected, the NSP5-Csy4-H29A fusion 

protein localised in viroplasms during RV infection. To provide a substrate for Csy4 binding we 

introduced the Cy15 target sequence in the positive strand of the virus-like mRNA, between the 

EGFP-TS/2A-NSP5 STOP codon and its 3’ untranslated region (3’UTR). The RNA:NSP5-Csy4-H29A 

complex assembled in the cytosol localised in viroplasms during RV infection. The localisation was 

tracked tagging the recombinant RNA with the Broccoli-RNA aptamer. Broccoli is a 49-nucleotides 

aptamer, which emits green fluorescence only when it is bound to the small molecule fluorophore 

(DFHBI) 272,273. This aptamer, together with its precursor Spinach, has been fused with other RNAs, 

enabling imaging of various RNAs in bacterial and mammalian cells272–274,288,289. 

However, although the RV-recombinant RNA shuttled by the NSP5-Csy4-H29A fusion protein 

localised to viroplasms upon viral infection, probably increasing the availability of the recombinant 

segment to get packaged,  the rescue of recombinant rotaviruses has been unsuccessful.  

 In conclusion, although we were not able to isolate recombinant rotaviruses using several different 

approaches, we demonstrated the possibility to shuttle an endoribonuclease, and potentially any 

ectopic protein, into the RV viral factories as long as fused with a RV viroplasmic-localised protein (in 

our case NSP5). Furthermore, we developed a system to transfer a virus-like mRNA produced in the 

cytosol to rotavirus viral factories. This system can be potentially used for other RNA viruses which 

need to compartmentalise or recruit specific mRNAs in sub-compartments for several purposes 

including replication and/or packaging290.  

The unsuccessful in rescuing recombinant rotaviruses, neither with the localisation of exogenous gs 

into the viroplasms, suggest that the chosen segment might be unsuitable for packaging, and not well 

tolerated by newly made viral particles.  

However, the Csy4-mediated RNA shuttle system can be employed in many cells, such as neurons or 

polarised cells, where localised mRNA translation provides spatial regulation of protein expression291–

293. 
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4.2 Recombinant rotaviruses confirmed the role of NSP5 
hyperphosphorylation in the assembly of viral factories 

 
Rotaviruses replicate within cytoplasmic viral factories, termed viroplasms. Most RV assembly 

intermediates, i.e., single layered particles (cores) and double-layered particles (DLPs) are initially 

primarily concentrated in viroplasms. Following budding of DLPs into the lumen of the endoplasmic 

reticulum, the immature particles acquire a transient envelope, as well as the outer capsid proteins 

VP4 and VP7, resulting in a mature triple-layered virion. Moreover, downregulation of expression of 

the most abundant viroplasm-forming proteins NSP5 and NSP2 severely impacts on the formation of 

viroplasms and production of virus progeny158,165,206,294. In light of these observations, viroplasms 

have long been recognised as essential compartments supporting the RV replication. 

Of the two non-structural proteins involved in viroplasm assembly, NSP5 appears to play a crucial 

role by potentially providing a scaffold that allows for recruitment of additional viral proteins. Only 

when NSP5 is co-expressed with NSP2 and/or VP2, these proteins assemble into viroplasm-like 

structures (VLS), which are also capable to recruit additional structural proteins including VP1, VP2 

and VP6 34,43. Given these observations, we hypothesised that complete removal of NSP5 would be 

lethal for RV replication. Using the modified reverse genetics system for rotaviruses 114, we provide 

direct evidence of the essential role of NSP5 in viroplasm formation and viral replication. In order to 

characterise replication-deficient NSP5-negative mutants, we have established a trans-

complementing system that provides NSP5 to the virus both transiently in BHK-T7 cells, and stably in 

NSP5-producing MA104 cell line (MA-NSP5), thus enabling facile isolation of rRVs lacking functional 

NSP5. Using this approach, we have demonstrated that NSP5-deficient rRV was unable to form 

viroplasms and replicate in the wt MA104 cells, while the viroplasm formation and viral replication 

were efficiently rescued in the trans-complementing MA-NSP5 cell line. Interestingly, the rRVs 

generated using this method also failed to incorporate dsRNA originating from the NSP5-encoding 

mRNA lacking the 5’ and 3’ untranslated regions (UTRs), further supporting the essential contribution 

of UTRs for genome packaging in RVs 213,271. 

NSP5 hyper-phosphorylation has been previously implicated in the regulation of NSP5 assembly into 

viroplasms. This phosphorylation, however, requires the interaction of NSP5 with, either NSP2 or 

VP2, as NSP5 is not phosphorylated when expressed alone 43,44,120. Previous studies have suggested 

that activation of NSP5 hyper-phosphorylation may require a conformational change that leads to its 

efficient hyper-phosphorylation via a positive feedback loop mechanism 43,120,164. Two regions 

comprising the N-terminal amino acids 1-33 (region 1) and the central region amino acids 81-130 
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(region 3) have been reported to prevent NSP5 phosphorylation in the absence of other viral proteins, 

while the 18 amino acids long C-terminal tail was found to be essential for its phosphorylation43,120,164. 

Here, we have shown that all three rRV mutants S67A, ∆T and ∆176-180 expressing the 

phosphorylation-negative NSP5 variants were unable to form round-shaped viroplasms upon 

infection of MA104 cells. Interestingly, further analysis of these mutants revealed some key 

differences between each NSP5 variant. While rRV-NSP5/S67A strain formed aberrant structures 

resembling viroplasms that poorly support RV replication, this variant was still capable of producing 

the infectious progeny, in contrast to the two other rRV mutant strains. Interestingly, the phenotype 

observed with the NSP5 mutant S67A was essentially the same as the one previously reported with 

the wt virus infecting MA104 cells silenced for expression of CK1a, which is involved in 

phosphorylating Ser67 and initiating the hyper-phosphorylation cascade 164,165. It has recently been 

shown that CK1a is also involved in phosphorylating NSP2, controlling the formation of rotavirus viral 

factories 295. Our data obtained with the rRV-NSP5/S67A mutant strongly suggest that the lack of 

NSP5 hyper-phosphorylation determines both the morphogenesis of viroplasms and their capacity to 

support RV genome replication. We cannot rule out the role of NSP2 phosphorylation in assembly of 

viroplasms since NSP2 is also likely to be phosphorylated by CK1a upon infection of the rRV-

NSP5/S67A strain. Despite the formation of abnormal viroplasms and fibre-like structures, the 

amount of RNA produced within those structures in rRV-NSP5/S67A-infected MA104 cells  was 

practically below the detection limit of the 5-EU labelling, while the RNA replication was fully rescued 

in the trans-complementing MA-NSP5 cell line (Fig. 46). Interestingly, we were able to detect viral 

RNA in some of these aberrant structures using RNA FISH with single molecule sensitivity. This result 

is consistent with the finding that the rRV-NSP5/S67A strain did replicate, albeit at much lower levels 

than the rRV-wt. Thus, these structures are likely to sustain virus replication with decreased 

efficiency, which was further confirmed by the electron microscopy analysis of MA104 cells infected 

with the rRV-NSP5/S67A strain.  

The essential role of NSP5 hyper-phosphorylation was further supported by the results obtained with 

the two phosphorylation-negative mutant strains NSP5/∆T and NSP5/∆176-180 that possess Ser67 

and yet failed to form viroplasms. Surprisingly, the ∆176-180 mutant, containing the C-terminal tail 

has also failed to form viroplasms, despite the absence of Ser or Thr within the chosen 176-180 

region. Both phosphorylation-negative mutants tested did not replicate in MA104 cells and we could 

not detect any structures containing viral RNA. 
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Using the NSP5 mutant strains described above and the established stable transfectant MA104 cells 

we were able to investigate the molecular mechanism that leads to NSP5 hyperphosphorylation. We 

showed that the NSP5/S67A mutant from the rRV was indeed hyperphosphorylated, albeit not 

completely, when infecting MA-∆3 cells, restoring round-shaped viroplasms with a complete absence 

of the fibre-like structures observed in MA104 cells. This finding strongly suggests that impairment 

of NSP5 phosphorylation is the direct cause of the formation of both aberrant and fibre-like 

structures. Despite the fact that viroplasms appeared morphologically normal in MA-∆3 cells, 

recruitment of VP6 at the periphery of viroplasms was only observed with the hyperphosphorylated 

NSP5/S67A mutant, in contrast to the other NSP5 phosphorylation negative mutants. One possibility 

is that recruitment of VP6 to round-shaped viroplasms requires a full-length hyperphosphorylated 

NSP5, as well as phosphorylation of multiple serine residues which likely occurs by CK2153,163. 

Moreover, the round-shaped structures found in MA-∆3 cells infected with rRV-NSP5/KO failed to 

recruit VP6. 

The observed failure to rescue the replication of the rRV-NSP5/S67A strain to the wt levels in MA-∆3 

cells could be the consequence of the incomplete recovery of the complex pattern of phosphorylated 

isoforms of wt NSP5. This suggests that some intermediate isoforms might be important for the 

formation of fully functional replication-competent viroplasms. 

A model of the complex hierarchical mechanism of NSP5 hyper-phosphorylation during RV infection 

is depicted in Fig. 1. It involves (a) interaction of NSP5 with either NSP2 or VP2, required to (b) make 

Ser67 available for CK1a phosphorylation. This initial step is then sequentially completed (c) by CK2-

mediated phosphorylation of other serines to generate the NSP5 ‘activator’, during a step dependent 

(d) on the interaction of the Ser67-phosphorylated molecules with the non-phosphorylated partners 

in the NSP5 oligomeric complexes. Alternatively (c’), oligomers could be formed before the activation 

step. NSP5 interactions mediated by the carboxy-terminal tails T result in (e) substrate activation and 

a fully hyperphosphorylated NSP5. This process leads to (f) the assembly of viroplasms scaffolds 

containing NSP2, and (g) recruitment of VP6, as well as the other viroplasmic proteins, VP1, VP2, VP3 

to assemble replication-competent viroplasms. 

 

 

 

 

 



 103 

 

Figure 46: Model of NSP5 hyperphosphorylation and assembly of replication-competent viroplasms. 

(a) Interaction of non-phosphorylated NSP5 with either NSP2 or VP2 is required to (b) induce conformational changes that make S67 
available for CK1a phosphorylation (P). This initial step of the cascade is then (c) sequentially completed by phosphorylation by CK2 of 
other residues including serines in domain 4, to generate the NSP5 activator or, (c’) a step of interaction with non-phosphorylated 
molecule precedes the involvement of CK2. (d) NSP5 interactions to form dimers/multimers are mediated by the carboxy-terminal tails 
(T). (e) The primed (S67-phosphorylated) activator molecules result in substrate activation and fully hyper-phosphorylated NSP5. (f) 
Assembly of viroplasms scaffolds containing NSP2 serve to (g) recruit the other viroplasmic components, VP1, VP2, VP3 and VP6 to 
assemble replication-competent viroplasms. P; phosphorylated amino acid. *This image was created using BioRender.com. 
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4.3 CRISPR-Csy4 mediated editing of Rotavirus dsRNA genome 
 

Prokaryotes have evolved an anti-viral defence mechanism, which relies on clustered, regularly 

interspaced, short palindromic repeat (CRISPR) loci. These regions contain short virus-derived 

sequences separated by conserved repeated sequences, which are transcribed as pre-CRISPR RNAs 

(pre-crRNAs). These transcripts are then processed to generate crRNAs, which are used to guide 

CRISPR adaptive immunity to cleave foreign nucleic acids257,296  

Among the six types of CRISPR-Cas systems, different mechanisms of crRNA maturation have been 

reported 257. In the well-known type II CRISPR-Cas9 system widely used as a genome editing tool, 

RNAse III mediates maturation of gRNAs from the pre-crRNAs and trans-activating crRNA (tracrRNA). 

Viruses have also become the target of the CRISPR-nucleases to manipulate their genomes with 

various purposes. DNA viruses including Hepatitis B virus (HBV), Herpesviruses, Human Papilloma 

Virus (HPV), as well as RNA viruses like lentivirus (HIV-1) and retroviruses have been efficiently 

subjected to CRISPR-Cas9 editing in different cell-culture and in vivo systems297–304. In these cases, 

the edited target molecule is the DNA genome or DNA replication intermediates, as in the case of 

lenti- or retroviruses305,306.  

Members of the type VI CRISPR-Cas13 family with endoribonulcease activity have been used to 

specifically target and degrade viral single-stranded RNAs of HIV-1 and HCV, thus interfering with viral 

infection307,308. Similarly, CRISPR-Csy4 was used to block infection of a model HIV-1 virus308. However, 

there are no reports showing the use of CRISPR-nucleases or other homing nuclease in targeting and 

editing a dsRNA virus genome.  

Here we harnessed the CRISPR-Cas system type I system using the Cas6 protein of Pseudomonas 

aeruginosa, known as Csy4/Cas6f264, to show editing of the dsRNA genome of RV. 

In order to do it, we first obtained a rRV with a sequence in genome segment 5 (rRV-gs5*), modified 

in such a way that the (+)ssRNA contained the Cy28 target sequence motif recognised by the enzyme 

and required for cleavage, downstream of the STOP codon. We also obtained stable transfectant cells 

derived from the MA104 cell line, highly permissive for RV replication, that express either the Csy4 

active enzyme or an inactive mutant (H29A) fused to the viroplasm-localising viral proteins NSP5 or 

NSP2.  

Following a single round of infection of cells expressing the NSP5-Csy4 active enzyme with rRV-gs5* 

virus strain, carrying the Csy4 target sequence of gs5, we observed the generation of a deleted 

version of gs5*  lacking 27 or 42 nucleotides (named gs5*-∆27 and gs5*-∆42 respectively). 
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Interestingly, the 3’ site of the deleted sequence in both edited segments coincide with the Csy4 

cleavage site, consistent with the requirement of the Csy4 cleavage activity to generate the deletion. 

The gs5*-∆27 and gs5*-∆42  segments represented the 82% of the total gs5*, indicating that the 

editing events were highly favoured. Infection of cells expressing the active soluble form of Csy4, 

which does not localise to viroplasms upon RV infection, did not generate any gs5* editing event.  

Interestingly, the editing events were not observed in the presence of the active soluble form of Csy4, 

which does not get recruited to viroplasms, but they occur only when Csy4 was localised to RV viral 

factories  (either fused with NSP5 or NSP2). These data further indicate that the Csy4-mediated 

editing of the dsRNA genome segment may take place in RV viral factories and further suggests that 

it precedes the double stranded RNA replication step, as the endonuclease can only bind to the (+) 

RNA strand. 

Since the RV genome is composed of 11 genome segments, we tested whether the editing 

mechanism observed in gs5* could have been a feature shared with other genome segments. After 

insertion of the Cy28 sequence into gs11 (gs11*), coding for the essential protein NSP5, we observed 

a markedly reduced replication fitness when the rRV-gs11* strain infected MA-NSP5-Csy4 cells, 

although no edited versions of gs11* were detected. We cannot exclude at present that the observed 

reduced replication rate in the presence of an active viroplasmic Csy4 targeting gs11* may be the 

consequence of an NSP5 protein production impairment, which can modulate the assembly of RV-

viral factories. Furthermore, certain regions that may be required for genome assortment have been 

identified via RNA-RNA SELEX approach in gs11 309 and, thus, disruption of these sequences by the 

Csy4 cleavage may impact genome assembly and packaging. 

RV replication takes place in viroplasms and requires the replicase activity of the RdRp VP1, together 

with the core protein VP2 and the (+)ssRNA as template. The exact place where dsRNA replication 

occurs is still debated but two different models of RV genome replication of have been proposed: i) 

i) pre-assembled cores containing VP1-VP3 and VP2 allows the entry of ssRNAs of positive polarity 

from their 3’ ends synthesising the minus strand and leading to the production of the genomic dsRNA 

in the assembled core particle 310 or, ii) the synthesis of the minus strand on the (+)ssRNA template 

occurs in not-fully assembled pre-core intermediates that form (+)ssRNA-VP1-VP3 complexes but lack 

a complete VP2 shell 50,271. Our data favour this second scenario, which implies the possibility that 

the ssRNAs templates are partially available to the viroplasmic proteins NSP5 and/or NSP2 protein  

and therefore to the Csy4 moiety of the corresponding fusion proteins during the initial steps of the 

genome replication. 
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The observed composition of the edited segments is a further indication that the 3’UTR as well as 

Csy4-mediated cleavage activity are essential for the generation of the deleted segments. In support 

of this, all the edited dsRNA genome segments generated were found to have preserved the original 

3’UTR and, in all cases, the edited sequences contained a deletion starting exactly from the Csy4 

cleavage site at the G positioned at the base of the 5 nucleotides stem of the Csy4 target sequence. 

Interestingly, we also observed that both 27 and 42 nt deletions, reinitiate from an upstream G. It is 

therefore possible that such precise deletions may be the consequence of a second (and as yet 

unidentified) upstream cleavage on the +ssRNA, which occurs after only when the first cleavage is 

performed by the Csy4.  

Although a detailed molecular description of the deletion rearrangement is still missing, we can 

envisage a mechanism which takes into consideration the following findings; i) our data showing that 

the editing events were not the consequence of a recombination of two independent RNA fragments 

generated upon Csy4 cleavage, but rather an intra-molecular event happening on the same 

replicating molecules (in cis) and ii) the detailed and well-characterised structure of the VP1 that 

requires, in its replication mode, insertion of the 3’ end of the template +ssRNA into the template 

tunnel, to initiate from the conserved consensus 5’-UGUGACC-3’ sequence synthesis of the 

complementary minus strand to generate the genomic dsRNA 311. In the presence of Csy4, the 

cleaved 3’ part of the mRNA becomes double stranded, and then following a possible second 

upstream cleavage on the + strand, a new 3’ end is generated that is still able to continue insertion 

into the template tunnel. The polymerase re-initiates replication from this new 3’ end, synthesising 

a covalent continuous minus strand (already containing the deletion) that generates the dsRNA 

segment with the + strand nicked at the Csy4 cleavage site. Upon transcription of the newly made 

dsRNA (secondary transcription) the deletion becomes stabilised. 

We took advantage of this precise in vivo editing of the RV genome to address an important question 

related to the virus replication cycle: the role and extent of transcription by newly made viral DLP 

particles. Several RNA viruses show secondary transcription as a consequence of transcription of sub 

genomic RNAs or at different times during the replication cycle312,313. In the case of rotavirus and of 

other genera of the Reoviridae this question is not easily addressed as the progeny virus has exactly 

the same composition as the infecting particle. Using the precise Csy4-mediated genome editing 

approach we generated a rRV (rRV-gs5*-HA) encoding an HA-tagged NSP1 which can only be 

observed upon the generation of either ∆42 or ∆27 editing events. The translation of the HA-tagged 

proteins thus is the consequence of the production of mRNAs generated by (secondary) transcription 
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of the newly assembled particles. This recombinant virus allowed us to map the onset of the product 

of the secondary transcription to a time point early as 7 hours post infection.  Our results show that 

secondary transcription is extremely relevant during RV infection, being responsible of more than 

60% of all the protein produced at 9 hpi thus indicating that the efficiency of virus replication is 

affected by the capacity of DLPs to produce mRNAs in viroplasms that are efficiently exported for 

translation.  This estimate will be an underrepresention, as the gs that is not edited is also generating 

newly made particles that contribute to the secondary transcription, but not HA-tagged.  

In order to visualise the onset of secondary transcription in living cells we generated a rRV carrying a 

modified gs7.  Recent data showed that gs7 is able to incorporate different exogenous proteins, 

keeping the capacity to package them into viral progeny 284,314. We engineered gs7 for the expression 

of EGFP downstream of the 2A peptide sequence, with the EGFP ORF interrupted by the Csy4 target 

sequence upstream residue E222 that confers fluorescence to the protein315–317. Thus, this 

engineered gs7 has an EGFP that is normally not fluorescent but will light up only upon the 42 

nucleotides deletion-editing event, mediated by the Csy4 fusion active form.  The ∆42 editing event 

was reproduced in the gs7-f2A-EGFP*, although with a much lower frequency compared to gs5*. 

Interestingly, the dsRNA profile of rRV-gs7-f2A-EGFP* infecting cells expressing NSP5-Csy4 active 

enzyme showed almost complete loss of the targeted segment, while all the other segments were 

nevertheless replicated as they accumulated in a stoichiometric ratio. 

In any case, although with a reduced efficiency, the appearance of EGFP producing cells at 6 hpi, 

confirmed what observed with the rRV-gs5*-HA and allowed monitoring and quantification of 

secondary transcription events in living cells. 

As the target of the CRISPR nuclease is the (+)ssRNA, this model represents a genome editing event 

where the target is a ssRNA replication intermediate, as well as the original description of a defined 

and consistent editing of a dsRNA genome. This study, which shows the in vivo generation of a new 

progeny of recombinant fluorescent rotaviruses, will pave the way for the harnessing of this tool to 

study different aspects of viral replication, as well as screening of drugs targeting the secondary 

transcription pathway, a still unknown target of RV replication. 
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5 MATERIALS AND METHODS  
 

5.1 Cells and viruses 
 
MA104 (embryonic African green monkey kidney cells), U2OS (Human bone osteosarcoma epithelial 

cells), Caco-2 (colorectal adenocarcinoma human intestinal epithelial cell line, ATCC®HTB-37), 

HEK293T (embryonic human kidney epithelial, ATCC®CRL-3216) and BSC-40 (Cercopithecus aethiops, 

ATCC® CRL-2761™) cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Life 

Technologies) supplemented with 10% Fetal Bovine Serum (FBS) (Life Technologies) and 50 μg/ml 

gentamycin (Biochrom AG).  

MA104-NSP5-EGFP cells (MA-NSP5-EGFP)129 were cultured in DMEM supplemented with 10% FBS 

(Life Technologies), 50 μg/ml gentamycin (Biochrom AG) and 1 mg/ml geneticin (Gibco-BRL, Life 

Technologies). 

MA104-NSP2-mCherry (MA-NSP2-mCherry), MA104-∆3 (MA-∆3), MA104-∆tail (MA-∆T) and MA104-

NSP5wt (MA-NSP5), MA104-NSP5-Csy4 (MA-NSP5-Csy4), MA104-NSP5-Csy4-H29A (MA-NSP5-Csy4-

H29A), MA104-NSP2-Csy4 (MA-NSP2-Csy4), MA104-Csy4(MA-Csy4), MA104-Csy4-H29A (MA-Csy4-

H29A) stable transfectant cell lines (embryonic African green monkey kidney cells, ATCC® CRL-2378) 

were grown in DMEM (Life Technologies) containing 10% FBS, 50 μg/ml gentamycin (Biochrom AG) 

and 5 μg/ml puromycin (Sigma-Aldrich). 

BHK-T7 cells (Baby hamster kidney stably expressing T7 RNA polymerase) were cultured in Glasgow 

medium supplemented with 5% FBS, 10% Tryptose Phosphate Broth (TPB) (Sigma-Aldrich), 50 μg/ml 

gentamycin (Biochrom AG), 2% Non-Essential Amino Acid (NEAA), 1% Glutamine. 

Recombinant simian RV strain SA11 (rRV-wt), rescued using reverse genetics system7 using cDNA 

clones encoding the wild-type SA11 (G3P[2]) virus, was propagated in MA104 cells cultured in DMEM 

supplemented with 0.5 μg/ml trypsin (Sigma Aldrich).   

 

5.2 Rescue of recombinant RVs from cloned cDNAs 
  
To rescue recombinant RV strain SA11 (rRV-WT), monolayers of BHK-T7 cells (4 × 105) cultured in 12-

well plates were co-transfected using 2.5 μL of TransIT-LT1 transfection reagent (Mirus) per 

microgram of DNA plasmid. Each mixture comprised 0.8 μg of SA11 rescue plasmids: pT7-VP1, pT7-

VP2, pT7-VP3, pT7-VP4, pT7-VP6, pT7-VP7, pT7-NSP1, pT7-NSP3, pT7-NSP4, and 2.4 μg of pT7-NSP2 and 
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pT7-NSP5114. Furthermore 0.8 μg of pcDNA3-NSP2 and 0.8 μg of pcDNA3-NSP5, encoding end 

expressing NSP2 and NSP5 proteins, were also co-transfected to increase rescue efficiency. 

To rescue recombinant rRVs encoding NSP5 mutants, pT7 plasmids encoding NSP5/S67A, 

NSP5/Y18Stop, NSP5/∆180-198 segments were used instead of pT7-NSP5. At 24 h post-transfection, 

MA-NSP5 cells (5 × 104 cells) were added to transfected cells to provide a functional NSP5 for the 

virus rescue. The cells were co-cultured for 3 days in FBS-free medium supplemented with trypsin 

(0.5 μg/mL) (Sigma Aldrich). After incubation, transfected cells were lysed by freeze-thawing and 200 

μl of the lysate was transferred to fresh MA-NSP5 cells. After adsorption at 37°C for 1 hour, cells were 

washed three times with PBS and further cultured at 37°C for 4 days in FBS-free DMEM supplemented 

with 0.5 μg/mL trypsin (Sigma Aldrich, 9002-07-7) until a clear cytopathic effect was visible. The 

recombinant viruses were then checked by RT-PCR. 

To rescue recombinant rRVs encoding NSP1, NSP3 and NSP5 mutants, pT7-gs5*, pT7-gs5*-RE, pT7-

gs5*/284, pT7-gs7-f2A-EGFP*, pT7-NSP3-f2A-EGFP and pT7-gs11* plasmids segments were used 

instead of pT7-NSP1, pT7-NSP3 and pT7-NSP5. We followed the above described protocol athought 

the amplification step was performed using MA104 wild-type cells. 

 

5.3 Recombinant RVs Titration 
 
Recombinant NSP5 mutant RVs were grown in MA-NSP5 cells and the lysate was 2-fold serially diluted 

and used to infect MA-NSP5 cells, seeded in 24-wells plates with coverslips. After 1 hour of 

adsorption, virus was removed, and cells were incubated at 37°C. At 5 hours post-infection (hpi), cells 

were fixed with 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS) [137 mM NaCl; 2.7 mM 

KCl; 8.1 mM Na2HPO4 and 1.74 mM KH2PO4 pH7.5] for 15 min at room temperature and 

permeabilized for 5 min with PBS containing 0.01% Triton X-100. Next, cells were incubated for 30 

min with PBS supplemented with 1% bovine serum albumin (PBS-BSA) at room temperature and then 

with anti-NSP5 (1:1000) or anti-VP2 (1:200) or anti-NSP2 (1:200) guinea pig serum diluted in PBS-

BSA. After washing three times with PBS, cells were incubated for 1 h at room temperature with 

TRITC-conjugated Anti-guinea Pig IgG (Jackson ImmunoResearch) (1:500) diluted in PBS-BSA. 

Nuclei were stained with ProLong™ Diamond Antifade Mountant with DAPI (Thermo Scientifc). 

Samples were imaged using a confocal setup (Zeiss Airyscan equipped with a 63x, NA=1.3 objective). 

Each viroplasms-containing cell was counted as one focus-forming unit (FFU). The average of cells 

with viroplasms of six fields of view per each virus dilution was determined and the total number of 
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cells containing viroplasms in the whole preparation was estimated. The virus titre was determined 

as: 

 

where N is a total number of cells containing 1 or more viroplasms, and V is the volume of virus 

inoculum added. 

For rRV and rRV-gs5* titration was performed in MA104 cells following the same protocol.  

 

5.4 Replication kinetics of recombinant viruses 
 
MA104 cell line (ATCC CRL-2378.1) or stably transfected MA104 cells (NSP5; ∆3, ∆T) were seeded 

into 24-well plates and subsequently infected with recombinant RVs at MOI (FFU/cell) of 0.5 for multi-

step growth curve experiments and MOI 5 for a single-step growth curve experiment. After 

adsorption for 1 h at 37°C, cells were washed twice with PBS and the medium replaced with DMEM 

without trypsin. After incubation at 37°C, cells were harvested after 8, 16, 24, 36 hours post virus 

adsorption. The cell lysates were freeze-thawed three times and activated with trypsin (1 �g/ml) for 

30 min at 37°C. The lysates were used to infect monolayers of MA-NSP5 cells seeded in µ-Slide 8 Well 

Chamber Slide-well (iBidi GmbH, Munich, Germany). The cells were then fixed 5 hours post infection 

for 15 min with 4% paraformaldehyde and permeabilized for 5 min with PBS containing 0.01% Triton 

X-100. Next, cells were incubated for 30 min with PBS-BSA at room temperature and then with anti-

NSP5 serum (1:1000) diluted in PBS-BSA. After three washes with PBS, cells were incubated for 1 h 

at room temperature with TRITC-conjugated Anti-guinea Pig IgG (Jackson ImmunoResearch) (1:500) 

diluted in PBS containing 1% BSA (PBS-BSA). 

For rRV and rRV-gs5* the replication kinetics assay was performed in MA104 cells and quantification 

was measured in MA104 cells following the same protocol.  

The number of infected cells was counted, and the virus titres were expressed in Focus-Forming Units 

per mL (FFU/mL). 

 

5.5 Plasmid construction 
 
pVAX-5’-EGFP-TS-NSP5-3’ and pVAX-5’-EGFP-2A-NSP5-3’ were obtained cloning the EGFP-TS-NSP5 

ORF from GenParts™ DNA Fragment (GenScript) into the pVAX.1 using KpnI-BamHI restriction 

enzyme sites. 
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pVAX-5’-EGFP-TS-NSP5-Cy28-3’ was obtained using QuikChange II Site-Directed Mutagenesis (Agilent 

Technologies) and inserting the Cy28 sequence 

(GGCATTAGTCAGCCAATGTGTTCACTGCCGTATAGGCAG) right downstream the stop codon of NSP5 

ORF. 

pVOTE.1-5’-EGFP-TS-NSP5-3’ and pVOTE.1-5’-EGFP-2A-NSP5-3’ to generate recombinant Vaccinia 

Viruses were obtained transferring the 5’-EGFP-TS-NSP5-3’ and the 5’-EGFP-2A-NSP5-3’ into the 

pVOTE.1 using the NcoI-BamHI restriction enzyme sites. 

To obtain pVOTE.1-NSP5-SV5-Csy4-H29A, the NSP5-SV5-Csy4-H29A ORF was amplified by PCR from 

the pVAX-NSP5-Csy4-H29A and cloned into the NcoI-BamHI sites of pVOTE.1. 

pVOTE.1-5’-EGFP-TS-NSP5-Cy28-3’ was obtained inserting the 5’-EGFP-TS-NSP5-Cy28-3’ from pVAX-

5’-EGFP-TS-NSP5-Cy28-3’ to pVOTE.1 using  NcoI-BamHI restriction sites. 

The NSP5-Cy28-Broccoli containing sequence was synthetised by GenParts™ DNA Fragment 

(GenScript) and cloned into the pVAX.1 using KpnI-BamHI restriction enzyme sites to harbour the 

pVAX-NSP5-Cy28-Broccoli. 

 

RV plasmids pT7-VP1-SA11, pT7-VP2-SA11, pT7-VP3-SA11, pT7-VP4-SA11, pT7-VP6-SA11, pT7-VP7-

SA11, pT7-NSP1-SA11, pT7-NSP2-SA11, pT7-NSP3-SA11, pT7-NSP4-SA11, and pT7-NSP5-SA11 7 were 

used to rescue recombinant RVs by reverse genetics. pT7-NSP5/S67A carrying a mutation in the 

nucleotide T220G in the gs11 and pT7-NSP5/Tyr18Stop harbouring a nucleotide substitution T75G 

were generated by QuikChange II Site-Directed Mutagenesis (Agilent Technologies). pT7-NSP5/∆T 

was generated from pT7-NSP5-SA11 by deleting the last 18 C-terminal amino acids 

(FALRMRMKQVAMQLIEDL) using substitution of the F181 encoding triplet with a stop codon. pT7-

NSP5/∆176-180 were obtained deleting the amino acids 176 to 180 (YKKKY). The described deletions 

were performed using the QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies).  

For the generation of lentiviral plasmids, NSP5 and NSP2-mCherry were amplified by PCR and inserted 

into the plasmid pAIP (Addgene #74171;7 at the NotI-EcoRI restriction enzymes sites to yield pAIP-

NSP5 and pAIP-NSP2-mCherry, which were then used to generate lentiviruses for the MA104-stable 

transfectant cell lines (MA-NSP5 and MA-NSP2-mCherry) 318. NSP5/∆T was amplified from the pT7-

NSP5/∆T by PCR and inserted into the pPB-MCS (Vector Builder®) at restriction enzyme sites NheI-

BamHI to generate pPB-NSP5/∆T for the production of the stable transfectant MA-∆T. 

pPB-NSP5/∆3, for MA-∆3 stable cell line establishment, was generated with a GenParts™ DNA 

Fragment (GenScript) containing NSP5 ORF lacking the amino acids 80-130  
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(VKTNADAGVSMDSSAQSRPSSNVGCDQVDFSLNKG LKVKANLDSSISIST) and inserted into the NheI-

BamHI restriction sites of pPB-MCS vector. 

pPB-NSP5-SV5-Csy4 and pPB-SV5-Csy4 plasmids, were generated by PCR amplification from pVAX-

NSP5-SV5-Csy4 (for the primers used see Table 5.1) and inserted in the pPB-MCS vector using BamHI-

XmaI restriction enzymes sites.  

pPB-NSP5-SV5-Csy4-H29A and pPB-SV5-Csy4-H29A plasmids, both carrying two nucleotides 

substitutions C82G and A83C in the Csy4 ORF, were generated by QuikChange II Site-Directed 

Mutagenesis kit (Agilent Technologies) using pPB-NSP5-SV5-Csy4 wt and pPB-SV5-Csy4 wt plasmids 

as templates and two mutagenic primers (Table 5.1). 

A GenPartsTM DNA fragment (Genscript) containing the NSP2-SV5-Csy4 ORF was inserted into pPB-

MCS vector using NotI-EcoRI restriction enzymes sites to harbor the pPB-NSP2-SV5-Csy4.  

pEGFP-Cy28 was generated starting from a pEGFP-C1 plasmid (Addgene) using the QuikChange II 

Site-Directed Mutagenesis kit (Agilent Technologies) and two mutagenic primers (Table 5.1) to add 

the Cy28 sequence (GTTCACTGCCGTATAGGCAGCTAAGAAA) before the first ATG codon of the EGFP 

ORF.   

pT7-gs5* was generated inserting a GenPartsTM DNA fragment (Genscript) containing the SV5 tag, a 

spacer and the 28 nucleotides Csy4 target sequence (Cy28), into pT7-NSP1-SA11 using PacI-BamHI 

restriction enzymes sites. 

pT7-gs5*-RE containing two restriction enzymes sites SpeI and BamHI upstream and downstream the 

Cy28 respectively, was generated by QuikChange II Site-Directed Mutagenesis kit (Agilent 

Technologies) on pT7-gs5* plasmid using mutagenic primers (see Table 5.1).  

For the generation of pT7-gs5*/284, a GenPartsTM DNA fragment (Genscript) containing the SV5 tag, 

a spacer and the 28 nucleotides sequence recognized by the Csy4 was inserted into pT7-NSP1-SA11 

using MfeI-BamHI restriction enzymes sites. 

pT7-gs5*-HA was generated inserting a GenPartsTM DNA fragment (Genscript) comprising the SV5 tag, 

the spacer, the Cy28 and the HA tag in the plasmid pT7-NSP1-SA11 using the same restriction enzyme 

sites used to harbor pT7-gs5*/284 (MfeI-BamHI). 

pT7-NSP3-F2A-EGFP was obtained cloning a GenPartsTM DNA fragment (Genscript) comprising f2A 

and EGFP ORF into the pT7-NSP3-SA11. The previously obtained pT7-NSP3-F2A-EGFP was used as a 

backbon to harbour pT7-gs7-f2A-EGFP* which contained a small spacer and the Cy28, inserted at the 

660 nucleotide of the EGFP ORF. 
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pT7-gs11* was obtained from pT7-NSP5-SA11 using QuikChange II Site-Directed Mutagenesis kit 

(Agilent Technologies) with two mutagenic primers (Table 5.1); the resultant plasmid carries a spacer 

and the Cy28 sequence immediately upstream of the 3’ UTR’s first nucleotide. 

 

5.6 Cells transfection 
 
Cells were transfected in 12-well plates. T7 RNA polymerase has been used to allow the 

cytoplasmic transcription and translation of viral-like cDNAs cloned under the control of a T7 

polymerase promoter (see above). MA104 cells have been infected with vaccinia virus vTF7.3, rDIs-

T7pol and vT7-lacOI at 10 MOI 1 hour before the transfection to allow the expression of the enzyme. 

In the case of vT7-lacOI, viral expression of T7 polymerase was induced by the addition of 1 mM 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) to the medium.  

MA104 were transfected with 1 μg of DNA per well using 2 μL of Lipofectamin 3000 and 2 μL of P3000 

reagent following the manufacturer’s instruction (Life technologies).  

 

5.7 Generation of stable cell lines 
 
MA-NSP5-EGFP were generated as previously described129  

MA-NSP2-mCherry and MA-NSP5 cell line were generated using lentiviral vector system319. Briefly, 

HEK293T cells were maintained in DMEM (Life Technologies) supplemented with 10% FBS (Life 

Technologies), and 50 μg/ml gentamycin (Biochrom AG). Approximately 7 × 106 HEK293T cells were 

seeded in 10 cm2 tissue culture dishes 24 hours before transfection. For each well, 2.4 μg of pMD2-

VSV-G, 4 μg of pMDLg pRRE, 1.8 μg of pRSV-Rev and 1.5 μg of plasmid containing pAIP-NSP2-mCherry 

or pAIP-NSP5 and the human immunodeficiency virus long terminal repeats were co-transfected with 

Lipofectamine 3000 (Sigma-Aldrich) according to the manufacturer’s instructions. After 48 h, the 

virus was collected by filtration with a 0.45-μm polyvinylidene fluoride filter and was immediately 

used or stored at −80 °C. For lentiviral transduction, MA104 cells were transduced in six-well plates 

with 1 ml of lentiviral supernatant for 2 days. 

MA-∆3, MA-∆T, MA-NSP5-Csy4, MA-NSP5-Csy4-H29A, MA-NSP2-Csy4, MA-Csy4, MA-Csy4-H29A  

were generated using the PiggyBac Technology320. Briefly, 105 MA104 cells in 12 multiwell plate were 

transfected with the pCMV-HyPBase320 and the transposon plasmid pPB-NSP5-∆3, pPB-NSP5-∆T, 

pPB-NSP5-Csy4, pPB-NSP5-Csy4-H29A, pPB-NSP2-Csy4, pPB-Csy4, pPB-Csy4-H29A respectively using 

a ratio of 1:2.5 (0,5 µg of pCMV-HyPBase and 1,25 µg of pPB plasmid) with Lipofectamine 3000 
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(Sigma-Aldrich) according to the manufacturer’s instructions. The cells were maintained in 

OptiMEM® for 3 days. The cells were then detached with trypsin, seeded into a new well of a 6 

multiwell plate with DMEM supplemented with 10% FBS and incubated at 37°C for 1 day. The next 

day cells were incubated with DMEM supplemented with 10% FBS and 5 μg/ml puromycin (Sigma-

Aldrich) for 5 days to allow the selection of cells expressing the gene of interest. 

 

 

5.8 Generation of recombinant inducible vaccinia virus 
 
For the production or recombinant vaccinia virus 1,2 x 106 cells of BSC-40 were seeded in p60 plate 

the day before. Cells were infected with 0.05 MOI of vT7lacOI vaccinia virus in 1ML of serum free 

DMEM and incubated for 1 hour at 37°C rocking the flaks at 15 minutes intervals. Cells were infected 

with 10 μg of pVOTE.1-5’-EGFP-TS-NSP5-3’, pVOTE.1-5’-EGFP-TS-NSP5-Cy28-3’, pVOTE.1-5’-EGFP-

2A-NSP5-3’ or pVOTE.1 NSP5-SV5-Csy4-H29A with 15 μL of Lipofectamin 3000 (Life Technologies). 

Once reached cytopathic effect (CPE), recombinant virus was isolated performing plaque assay with 

XGPRT selection, as described by Earl and Moss 1993 321 

 

5.9 RNA-Broccoli Assay  
 
MA-NSP2-mCherry cells (10^5) were infected with rVV-NSP5-Csy4-H29A and transfected with 1 ug of 

pVAX-NSP5-Cy28-Broccoli after 1 hour. The cells were superinfected with RV-SA11 4 hours later. The 

cells were washed twice and incubate for other 5 hours.  

The cells were incubated with DFHBI (Sigma-Aldrich) dye for 30 min at 37°C. After incubation the cells 

were washed twice, and images were captured with Nikon Eclipse Ti-E Motorized Inverted Phase 

Contrast Fluorescence Microscope. 

 

5.10   Immunofluorescence microscopy 
 
Immunofluorescence experiments were performed using µ-Slide 8 Well Chamber Slide-well (iBidi 

GmbH, Munich, Germany) and the following antibody dilutions: anti-SV5 serum 1:1,000 anti-NSP5 

guinea pig serum 1:1,000; anti-NSP2 guinea pig serum 1:200; anti-VP2 guinea pig serum 1:500; anti-

VP6 mouse monoclonal antibody 1:1,000; Alexa Fluor 488-conjugated anti-mouse, 1:500 (Life 

Technologies), and TRITC-conjugated anti-guinea pig, 1:500 (Life Technologies).  



 115 

 

 

5.11    5-Ethynyl-Uridine (EU) labelling 
 
Newly synthesized RNAs were labeled by including 2 mM 5-ethynyl uridine (EU) into the cell culture 

medium, and modified incorporated nucleotides were reacted with an azide-conjugated fluorophore 

Alexa-488 following the manufacturer’s protocol for Click-iT RNA Alexa Fluor 488 imaging kit (Thermo 

Fisher Scientific). Cell nuclei were stained with ProLong™ Diamond Antifade Mountant with 4’,6-

diamidino-2-phenylindole (DAPI, Thermo Scientific). Samples were imaged using a confocal setup 

(Zeiss Airyscan equipped with a 63x, NA=1.3 objective), and the images were processed using ZEN 

lite software. 

 

5.12    RNA Fluorescence in situ Hybridization (FISH) 
 
Rotavirus-infected MA104 cells were fixed with 4% (v/v) paraformaldehyde in nuclease-free 

Dulbecco’s phosphate saline buffer (DPBS) for 10 min at room temperature. Samples were washed 

twice with DPBS, and then permeabilized with 70% (v/v) ethanol in RNAse-free water at +4oC for at 

least 1 hour prior to hybridization. Permeabilized samples were re-hydrated for 5 min in a pre-

hybridization buffer (300 mM NaCl, 30 mM trisodium citrate, pH 7.0 in nuclease-free water, 10 % v/v 

formamide, supplemented with 2 mM vanadyl ribonucleoside complex). Re-hydrated samples were 

hybridized with 62.5 nM of an equimolar mixture of Cy3-labelled DNA probes designed to target the 

coding region of the gene segment 6 of simian rotavirus A/SA11 (Genbank Acc. AY187029.1) using 

Stellaris Probe Designer v2 software (LCG Biosearch Technologies), in a total volume of 200 µl of the 

hybridization buffer (Stellaris RNA FISH hybridization buffer, SMF-HB1-10, Biosearch Technologies, 

supplemented with 10% v/v of deionized formamide). After 4-8 hours of incubation at 37°C in a 

humidified chamber, samples were briefly rinsed with the wash buffer (300 mM NaCl, 30 mM 

trisodium citrate, pH 7.0, 10 % v/v formamide in nuclease-free water), after which a fresh aliquot of 

300 µl of the wash buffer was applied to each sample and incubated twice at 37°C for 30 min. After 

2 washes, nuclei were briefly stained with 300 nM DAPI solution in 300 mM NaCl, 30 mM trisodium 

citrate, pH 7.0, and the samples were finally rinsed with and stored in the same buffer without DAPI 

prior to imaging.  
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5.13    Transmission electron microscopy  
 
MA104 cells were seeded at 1x105 cells in 2 cm2 wells onto sapphire discs and infected at MOI of 75 

FFU/cell. At 10 hpi, cells were fixed with 2.5% glutaraldehyde in 100 mM Na/K phosphate buffer, pH 

7.4 for 1 h at 4˚C and kept in that buffer overnight at 4˚C. Afterward, samples were postfixed with 1% 

osmium tetroxide in 100 mM Na/K phosphate buffer for 1h at 4˚C and dehydrated in a graded ethanol 

series starting at 70%, followed by two changes in acetone, and embedded in Epon. Ultrathin sections 

(60 to 80 nm) were cut and stained with uranyl acetate and lead citrate 321. Samples were analysed 

in a transmission electron microscope (CM12; Philips, Eindhoven, The Netherlands) equipped with a 

charge-coupled-device (CCD) camera (Ultrascan 1000; Gatan, Pleasanton, CA, USA) at an acceleration 

of 100 kV. 

 

 

5.14   l-Protein phosphatase and Calf Intestinal Alkaline phosphatase 
assays 

 
Cellular extracts were incubated with 2,000 units of l-protein phosphatase (l-Ppase) (New England 

Biolabs) in 50 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 5 mM DTT, 0.01% Brij 35, and 2 mM MnCl2. The 

mixture was incubated at 30°C for 2 h. Samples were loaded in SDS-PAGE and analysed by Western 

blotting. 

For the Calf Intestinal Alkaline Ppase (CIP) assay, cellular extracts were incubated with 1,000 units of 

CIP (New England Biolabs) in CutSmart™ reaction buffer (New England Biolabs) and incubated at 30°C 

for 2h. Samples were subjected to SDS-PAGE and analysed by Western blotting. 

 

5.15    Electrophoresis of Viral dsRNA Genomes 
 
Viral dsRNA was extracted with RnaZol® (Sigma-Aldrich) according the manufacturer's protocol. Viral 

dsRNAs from rRVs-infected cells were mixed with Gel Loading Dye, Purple (6X) (New England Biolabs). 

The dsRNAs segments were resolved on 10% (wt/vol) poly-acrylamide gels (PAGE) for 2 hours at 180 

Volts and visualized by ethidium bromide staining (1µg/ml). 
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5.16    FACS sorting cycles 
 
Cells were infected with rVV expressing the exogenous segment and after 1 hours, the same cells, 

were super-infected using RV-SA11 strain (MOI of 5). Infected cells were detached 5 hours post 

infection using trypsin EDTA and washed twice with 1x PBS. After the washing the cells were 

resuspended in PBS and FACS sorted for EGFP expression. 

 

5.17    Protein Analysis 
 
Proteins derived from rRVs-infected cellular extract were separated on an SDS-PAGE for 2 hours at 

35 mA and transferred to polyvinylidene difluoride membranes (Millipore; IPVH00010) for 1 hour and 

30 minutes at 300 mA 216. For protein analysis membranes were incubated with the following primary 

antibodies: anti-NSP5 (1:5,000) 164, anti-VP2 (1:5,000), anti-NSP2 guinea pig sera (1:2,000). The 

membranes were then incubated with the corresponding horseradish peroxidase (HRP)-conjugated 

goat anti-guinea pig (1:10,000; Jackson ImmunoResearch). Mouse HRP-conjugated anti-actin mAb 

(1:35,000) (clone AC-15, Sigma-Aldrich) was used as loading control. 

Signals were detected using the enhanced chemiluminescence system (Pierce ECL Western blotting 

substrate; Thermo Scientific). 

 

5.18    dsRNA extraction from polyacrylamide gel 
 
The dsRNA bands of interest in the polyacrylamide gel, were cut using a blade and crushed with a 

pipette in 1,5 ml tubes. 300 μl of a GEL eluition buffer (EDTA 0,5 M, SDS 0,1%, NH4OAc 0,5 mM) was 

added to the RNA samples leaving them in a waving agitator for 2 h allowing RNA exit from the 

polyacrylamide. Then, samples were centrifuged at 5000 g for 1 minute for 3 times for pelleting the 

acrylamyde residues. In order to precipitate the RNA, 1 volume of NaOAc (pH= 5.2 3M) and 3 volumes 

of 100% EtOH were added to each sample and centrifuged at 16000 g for 30 minutes. After 2 wash 

with 2 volumes of 70% EtOH the RNA pellet was resuspended in an appropriate volume of RNase free 

water. The dsRNA was retrotranscribed, amplified and cloned in a pcDNA3 empty vector (Add-gene) 

for the sequencing experiments ( for the primers used for cloning see Table 5.1). 

 

5.19     Quantitative qPCR 
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Cells were infected with rRV-gs5* and the total RNA at 3 hours and 7 hours post infection was 

extracted using RNeasy Mini Kit (Qiagen). Purified RNA was retro-transcribed using random hexamers 

and M-MLV Reverse Transcriptase (Invitrogen). The product of retro-transcription was used as a 

template for quantitative real time PCR (qRT-PCR) using SyberGreen technology (Applied Biosystem).  

The primers used in the qRT-PCR experiments are listed in Table 5.1.   

 

5.20    Statistics used 
 
Statistical analysis and plotting were performed using GraphPad Prism 6 software (GraphPad Prism 

6.0, GraphPad Software Inc., La Jolla, CA, USA). Error bars represent standard deviation. Data were 

considered to be statistically significant when p < 0.05 by Student’s t test. 
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Table 5.1. Schematic representation of primers used. 

PRIMERS SEQUENCE (5’-3’) 

SpeI RE-for  
 

CTGATTGAAATGAAGAATTCTGGAACTTTAACTAGTGAAATTTGAGCTACTGATCT
CCAACTCAGAA 
 

SpeI RE-rev TTCGAGTTGGAGATCAGTAGCTCAAATTCACTAGTTAAAGTTCCAGAATTCTTCAT
TTCAATCAG 

BamHI-for GCCAATGTGTTCACTGCCGTATAGGCAGCTGGATCCAATTATGTCACTATCTAATT
ATACAGTATT 

BamH1-rev AATACTGTAATTAGATAGACATAATTGGATCCAGCTGCCTATACGGCAGTGAACAC
ATTGGC 

NSP5-Csy4 wt-for ATCTGGATCCGCGGCCGCACCATGTCTCTCAGTATTGACGTG 

NSP5-Csy4 wt-rev GATCCCGGGGAATTCTTAGAACCAGGGCACGAAGCCG 

Csy4 wt-for TCGATCTGGATCCGCGGCCGCACCATGGGTTAAACCAATCCCAAACCCACTGCTG
GGCCT 

Csy4 wt-rev TGCTAGATCCCGGGGAATTCTTAGAACCAGGGCACGAAGCCGCCTT 

NSP5-Csy4 H29A mut-
for  

CCGCCCAGCTGATGAGCGTGCTGTTTGGCAAGCTGCGTCAGGCTCTGGTCGCCCA
AGGCGGAGACAGA 

NSP5-Csy4 H29A mut-
rev 

TCTGTCTCCGCCTTGGGCGACCAGAGCCTGAGCCAGCTTGCCAAACAGCACGCTC
ATCAGCTGGGCGG 

NSP1for ATCGATCGATAAGCTTGGATCCGTCGCCAGTGTCAGTTGAAGGTACGAATGT 

NSP1-rev GATCAGATCTCGAGGAATTCGGTACCTTGCCAGCTAGGCGCTACTCTAGTCTGGA
C 

p-Csy4t-EGFP for GAACCGTCAGATCCGCTAGCGCTACCGGTCGCCACCATGGTTCACTGCCGTATAG
GCAGCTTTAAGAAAGTGA 
GCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCA 

p-Csy4t-EGFP rev TGGGCACCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACTTTCTTAAAGCTGCCT
ATACGGCAGTGAACCATG 
GTGGCGACCGGTAGCGCTAGCGGATCTGACGGTTC 

NSP3-Csy4t-EGFP for AGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGTGAGGCATTAGTCAGCCAAT
GTTCACTGCCGTATA 
GGCAGCTACCCGACAACCACTACCTGAGCACCCGTCCGCCCT 

NSP3-Csy4t-EGFP rev AGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGTAGCTGCCTATACGGCAGT
GAACACATTGGCTGACTAA 
TGCCTCACAGCACCGGGGCCGTCGCCGATGGGGGTGTTCTGCT 

NSP5-Csy4t for GTCGCAATGCAATTGAAGATTTGTAAAATGGCATTAGTCAGCCAATGTGTTTCACT
GCCGTATAGGC 

NSP5-Csy4t rev GCCTATACGGCAGTGAACACATTGGCTGACTAATGCCATTTTACAAATCTTCAATT
GCATTGCGAC 

q-PCR NSP1 for GAAGAATTTGAGCTACTGATC 

q-PCR NSP1 ∆42 TGACATAATTTTTCTTAGCAGC 

q-PCR NSP1 ∆27 GACATAATTTTTCTTAGCTGAC 
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