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ABSTRACT 24 

Despite the availability of two attenuated vaccines, rotavirus (RV) gastroenteritis 25 

remains an important cause of mortality among children in developing countries causing 26 

about 215,000 infant deaths annually. Currently, there are no specific antiviral therapies 27 

available. RV is a non-enveloped virus with a segmented double-stranded RNA genome. Viral 28 

genome replication and assembly of transcriptionally active double-layered particles (DLPs) 29 

take place in cytoplasmic viral structures called viroplasms. In this study, we describe strong 30 

impairment of the early stages of RV replication induced by a small molecule known as RNA 31 

polymerase III inhibitor, ML-60218 (ML). This compound was found to disrupt already 32 

assembled viroplasms and hamper the formation of new ones without the need of de 33 

novo transcription of cellular RNAs. This phenotype correlated with reduction in accumulated 34 

viral proteins and newly made viral genome segments, disappearance of the 35 

hyperphosphorylated isoforms of the viroplasm-resident protein NSP5 and inhibition of 36 

infectious progeny virus production. In in vitro transcription assays with purified DLPs, ML 37 

showed a dose-dependent inhibitory activity indicating the viral nature of its target. ML was 38 

found to interfere with the formation of higher order structures of VP6, the protein forming the 39 

DLP outer layer, without compromising its ability to trimerize. Electron microscopy of ML-40 

treated DLPs showed a dose-dependent structural damage. Our data suggest that 41 

interactions between VP6 trimers are essential not only for DLP stability but also for the 42 

structural integrity of viroplasms in infected cells. 43 

 44 

IMPORTANCE 45 

Rotavirus gastroenteritis is responsible for a large number of infant deaths in 46 

developing countries. Unfortunately, in those countries where effective vaccines are urgently 47 
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needed, the efficacy of the available vaccines is particularly low. Therefore, the development 48 

of antivirals is an important goal, as they might complement the available vaccines or 49 

represent an alternative option. Moreover, they may be decisive in fighting the acute phase of 50 

infection. This work describes the inhibitory effect on rotavirus replication of a small molecule 51 

initially reported as an RNA polymerase III inhibitor. The molecule is the first chemical 52 

compound identified able to disrupt viroplasms, the viral replication machinery, and to 53 

compromise the stability of DLPs by targeting the viral protein VP6. This molecule thus 54 

represents a starting point towards the development of more potent and less cytotoxic 55 

compounds against rotavirus infection. 56 

 57 

INTRODUCTION 58 

Rotavirus (RV) is the most common cause of gastroenteritis in young children and 59 

infants throughout the world. The impact of RV vaccines on global estimates of RV mortality 60 

has been limited, and the rate of deaths due to RV gastroenteritis in developing countries is 61 

still approximately between 197,000–233,000 per year (1). Currently, there are no specific 62 

antivirals available. The virus belongs to the Reoviridae family, is non-enveloped and contains 63 

a genome of eleven segments of double-stranded RNA. During entry into the host cell 64 

(enterocytes of the intestinal villi), the virion (triple-layered particle, TLP) loses the outer of its 65 

three concentric protein layers formed by the glycoprotein VP7 and the spike protein VP4 and 66 

becomes a transcriptionally active double-layered particle (DLP). The viral RNA-dependent 67 

RNA polymerase VP1 acts both as transcriptase (synthesis of viral mRNAs) and as replicase 68 

(synthesis of minus strands resulting in new genome segments) (2). To be transcriptionally 69 

active, VP1 must be localized within a DLP. Both DLP layers, the inner one formed by VP2 70 

and the outer one formed by VP6 trimers, are required to guarantee transcriptional activity. 71 
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Removal of VP6 from DLPs abolishes this activity, which can be recovered by adding native 72 

or recombinant VP6 (3, 4). The transcribed plus-stranded RNAs act as both messengers for 73 

viral protein synthesis and templates for viral genome replication. The viral genome is 74 

replicated in viral cytoplasmic structures called viroplasms, where also the assembly of 75 

progeny DLPs takes place. These newly synthesized DLPs perform a second round of 76 

transcription, called secondary transcription, which produces additional plus-stranded RNAs 77 

(5, 6). In the final stages of virus morphogenesis, the progeny DLPs bud into the ER acquiring 78 

a transient envelope, which is then replaced by the viral proteins (VP7, VP4) forming the outer 79 

layer of progeny TLPs (2). 80 

In addition to the structural proteins forming DLPs (VP1, the capping enzyme VP3, 81 

VP2, and VP6), two viral non-structural proteins are also found in viroplasms: NSP5 and 82 

NSP2. Both are essential for viroplasm formation and therefore for viral replication (6-9). 83 

During viral infection, NSP5 undergoes a complex hyperphosphorylation process involving 84 

different kinases and interactions with other viral proteins (10-12). However, the role of this 85 

post-translational modification in the viral replication cycle is not completely understood. In 86 

fact, several lines of evidence show correlation between viroplasm formation and NSP5 87 

phosphorylation (13-15). Also, NSP2 and VP2 were recently found phosphorylated, and it has 88 

been proposed that viroplasm formation is a phosphorylation-dependent process (11). 89 

 The number and size of viroplasms in infected cells are indicative of viral replication 90 

efficiency. These values decrease in the presence of compounds with antiviral effect on the 91 

early steps of the viral cycle, like inhibitors of proteasome (16), microtubules (MT) (17), Eg5 92 

kinesin (17) and thiazolides (18), that interfere with viroplasm assembly and virus infectivity. 93 

Ribavirin has also been reported to affect RV replication (19). In this work, we describe the 94 

unexpected antiviral activity of a chemical compound, ML-60218 (referred to as ML), reported 95 
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as an inhibitor of the RNA polymerase III complex (20). The effect on RV shown here is 96 

independent of the RNA polymerase III catalytic activity. For the first time, we describe a 97 

chemical compound able to disrupt viroplasms in virus-infected cells and compromise the 98 

stability of purified DLPs by interfering with interactions between VP6 trimers. 99 

 100 

RESULTS 101 

ML impairs viroplasm formation and disrupts already assembled viroplasms. Treatment 102 

of RV-infected cells with ML at 10 μM caused a strong reduction of viroplasms accumulated 103 

during viral replication and, in the case of the porcine OSU strain, a complete disappearance 104 

of those structures, as observed by both immunofluorescence (Fig. 1) and electron 105 

microscopy analysis (Fig. 2). Independently of whether the compound was added at 1, 3 or 5 106 

hours post-infection (hpi), a 4 h treatment had the same effect on viroplasms (Fig. 1A). 107 

Viroplasm disruption correlated with a decrease of accumulated viral proteins, as observed 108 

with the porcine OSU and the simian SA11 strains (Fig. 1B). When added before infection, 109 

together with the infectious virion, or at 1 hpi (Fig. 1C, upper panel), ML caused a reduction of 110 

viral proteins in a dose-dependent manner with a concomitant disappearance of the NSP5 111 

hyperphosphorylated isoforms (Fig. 1C, middle panel). ML added at the concentration of 10 112 

μM together with the infectious virions completely blocked assembly of viroplasms (Fig. 1C, 113 

bottom panel). The same phenotype was observed in two different cell lines (monkey kidney 114 

epithelial MA104 cells and human osteosarcoma U2OS cells) upon infection with two different 115 

RV strains (OSU and SA11) (Fig. 1D and E). 116 

The absence of viroplasms and the reduction of accumulated viral proteins indicate 117 

that ML inhibits RV replication. This result was confirmed assessing the yield of infectious 118 

progeny virus produced at different time points post-infection (Fig. 1F) and the production of 119 
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