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Abstract

:

Astroviruses are small nonenveloped single-stranded RNA viruses with a positive sense genome. They are known to cause gastrointestinal disease in a broad spectrum of species. Although astroviruses are distributed worldwide, a gap in knowledge of their biology and disease pathogenesis persists. Many positive-sense single-stranded RNA viruses show conserved and functionally important structures in their 5′ and 3′ untranslated regions (UTRs). However, not much is known about the role of the 5′ and 3′ UTRs in the viral replication of HAstV-1. We analyzed the UTRs of HAstV-1 for secondary RNA structures and mutated them, resulting in partial or total UTR deletion. We used a reverse genetic system to study the production of infectious viral particles and to quantify protein expression in the 5′ and 3′ UTR mutants, and we established an HAstV-1 replicon system containing two reporter cassettes in open reading frames 1a and 2, respectively. Our data show that 3′ UTR deletions almost completely abolished viral protein expression and that 5′ UTR deletions led to a reduction in infectious virus particles in infection experiments. This indicates that the presence of the UTRs is essential for the life cycle of HAstV-1 and opens avenues for further research.
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1. Introduction


Astroviruses are distributed worldwide and infect a broad spectrum of host species, including mammals, birds, fish, and reptiles [1,2]. In humans, astroviral infection is associated with gastrointestinal disease but may also affect the nervous system, causing fatal encephalitis [3,4,5,6,7,8,9]. The classical human astroviruses (HAstVs) are major causes of gastroenteritis in children [2,10]. These classical strains are genetically related and belong to the same virus species, Mamastrovirus 1, which has eight serotypes (HAstV-1–8) [11]. Other HAstVs, such as those belonging to the VA/HMO and MLB clades, differ genetically and are related to respiratory, central nervous system, and disseminated infections [12,13,14,15,16,17,18,19,20,21].



Astroviruses are positive-sense single-stranded RNA viruses. Their genomes contain three to four open reading frames (ORFs), with ORF1a encoding nonstructural proteins; ORF1b, connected to ORF1a through leaky scanning, encoding an RNA-dependent RNA polymerase (RdRp); and ORF2 encoding capsid proteins [22]. The fourth ORF, called ORFX, is found in some astroviruses, including the classical HAstV strains, and encodes a viroporin-like protein [23]. The viral genomes contain untranslated regions (UTRs) at the 5′ end of ORF1a and the 3′ end of ORF2. A viral protein (VPg) is linked to the viral RNA at the 5′ terminus, and the 3′ terminus is polyadenylated [24]. The translation of the genomic viral RNA leads to the synthesis of two polyproteins (nsp1a and nsp1ab). The precursor capsid protein is translated from a subgenomic RNA, which is transcribed from the antigenomic viral RNA using a subgenomic promoter [25,26].



The examination of the UTRs of other positive-sense single-stranded RNA viruses has revealed important structures that are essential for the initiation of protein translation and for viral RNA replication [27,28,29,30]. For instance, analysis of the large internal ribosomal entry site elements in the 5′ UTRs of members of the family Picornaviridae revealed viral protein synthesis initiation and RNA replication functions [31,32,33]. These mechanisms have been investigated in detail for poliovirus 1 (Enterovirus C, family Picornaviridae) [34]. The 3′ UTRs of other enteroviruses (family Picornaviridae) have also been shown to be involved in RNA replication and viral viability [35]. The 3′ UTR of the Norwalk virus (family Caliciviridae) has been suggested to be involved in the expression of the VP1 capsid protein [36]. In members of the families Caliciviridae and Picornaviridae, several cellular proteins are known to interact with viral RNA and to form RNP complexes [34,37,38,39,40,41,42,43,44,45]. However, in astroviruses, only little is known about the structure and function of the UTRs. In the HAstV-8, it has been shown that a polypyrimidine tract binding (PTB) protein is cross-linked to the 3′ UTR [46,47], as it is the case for caliciviruses [28,39]. Furthermore, for classical HAstVs, in silico analysis showed putative protein binding sites for PTB at the 5′ and 3′ UTRs [47]. On the other hand, a highly conserved stem-loop (SL) structure at the ORF2–3′ UTR junction, termed the stem-loop 2 motif (s2m), is present in human and animal astroviruses, members of the family Coronaviridae, and the equine rhinitis B virus (Picornaviridae: Erbovirus) [48]. Remodeling of the s2m using antisense oligonucleotides resulted in reduced replication in a chimeric severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)/HAstV-1 replicon [49]. In a recent study, the s2m of HAstV-1 was partially deleted. After serial passaging of the virus, adaptive changes were observed, i.e., a duplication of the remaining 3′ UTR sequences [50]. All these findings underpin that the s2m and other UTR sequences in RNA viruses have important functions.



In this study, we sought to look at the roles of UTRs in the HAstV-1 life cycle. Using reverse genetics and a dual-reporter replicon system, we investigated the involvement of UTRs in viral protein translation and the production of infectious virus particles.




2. Materials and Methods


2.1. Prediction of Secondary RNA Structures


To assess the role of UTRs in viral replication, we first analyzed the sequence homology of the UTRs of classical HAstV strains for which complete genomes were available in NCBI GenBank. Then, the structures of the 5′ UTR (first 90 nt) and the 3′ UTR (last 104 nt) of the HAstV-1 genome were predicted using the mfold [51] (http://www.unafold.org/mfold/applications/rna-folding-form.php, accessed: 3 February 2021) and RNAfold [52,53] (http://rna.tbi.univie.ac.at/, accessed: 3 February 2021) programs using the default setting of 37 °C. The models generated by the programs formed the basis for the design and construction of UTR deletion mutants in an established HAstV-1 reverse genetics system [54].




2.2. Construction of HAstV-1 Mutants and Replicons


The HAstV-1 clone in pAVIC [54] was used as a template for the creation of HAstV-1 constructs with 5′ and 3′ UTR deletions (GenBank accession number OR130732). All cloning steps were performed using the In-Fusion® HD cloning kit (Takara Bio, Mountain View, CA, USA) according to the manufacturer’s instructions. The primers used to mutate the UTRs and insert the reporter genes are listed in Table S1. To create a replication-deficient control construct (HAstV-1 RdRp knockout (ko)), we introduced a mutation of two nucleotides in ORF1b (r.3905a > g and r.3906c > g), leading to an amino acid change in the C-motif of the RdRp from aspartic acid to glycine (Figure 1a). This motif is known to be crucial for RdRp activity in other positive-strand RNA viruses [55].



To quantify the protein expression in ORF1a and ORF2, we used a replicon system. As the nonstructural and capsid proteins are translated from genomic and subgenomic RNA, respectively (Figure 1c), we designed dual-reporter replicon for the separate evaluation of protein translation from both RNA types. We inserted a green fluorescent protein (GFP)/nanoluciferase (nluc)-encoding cassette in ORF2 between nt position 4426 and 4427 of the wild-type HAstV genome (OR130732), which corresponds to nt positions 99/100 of ORF2. After the GFP/nluc cassette, a stop codon was inserted to prevent translation of the capsid protein. Enhanced GFP and nluc (pNL1.1.CMV vector; Promega, Madison, WI, USA) were interconnected by a GSG linker sequence and a 2A self-cleaving peptide derived from porcine teschovirus [56]. The cassette was synthesized commercially (Eurofins Genomics, Ebersberg, Germany). In ORF 1a, we inserted a firefly luciferase (fluc) coding sequence between nt position 130 and 131 of the wild-type HAstV-1 genome (OR130732). It was followed by 2A cleavage site and the first 45 nt of the ORF1a again to assure generation of the authentic N-terminus of the nonstructural precursor proteins nsp1a and nsp1ab. This implies that the first 45 nt of ORF1a was kept upstream of fluc, but it was also present downstream of the first 2A cleavage site. The fluc sequence was obtained from the pGL2 plasmid (Promega, Madison, WI, USA). These reporter cassettes were inserted in the wild-type (wt) HAstV-1, the RdRp ko mutant, and the UTR mutants. To confirm sequence correctness, all constructs were sequenced entirely using the BigDye™ Terminator v. 3.1 cycle sequencing kit (Applied Biosystems, Waltham, MA, USA) on a 3730 DNA analyzer (Applied Biosystems, Waltham, MA, USA).



The GFP signal was only used as a qualitative visual readout of RNA replication and protein translation during the development of the replicons. Afterward, all quantification was performed by measuring the luciferase activities.




2.3. Cell Culture


Baby hamster kidney 21 cells that constitutively express the T7 RNA polymerase (BSR-T7) [57]) and human epithelial colorectal adenocarcinoma (CaCo-2) cells were maintained in DMEM, high glucose, and pyruvate (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin at 37 °C. The cells were seeded and transfected or infected at 80–90% confluency.




2.4. In Vitro Transcription of Viral RNA


To linearize the different plasmids, an XhoI restriction site downstream of the poly-A tail was used. Plasmids (10 µg) were linearized with 0.5 U/µL XhoI (Thermo Fisher, Waltham, MA, USA) in buffer R (Thermo Fisher, Waltham, MA, USA) for 2 h. The linearized DNA was purified with a 25:24:1 (v/v) mixture of phenol, chloroform, and isoamyl alcohol (Sigma-Aldrich, St. Louis, MO, USA), followed by a chloroform wash, ethanol sodium acetate precipitation, and additional washing with ethanol (75%). For in vitro RNA transcription, the mMESSAGE mMACHINE™ T7 transcription kit (Thermo Fisher, Waltham, MA, USA) was used according to the manufacturer’s instructions, with 1 µg linearized DNA and 1 µL GTP (30 mM). The in vitro transcribed RNA was purified with Microspin™ S-400 HR columns (Cytiva, Marlborough, MA, USA) and stored at −80 °C until further use.




2.5. Virus Rescue


In vitro transcribed RNA (2.5 µg) was transfected into BSR-T7 cells in six-well plates using a TransIT®-mRNA transfection kit (Mirus Bio, Madison, WI, USA) according to the manufacturer’s instructions (no RNA was used for mock transfection). After 8 h of incubation at 37 °C, the medium was removed, and the cells were washed with phosphate-buffered saline (PBS) before the addition of Opti-MEM™ I reduced-serum medium (Gibco, Carlsbad, CA, USA). After 72 h, the cell medium lysate (CML) or supernatant was collected, subjected to three freeze–thaw cycles, centrifuged at 2000× g for 5 min to remove the cell debris, and stored at −80 °C. For the infection experiments, the CML or supernatant of transfected BSR-T7 cells or infected CaCo-2 cells was treated with 10 µg/mL Trypsin IX (Sigma-Aldrich, St. Louis, MO, USA) for 45 min and incubated on CaCo-2 cells for 1 h. The supernatant was then removed, and the CaCo-2 cells were washed with PBS and further incubated in fresh Opti-MEM™ I reduced-serum medium (Gibco, Carlsbad, CA, USA) containing 0.2 µg/mL Trypsin IX (Sigma-Aldrich, St. Louis, MO, USA; Figure 1a). For virus titration, CaCo-2 cells were seeded in a 96-well plate and infected with 50 µL CML or supernatant in 10-fold serial dilutions. After 72 h, the cells were fixed and stained with mouse monoclonal antibody (mAb) 8E7 (400 ng/mL in 0.05% PBS-T) (Santa Cruz Biotechnology, Dallas, TX, USA), which was directed against the ORF2-encoded capsid protein of HAstV-1. Fifty percent of tissue culture infectious doses (TCID50s) were calculated using the Reed and Muench [58] method.




2.6. Luciferase Assay


BSR-T7 cells were transfected with 0.06 µg in vitro transcribed RNA per well in 96-well plates using the TransIT®-mRNA transfection kit (Mirus Bio, Madison, WI, USA) according to the manufacturer’s instructions (no RNA was used for mock transfection). After 2 h of incubation at 37 °C, the medium was removed, the cells were washed with PBS, and fresh medium was added.



Luciferase activity was measured using a Cytation™ 5 device (BioTek, Winooski, VT, USA) at 2, 8, 24, 48, and 72 h after transfection using the Nano-Glo® Dual-Luciferase® reporter assay system (Promega, Madison, WI, USA) according to the manufacturer’s instructions.




2.7. Cell Viability Assay


To assess cell viability, in vitro transcribed RNA was transfected into BSR-T7 cells (0.06 µg/well for the luminescence assay, 0.09 µg/well for virus rescue, and no RNA for mock), or CaCo-2 cells were infected in 96-well plates using the TransIT®-mRNA transfection kit (Mirus Bio, Madison, WI, USA). After 2 (luminescence assay) or 8 (virus rescue) hours of incubation at 37 °C, the medium was removed, the cells were washed with PBS, and fresh DMEM, high glucose, and pyruvate (Gibco, Carlsbad, CA, USA) or Opti-MEM™ I reduced-serum medium (Gibco, Carlsbad, CA, USA) were added. Absorption was measured using the Cytation™ 5 device (BioTek, Winooski, VT, USA) 72 h after transfection using the cell counting kit-8 (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions.




2.8. Immunofluorescence


BSR-T7 and CaCo-2 cells were fixed for 15 min in 4% (w/v) paraformaldehyde, followed by three washes with 0.05% (v/v) phosphate-buffered saline with Tween (PBS-T). The cells were then incubated with 0.5% (v/v) Triton X in 0.05% PBS-T for 20 min, followed by a blocking step with 10% (v/v) normal goat serum in 0.05% PBS-T for 20 min. The HAstV-1 capsid protein was detected using incubation with mAb 8E7 (400 ng/mL; Santa Cruz Biotechnology, Dallas, TX, USA) in 0.05% PBS-T for 2 h. Then, the cells were washed three times with 0.05% PBS-T and incubated with the goat antimouse immunoglobulin G (H+L) cross-adsorbed secondary antibody Alexa Fluor 555 (2 µg/mL in 0.05% PBS-T; Invitrogen, Carlsbad, CA, USA) and Thermo Scientific™ DAPI solution (1 µg/mL in 0.05% PBS-T; Thermo Fisher, Waltham, MA, USA) for 2 h. Finally, the cells were washed twice with PBS-T and once with distilled water. For microphotographs, the cells were seeded on coverslips and mounted on glass slides with Glycergel (Agilent, Santa Clara, CA, USA). Microphotographs were taken using an FV3000 confocal laser scanning microscope (Olympus, Shinjuku, Japan) and processed using Fiji [59] (ImageJ, open source).




2.9. In Situ Hybridization


To obtain further evidence of RNA replication, we performed in situ hybridization (ISH). Cells were seeded in an eight-well Nunc® Lab-Tek® Chamber Slide™ system (Merck KGaA, Darmstadt, Germany) and fixed with 10% neutral-buffered formalin 24 h after the transfection of 0.5 µg viral RNA (no RNA for mock). To detect the antigenomic RNA of HAstV-1, a customized RNA probe targeting the ORF1a region (nucleotide positions 86–1094; catalog No. 571951, ACDBio, Newark, CA, USA) was designed and used in combination with the RNAscope® 2.5 HD Assay-RED (ACDBio, Newark, CA, USA) according to the manufacturer’s instructions. Microphotographs were taken using an Eclipse E600 microscope (Nikon, Minato, Japan) and an Axiocam 208 color camera (Zeiss, Jena, Germany). The images were processed using ZEN (blue edition; Zeiss, Jena, Germany) and PowerPoint365 (Microsoft, Redmond, WA, USA).




2.10. Statistical Analysis


Luciferase activity was compared using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test (p < 0.001). The TCID50 values were normalized to that of wt HAstV-1 and compared using one-way ANOVA. The analyses were performed using GraphPad Prism software (version 5.00 for Windows; GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Human Astrovirus UTR Structures


The 3′ UTRs of the classical HAstV strains were almost identical (87% to 100% sequence identity), but some differences were detected in the 5′ UTRs, especially in the nucleotides in proximity to the start codon of ORF1a (Figure S1). Overall, the UTRs of the classical HAstV strains appeared to be highly conserved, indicating their functional relevance. The mfold [51] and RNAfold [52,53] programs predicted two SL structures for the 5′ UTR (SL1 and SL2; Figure 2a) and the 3′ UTR (s2m and SL1; Figure 2b) of HAstV-1. In the 5′ UTR, the small SL upstream of the start codon (Δ5′ UTR SL2), the large SL at the 5′ terminus (Δ5′ UTR SL1), or the complete 5′ UTR (Δ5′ UTR) was deleted. In the 3′ UTR, part of the large SL upstream of the poly-A tail (Δ3′ UTR SL1) or almost the complete 3′ UTR (Δ3′ UTR) was deleted. The remaining nucleotides upstream of the poly-A tail were retained for use as a primer binding site for mutagenesis. The minimum free energy was −14.50 kcal/mol for the 5′ UTR and −26.90 kacal/mol for the 3′ UTR.




3.2. HAstV-1 5′ and 3′ UTR Deletion Mutants Are RNA-Replication-Competent


As expected, the capsid protein was readily detected in BSR-T7 cells transfected with wt RNA but not in those transfected with the RdRp ko mutant. The capsid protein was also expressed in the three 5′ UTR mutants, whereas positive staining was detected in few cells of the two 3′ UTR mutants (Figure 3a). As the capsid protein is translated from a subgenomic RNA, its expression provided indirect evidence of viral RNA replication. With ISH, we detected antigenomic RNA after transfection of the wt genome and all deletion mutants but not of the RdRp ko construct (Figure 3b). Taken together, these data support that all tested UTR deletion mutants are RNA-replication-competent, but viral protein expression in the 3′ UTR mutants seems to be impaired.




3.3. Viral Titers Are Decreased in HAstV-1 UTR Mutants


After the passage of the supernatants of transfected BSR-T7 cells to the CaCo-2 cells, all three 5′ UTR mutants were infectious (Figure 4a, upper panel), but the two 3′ UTR mutants were deficient in infectious virus production (Figure 4a, lower panel). The 5′ UTR mutants showed considerable differences in the number of infected cells. Virus titers of the Δ5′ UTR SL2 mutant were similar to those of wt HAstV-1 in the CML but were reduced by more than 50% in the supernatant (Figure 4b). The titers of the Δ5′ UTR SL1 and Δ5′ UTR mutants were strongly (~103-fold) reduced compared with those of wt HAstV-1 in the CML and supernatant (Figure 4b). The titers of the 5′ UTR mutants and wt HAstV-1 decreased after the first passage. However, the titer of wt HAstV-1 remained stable over several passages, whereas those of all the 5′ UTR mutants were reduced to zero after a maximum of three CML and supernatant passages (Figure 4c). The cell viability assay revealed no negative effect of mutant or wt HAstV-1 replication (Figure S2). These results indicate that all investigated 5′ UTR mutants were replication-competent in principle but had compromised infectious particle assembly to the extent that they could not be passaged more than three times on CaCo-2 cells.




3.4. Different Protein Expression from Genomic amd Subgenomic RNAs in UTR Mutants


After transfection into BSR-T7 cells, fluc activity in ORF1a was decreased to levels similar to that in the RdRp ko mutant in all UTR mutants except repHAstV-1 Δ5′ UTR SL2 (Figure 5a). In contrast, nanoluciferase activity in ORF2 was decreased to levels similar to that in the RdRp ko mutant in the 3′ UTR mutants but was similar to that in the wt replicon in the 5′ UTR mutants (Figure 5b). Notably, cell viability did not differ significantly after transfection of the different replicon RNAs (Figure S2). Collectively, these data suggest that mutations in the 3′ and 5′ UTRs (except that involving only the 5′ UTR SL1) had a strong impact on the viral expression of nonstructural proteins. However, structural protein expression was only compromised by the 3′ UTR mutations.





4. Discussion


This study showed that the UTRs of HAstV-1, as of other viruses [31,33,35], are essential for its life cycle. HAstV-1 genomes with 3′ UTR deletions affecting SL1, alone and in combination with s2m, showed a deficient generation of infectious viral particles and viral protein translation from genomic and subgenomic RNA. However, ISH provided evidence of antigenomic RNA transcription in transfected cells (for viral RNA replication) at levels similar to that in wt HAstV-1. This finding indicates that nsp1a and nsp1ab expression occurred but at very low levels, possibly below the detection limit of our dual-reporter replicon system.



In contrast, the 5′ UTR mutants showed infectious virus generation. Upon the first passage in CaCo-2 cells, the viral titers were markedly reduced relative to the wt for the 5′ UTR SL1 and 5′ UTR deletion mutants. These mutants showed impaired protein translation from genomic but not subgenomic RNA, suggesting that 5′ UTR SL1 is functionally essential for the former. In contrast, titers for the Δ5′ UTR SL2 mutant virus were similar to that of the wt virus in CMLs and reduced by about half in cell culture supernatants. In the dual-reporter system, the 5′ UTR SL2 mutant replicon had expression levels similar to the wt replicons from genomic and subgenomic RNA. Thus, the lack of 5′ UTR SL2 may negatively affect viral particle release but not RNA replication or viral protein translation.



The observed reduction in titers for all of the 5′ UTR mutants in CML and the supernatant with passaging over time indicates that viral replication was compromised not only at the level of infectious particle release from cells but also at the level of viral particle assembly. This finding may indicate that the VPg or other proteins that are important for viral particle assembly did not bind correctly to the genomic RNA because an important RNA structure was disrupted. The immunodetection of the VPg in the supernatant of the transfected cells could clarify whether this protein remains linked to the genome when the 5′ UTR is partially or completely deleted. Our results could be biased by the presence of in vitro transcribed transfected RNA packaged during the first passages. This possibility would also explain the observation of an initial decrease in wt HAstV-1 titers over the first passages. Another explanation could be cell-dependent mechanisms, which do not allow the wt HAstV-1 to replicate to the higher titer. However, whereas the wt HAstV-1 UTRs efficiently form packable RNA, the mutant UTRs do not.



This study was limited by our inability to quantify and compare the levels of genomic and subgenomic RNA during RNA replication in the UTR mutants. Our attempts to achieve this using real-time quantitative polymerase chain reaction and Northern blotting yielded inconclusive results due to the large amounts of in vitro transcribed and transfected RNA species. Thus, we could not determine whether the differences in titer and luciferase activity resulted only from impaired protein translation or also from decreased RNA replication. Another point is that the length of the 5′ UTR may be very important for the viral life cycle. It would be interesting to have a construct of the same length as the wild-type 5′ UTR but with a different nucleotide sequence.



However, determining in which way the translation is affected by the mutations needs further investigation. It would be interesting to examine if the binding of proteins associated with translation initiation is disturbed in its binding capacities, as it is already known that PTB protein is crosslinked to the 3′ UTR of the HAstV-8 and when blocked, leads to reduced infectivity [46,47]. On the other hand, this finding reflects a difference from the 3′ UTR deletion mutants of picornaviruses, which continue to produce infectious viral particles [60], and that HAstV-1 can overcome mutations in the s2m but not in the rest of the 3′ UTR [50]. Another field to examine is whether similar host proteins are involved in astrovirus replication, such as those described for members of the Caliciviridae and Picornaviridae [28,61].



Further research is needed to gain a better understanding of the mechanisms underlying the findings presented here and the virus–host interactions. A major drawback affecting astrovirus research is the lack of knowledge about the exact processing of nonstructural and capsid proteins. Such knowledge would facilitate the development of an infectious reporter virus, which, in turn, could simplify the titration and quantification of proteins after infection. Moreover, the structures of these viruses could be studied in more detail using SHAPE-MAP [62], which enables the identification of nucleotides forming base pairs, as has been undertaken, for example, for the hepatitis C virus [63] and severe acute respiratory syndrome coronavirus 2 [64].




5. Conclusions


The results of this study indicate that the presence of HAstV-1 UTRs is essential for the viral life cycle, as 3′ UTR deletions almost completely abolish protein expression, and 5′ UTR deletions reduce infectious viral particle release. They lay a foundation for the further characterization of the roles of UTRs in astrovirus replication. Astrovirus UTRs may be interesting targets for antiviral development to provide new strategies for the treatment of intestinal and extraintestinal manifestations of astrovirus infection.
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Figure 1. Schematics of the human astrovirus type 1 (HAstV-1) genome organization, showing the RNA-dependent RNA polymerase knockout (RdRp ko) site used to generate a replication-incompetent control mutant from the wild type (wt) (a) and the HAstV-1 virus rescue system (b). (c) Schematics of the HAstV-1 dual-reporter replicons. Two nonlabeled arrows pointing to regions in the ORF1a where the first 45 nt of the ORF1a are placed twice. iv, in vitro; UTR, untranslated region; ORF, open reading frame; VPg, viral protein linked to the genome; GFP, green fluorescent protein; nluc, nanoluciferase; fluc, firefly luciferase. 
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Figure 2. Secondary RNA structures predicted for the 5′ (a) and 3′ (b) UTRs of HAstV-1 and design of UTR deletion mutants. The deleted nucleotides are shown in red. The green boxes indicate the start codon of ORF1a, and the orange boxes indicate the stop codon of ORF2. These structure models were generated using mfold [51] and modified using CorelDraw X6 (version 16.0.0.707). SL, stem-loop; s2m, stem-loop 2 motif. 
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Figure 3. Translation of viral proteins and viral RNA replication in HAstV-1 UTR deletion mutants. (a) BSR-T7 cells transfected with wt HAstV-1 and deletion mutants. The HAstV capsid protein is labeled in red and cellular nuclei in blue. Scale bar = 20 µm. (b) Images from the in situ hybridization for antigenomic HAstV-1 RNA of BSR-T7 cells transfected with wt HAstV-1 and deletion mutants. Red dots and arrows indicate RNA probe hybridization. Scale bar = 50 µm, 40× magnification. 






Figure 3. Translation of viral proteins and viral RNA replication in HAstV-1 UTR deletion mutants. (a) BSR-T7 cells transfected with wt HAstV-1 and deletion mutants. The HAstV capsid protein is labeled in red and cellular nuclei in blue. Scale bar = 20 µm. (b) Images from the in situ hybridization for antigenomic HAstV-1 RNA of BSR-T7 cells transfected with wt HAstV-1 and deletion mutants. Red dots and arrows indicate RNA probe hybridization. Scale bar = 50 µm, 40× magnification.



[image: Viruses 15 01402 g003]







[image: Viruses 15 01402 g004 550] 





Figure 4. Compromised viral particle assembly and release of HAstV-1 UTR deletion mutants. (a) Immunofluorescence images of CaCo-2 cells infected with supernatants of transfected BSR-T7 samples. The HAstV-1 capsid protein is stained red, and nuclei are stained blue. Scale bar = 20 µm. (b) Titration of HAstV-1 5′ UTR mutants (after BSR-T7 cell transfection = P0) on CaCo-2 cells. The titers (quantified as the 50% tissue culture infectious dose (TCID50)/mL) were normalized to those of wt HAstV-1. Data for the 3′ UTR and HAstV-1 RdRp ko mutants are not shown because these mutants did not infect CaCo-2 cells. The error bars indicate standard deviations from three independent experiments. *** p < 0.001. (c) Virus titers of HAstV-1 mutants on CaCo-2 cells in sequential passages (n = 5). P0, after BSR-T7 cell transfection; P1–P5, after CaCo-2 cell infection (n = 2), ns = nonsignificant. 
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Figure 5. HAstV-1 UTR deletions compromise viral protein expression. Fluc (a) and nluc (b) activity at 72 h after transfection (hpt; left) and over time (2–72 h, right). *** p < 0.01. The experiments were conducted in triplicate. The error bars indicate standard deviations (n = 9). fluc, firefly luciferase; nluc, nanoluciferase; RLUs, relative luminescence units. 
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