RMERASRIHSEURT MY EMERIAS

Harmamatau University School of Medcine

“ HamaMed-Repository

Involvement of ribosomal protein L17 and Y-Box
binding protein 1 in assembly of hepatitis C virus
potentially via their interaction with the 3’
untranslated region of the viral genome

&&2: English

Hi k& : American Society for Microbiology

~FH: 2025-07-18

F—7— K (Ja):

F—7— K (En): hepatitis C virus, particle assembly,
encapsidation, genome packaging, RPL17, YBX1
YERE: Liu, Jie

A—=ILT7 KL R:

FifE: IRMERAZ
http://hdl.handle.net/10271/0002000461

This work is licensed under a Creative Commons
Attribution 4.0 International License.



http://creativecommons.org/licenses/by/4.0/

1. Journal of
MERICAN
‘ SOCIETY FOR V| rology

MICROBIOLOGY

Editor’s Pick | Virology | Full-Length Text

Check for
updates

Involvement of ribosomal protein L17 and Y-box binding protein
1 in the assembly of hepatitis C virus potentially via their
interaction with the 3’ untranslated region of the viral genome

Jie Liu," Masahiko Ito," Liang Liu," Kenji Nakashima,' Shinya Satoh,' Alu Konno,' Tetsuro Suzuki'

AUTHOR AFFILIATION See affiliation list on p. 24.

ABSTRACT The 3’ untranslated region (3’UTR) of the hepatitis C virus (HCV) RNA
genome, which contains a highly conserved 3’ region named the 3’X-tail, plays
an essential role in RNA replication and promotes viral IRES-dependent translation.
Although our previous work has found a cis-acting element for genome encapsidation
within 3’X, there is limited information on the involvement of the 3’UTR in particle
formation. In this study, proteomic analyses identified host cell proteins that bind to
the 3’'UTR containing the 3’X region but not to the sequence lacking the 3’X. Further
characterization showed that RNA-binding proteins, ribosomal protein L17 (RPL17), and
Y-box binding protein 1 (YBX1) facilitate the efficient production of infectious HCV
particles in the virus infection cells. Using small interfering RNA (siRNA)-mediated gene
silencing in four assays that distinguish between the various stages of the HCV life cycle,
RPL17 and YBX1 were found to be most important for particle assembly in the trans-
packaging assay with replication-defective subgenomic RNA. In vitro assays showed that
RPL17 and YBX1 bind to the 3’UTR RNA and deletion of the 3’X region attenuates their
interaction. Knockdown of RPL17 or YBX1 resulted in reducing the amount of HCV RNA
co-precipitating with the viral Core protein by RNA immunoprecipitation and increasing
the relative distance in space between Core and double-stranded RNA by confocal
imaging, suggesting that RPL17 and YBX1 potentially affect HCV RNA-Core interaction,
leading to efficient nucleocapsid assembly. These host factors provide new clues to
understanding the molecular mechanisms that regulate HCV particle formation.

IMPORTANCE  Although basic research on the HCV life cycle has progressed significantly
over the past two decades, our understanding of the molecular mechanisms that
regulate the process of particle formation, in particular encapsidation of the genome
or nucleocapsid assembly, has been limited. We present here, for the first time, that
two RNA-binding proteins, RPL17 and YBXT, bind to the 3’X in the 3'UTR of the HCV
genome, which potentially acts as a packaging signal, and facilitates the viral particle
assembly. Our study revealed that RPL17 and YBX1 exert a positive effect on the
interaction between HCV RNA and Core protein, suggesting that the presence of both
host factors modulate an RNA structure or conformation suitable for packaging the viral
genome. These findings help us to elucidate not only the regulatory mechanism of the
particle assembly of HCV but also the function of host RNA-binding proteins during viral
infection.

KEYWORDS hepatitis C virus, particle assembly, encapsidation, genome packaging,
RPL17, YBX1

H epatitis C virus (HCV) infection is the major cause of chronic hepatitis, hepatic
cirrhosis, and hepatocellular carcinoma. The World Health Organization (WHO)
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estimates that 58 million people worldwide are currently persistently infected and
approximately 1.5 million new infections occur annually (https://www.who.int/
news-room/fact-sheets/detail/hepatitis-c). The genome of HCV is a positive-sense,
single-stranded RNA with highly structured elements, approximately 9.6 kb in length.
This genomic RNA contains one open reading frame (ORF) encoding a large precursor
polyprotein, which is co- and post-translationally processed into 10 viral proteins: the
structural proteins Core, E1, E2, and p7 and the non-structural proteins NS2, NS3, NS4A,
NS4B, NS5A, and NS5B. The 5" untranslated region (5'UTR) and 3’ untranslated region
(3’UTR) exist at the 5" and 3’ ends of the genome, respectively. Both UTRs are highly
structured and well conserved among HCV genotypes and strains. Most of the 5'UTR is
occupied by the internal ribosomal entry site (IRES), which is involved in the initiation
of viral protein synthesis and is essential for genome replication. The 3'UTR is between
200 and 235 nt in length and contains a short variable region, a poly(U/UC) stretch
of approximately 90 nt in length, and a 98 nt X-tail region (3'X) which is an almost
absolutely conserved sequence. The 3’X region is essential for viral replication and
contributes to the translation efficiency of viral polyproteins by modulating the exposure
of a nucleotide segment involved in a distal base-pairing interaction with an upstream
5BSL3.2 domain, which is a part of the essential cis-acting replication element located in
the NS5B coding sequence (1). The 3’X region and the IRES of the 5'UTR establish a distal
RNA-RNA contact network and contribute to viral replication (2).

The formation of infectious viral particles requires coordinated packaging of the
viral genome into nucleocapsids. Among the various stages of the HCV life cycle, the
molecular mechanisms of encapsidation of the genomic RNA are not fully understood.
The matured form of Core, the viral capsid protein (p21), is composed of two functional
domains: the first is a highly basic, hydrophilic N-terminal domain that is involved
in interaction with HCV genomic RNA and oligomerization of the capsid around the
genome; the C-terminal hydrophobic domain is responsible for the association of Core
with the membrane proteins and lipid droplets (LDs). This domain is not present in the
capsid proteins of the most of other members of Flaviviridae family. Cytosolic LDs have
been proposed to act as a platform for the assembly of HCV particles (3-5). NS5A, a
multifunctional RNA-binding phosphoprotein and a component of the viral replication
compley, is also known to traffic to LDs where it colocalizes with Core and this coloc-
alization appears to be required for the particle assembly (6-8). The synthesized viral
genomes might be released, together with NS5A, from the replication complex and
be recruited to the surface of LDs, enabling its interaction with Core. It thus appears
that NS5A potentially coordinates the steps from the genome replication to the virion
assembly (9, 10).

In general, for RNA viruses, the packaging of viral RNA genomes into nucleocapsids
requires a distinct RNA structure, for example, near the 5’ end of the RNA genome, as
has been shown for retroviruses and alphaviruses (11-13). An early study using a series
of mutants within the 5°UTR of the HCV genome has shown that the 5'UTR is unlikely to
contain the cis-acting RNA structures required for viral encapsidation (14). A recent study
has shown that the energetically favored alternative conformation of stem-loop Il (SLII*")
within the 5’'UTR possibly promotes virion assembly, whereas spontaneous or Argo-
naute/miR-122-mediated conversion to the SLII conformation is involved in viral RNA
translation (15). By contrast, we have identified 3'X region within the 3’UTR as a cis-acting
element which is important for HCV genome packaging (16, 17). In trans-packaging
systems with both replicative- and replication-defective HCV subgenomes, deletion of
the 3’UTR in the subgenomes reduced production of trans-complemented HCV particles
to background levels, whereas deletion of the 5'UTR resulted in only a small reduction.
Furthermore, the modified trans-packaging assay introducing a reporter gene cassette
showed that, while the 5’'UTR potentially supports the packaging of foreign RNA, it does
so much less efficiently than the 3'UTR.

In this study, to better understand the molecular mechanisms that regulate the
encapsidation of the HCV genome, we searched for host-derived factors that bind to
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the 3’UTR sequence containing the 3’X region but not to the sequence lacking the
3’X, followed by knockdown analysis in HCV-infected cells. We identify the 3’X-binding
proteins, ribosomal protein L17 (RPL17) and Y-box binding protein 1 (YBX1), involved in
the assembly of HCV particles.

RESULTS

Identification of host factors binding to the 3'X region of HCV 3’UTR in the
viral genome

To identify novel host factors involved in HCV particle formation, first, we searched for
cellular proteins with the ability to bind to the 3’X region in the 3’UTR, a cis-element
that is important for HCV genome packaging. In vitro transcribed HCV subgenomic (SGR
WT) RNA derived from JFH-1 isolate and its 3'X region-deleted (SGR A3’X) RNA were
electroporated into the viral Core-NS2 stable expressing cells, followed by recovering
HCV RNA-protein complexes from the cell lysates using streptavidin-coated beads
and biotinylated HCV RNA complementary DNA probes (Fig. S1). Among the proteins
identified by LC-MS/MS analysis, representative proteins, YBX1, RPL17, ALDH1A3, GCDH,
SERBP1, NIM1K, and ZNF132 that did not show binding to the SGR A3’X RNA are listed in
the upper part of Table 1. It was confirmed that our screening system also found proteins
that showed binding to SGR A3’X RNA, such as HNRNPM, DROSHA, and TRMT11 in the
lower part of the list.

Based on the results of the proteomic screening, RPL17 and YBX1, which showed
high binding to HCV SGR RNA, relatively high sequence coverage in MS analysis, and no
binding to SGR A3'X RNA, were next investigated for their involvement in the HCV life
cycle.

Reduction of infectious HCV production by knockdown of RPL17 or YBX1

To determine whether RPL17 and YBX1 are involved in the production of infectious
HCV in Huh7.5.1 cells highly susceptible to HCV infection, the cells with RPL17- or
YBX1 knockdown were infected with HCV (J6/JFH-1), and 3 days later the cell culture
supernatants were inoculated into naive Huh7.5.1 cells to determine the infectious
titers. Accumulating evidence shows that the very low-density-lipoprotein component
apolipoprotein E (ApoE) plays a major role in the formation of infectious HCV particles,
presumably via contributing to the maturation and secretion of the viral particles (18-
20). Thus, ApoE knockdown was used as a positive control for inhibition of HCV particle
formation. Under knockdown conditions where the mRNA expression of RPL17 and
YBX1 was reduced to below 20% (Fig. 1A), the infectious titers of HCV particles in

TABLE 1 Host factors binding to the 3’X region of HCV 3’UTR identified by LC-MS/MS?

Journal of Virology

Gene Accession® Coverage‘ [%] Abundance* Description®

SGR SGR A3'X
YBX1 P67809 12 71436 0 Y-Box binding protein 1
RPL17 P18621 7 69725 0 Ribosomal protein L17
ALDH1A3 P47895 5 1349351 0 Aldehyde dehydrogenase enzyme
GCDH Q92947 5 46911456 0 Acyl-CoA dehydrogenase enzyme
SERBP1 Q8NC51 4 19370 0 SERPINET mRNA binding protein
NIM1K Q8lY84 4 23505 0 Serine/threonine protein kinase
ZNF132 P52740 4 582116 0 Zinc finger protein 132
HNRNPM P52272 1 101370 75981 Heterogeneous nuclear ribonucleoprotein M
DROSHA QI9NRR4 1 186880 96412 Drosha ribonuclease IlI
TRMT11 Q77Z4G4 1 221993 100300 TRNA Methyltransferase 11 Homolog

9An outline of the preparation of cellular proteins that bind to HCV subgenomic replicon (SGR) RNA or 3'X region-deleted subgenomic replicon (SGR D3’X) RNA is indicated

in Fig. S1.

®Accession no. in UniProt databases.

“Percentage of the region within the protein covered by identified peptides.
4Abundance of the sum of the identified peptides.

¢Gene description from the database of human genes, GeneCards.
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the supernatant of RPL17- or YBX1-knockdown cells were reduced to less than 20%
compared to control siRNA-transfected cells. The reduction rates of infectious titer were
greater than that in case of ApoE-knockdown, which was performed as a control for
inhibition of HCV particle production (Fig. 1B). While intracellular HCV RNA level in RPL17
knockdown cells was comparable to control cells, the viral RNA level was reduced by
approximately 50% in YBX1 knockdown cells (Fig. 1C), suggesting that YBX1 may have
some role in RNA replication of HCV. Nuclease-resistant fractions of the supernatants
from the knockdown cells were prepared and HCV RNAs were measured therein, which
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FIG 1 Virus production in Huh7.5.1 cells infected with HCV J6/JFH-1 was reduced by knocking down RPL17 and YBX1. Huh7.5.1 cells were transfected with
siRNA against RPL17 or YBX1 or negative control (NC) siRNA and infected with HCV J6/JFH-1 (MOI = 0.2). Cell lysates and culture supernatants were harvested
at 3 days post-infection (dpi). (A) mRNA expression levels of RPL17, YBX1, and ApokE in siRNA-treated cells were determined by qRT-PCR. (B) To determine the
focus-forming unit, the culture supernatants collected were inoculated to naive Huh7.5.1 cells, followed by immunostaining with anti-Core antibody at 3 dpi.
HCV RNA copies in the siRNA-treated cells collected as above (C) and copies of particle-associated HCV RNA prepared from their culture supernatants (D) were
quantified by qRT-PCR. Results are presented as means + SD (n = 3). Statistical analysis was conducted by ANOVA with post hoc Tukey’s test for pairwise group

comparisons. ***P < 0.001.
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showed a significant reduction in HCV levels in that from RPL17- or YBX1 knockdown
cells (Fig. 1D), similar to the results in Fig. 1B.

A similar analysis was performed using persistently infected Huh-7 cells (HC-PI
cells), which continuously produce HCV JFH-1 at a moderately low level. When culture
supernatants from RPL17- or YBX1-knockdown HC-PI cells with siRNAs-transfection were
inoculated into naive Huh7.5.1 cells and intracellular HCV RNAs were measured, HCV
RNA levels were reduced by more than 60% and 80% in the case of RPL17- and
YBX1 knockdown, respectively, compared to control (Fig. 2A). In knockdown HC-PI cells,
intracellular HCV RNAs were comparable to control in RPL17 knockdown and approxi-
mately 30% lower in YBX1 knockdown (Fig. 2B), suggesting that YBX1, but not RPL17,
may be involved to some extent in the viral RNA replication. The amounts of HCV RNA
in the nuclease-resistant fraction of the culture supernatant of these cells were reduced
by more than 70% with RPL17 knockdown and 80% with YBX1 knockdown (Fig. 2C). The
knockdown efficiencies with each siRNA and protein are as shown in Fig. 2D and E.
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FIG 2 Reduction of HCV production by knockdown of RPL17 and YBX1 in HuH-7 cells constitutively infected with HCV JFH-1 (HC-PI cells). HC-PI cells were
transfected with siRNA against RPL17 or YBX1 or negative control (NC) siRNA. After culturing for 3 days, the culture supernatants collected were inoculated to
naive Huh7.5.1 cells, followed by measurement of HCV RNA copies at 3 dpi to determine the viral transduction (A). HCV RNA copies in the siRNA-treated cells
(B) and copies of particle-associated HCV RNA prepared from their culture supernatants (C) were determined. (D) mRNA expression levels of RPL17 and YBX1
in siRNA-treated HC-PI cells were determined by gRT-PCR. Results are presented as means + SD (n = 4). (E) Protein expression of RPL17, YBX1, HCV Core, and
GAPDH in siRNA-treated HC-PI cells were examined by immunoblotting, and protein levels were quantified by ImageJ. The intensity of each protein band for
siRNA NC-transfected cells was set as 1, and the relative values were determined for siRPL17- or siYBX1-transfected cells. Statistical analysis was conducted by
ANOVA with post hoc Tukey's test for pairwise group comparisons. ***P < 0.001.
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To confirm that this inhibition of HCV production by gene knockdown was not due
to off-target effects of the siRNAs, rescue experiments were performed using RPL17
or YBX1 expression vectors. Cells with RPL17 or YBX1 knockdown were infected with
HCV after transfection with siRNA-resistant RPL17- or YBX1 expression plasmids. HCV
production was suppressed by more than 80% by RPL17- or YBX1 knockdown, and
HCV production was significantly restored by introducing siRNA-resistant RPL17- or YBX1
expression vectors into the knockdown cells (Fig. 3A). The amount of HCV RNA in the
nuclease-resistant fraction of the culture supernatant also showed similar changes with
each knockdown and expression vector introduction (Fig. 3B). Protein expression of
RPL17 and YBX1 in cells of the rescue experiments is shown in Fig. 3C.
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FIG 3 Reduced HCV production was rescued by ectopic expression of RPL17 and YBX1. At 1 day post-transfection with siRNA against RPL17 or YBX1 or negative
control (NC) siRNA as well as the expression plasmid for FLAG-tagged RPL17 or YBX1 or an empty vector (EV), Huh7.5.1 cells were infected with HCV J6/JFH-1
and further cultured for 2 days. (A) To determine the focus-forming unit, the culture supernatants collected were inoculated to naive Huh7.5.1 cells, followed
by immunostaining with anti-Core antibody. (B) Particle-associated HCV samples were prepared from the culture supernatants and the viral RNA copies were
determined by gqRT-PCR. Results are presented as means + SD (n = 3). (C) Protein expression of RPL17, YBX1, and GAPDH in siRNA-treated cells was examined
by immunoblotting, and protein levels were quantified by Imagel. The intensity of each protein band for plasmid EV and siRNA NC-transfected cells was set as
1, and the relative values were determined for siRPL17- or siYBX1-transfected cells. Statistical analysis was conducted by ANOVA with post hoc Tukey'’s test for

pairwise group comparisons. ***P < 0.001.
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Thus, these results demonstrate that RPL17 and YBX1, identified as host factors with
the ability to bind to the 3’X region within the 3’UTR of the HCV genome, contribute to
the production of infectious HCV.

We next investigated whether particle production is affected when RPL17 and YBX1
are knocked down simultaneously. siRNAs against RPL17 or YBX1 were introduced
simultaneously or separately into HC-PI cells and cultured for 3 days. Intracellular HCV
RNA levels in Huh7.5.1 cells inoculated with culture supernatant from knockdown cells
were reduced by 60%-70% by knockdown of RPL17 or YBX1 alone, while double
knockdown had the same level of inhibition of HCV production (Fig. 4A). No signifi-
cantly greater reduction in particle production was observed with double knockdown
compared to single factor knockdown. Cell viability analysis showed that double
knockdown of RPL17 and YBX1 affects the cellular environment (Fig. 4B), which may
be difficult to assess accurately, at least under experimental conditions.

Binding model of RPL17 and YBX1 to the 3'UTR of HCV RNA

To elucidate critical RNA sequence and secondary structure(s) within the HCV genomic
3’UTR, which is critical for binding of RPL17 and YBX1 to the viral RNA, various mutant
RNAs were synthesized and their binding abilities to recombinant RPL17 and YBX1 were
analyzed in vitro by AlphaScreen (Fig. 5). As expected, both RPL17 and YBX1 showed high
levels of binding to SGR RNA (“SGR” in Fig. 5A), and their RNA binding was significantly
reduced when the 3’X region was deleted from SGR sequence (SGR A3'X). RPL17 and
YBX1 exhibited high levels of binding to the 98 base RNA with only the 3’X (3'X); no
specific binding to RNA was observed when GFP was used instead of RPL17 and YBX1
(Fig. 5A).

Although there are three stem-loop structures in the 3’X region of the viral 3'UTR,
it has already been shown that the loss of SLIII region has minimal influence on HCV
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FIG 4 Effect of double-knockdown of RPL17 and YBX1 on HCV production. Huh-7 cells constitutively infected with HCV JFH-1 (HC-PI cells) were transfected with
siRNA against RPL17 and/or YBX1 or negative control (NC) siRNA and cultured for 3 days. The culture supernatants collected were inoculated to naive Huh7.5.1

cells, followed by measurement of HCV RNA copies at 3 dpi to determine the viral infectivity (A). Cell viability was analyzed by using Cell Titer-Glo luminescent

(B). Results are presented as means + SD (n = 4). Statistical analysis was conducted by ANOVA with post hoc Tukey'’s test for pairwise group comparisons. ***P <

0.001.
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FIG 5 In vitro binding of RPL17 and YBX1 with HCV RNAs. (A) Interactions between in vitro transcribed HCV RNA: SGR, SGR without 3’X region or 3'X region and
in vitro translated RPL17, YBX1, and GFP were examined by AlphaScreen. DDW: without HCV RNA. (B) Interactions between in vitro transcribed HCV RNA; 3'X/WT,
3’X/SL1mt, and 3’X/SL2mt1 and in vitro translated RPL17, YBX1, and GFP was examined by AlphaScreen. DDW: without HCV RNA. (C) Interactions between
in vitro transcribed HCV RNA: wild-type (WT) or mutated sequences of 3'X region (see Fig. S3) and in vitro translated RPL17, YBX1, and GFP were examined
by AlphaScreen. DDW: without HCV RNA. Results are presented as means = SD (n = 3). Statistical analysis was conducted by ANOVA with post hoc Tukey’s
test for pairwise group comparisons. (A) For RPL17, the statistical significance is represented by comparing RPL17-DDW with RPL17-SGR, RPL17-SGR A3’X, or
RPL17-3’X. For YBX1: the statistical significance is represented by comparing YBX1-DDW with YBX1-SGR, YBX1-SGR A3’X, or YBX1-3'X. (B) For RPL17: the statistical
significance is represented by comparing RPL17-DDW with RPL17-3'X/WT, RPL17-3'X/SL1mt, and RPL17-3"X/SL2mt1. For YBX1: the statistical significance is
represented by comparing YBX1-DDW with YBX1-3'X/WT, YBX1-3'X/SL1mt, and YBX1-3'X/SL2mt1. (C) For RPL17: the statistical significance is represented
by comparing RPL17-DDW with RPL17-3'X/WT or RPL17-3'X/SL2mt1-mt4. For YBX1: the statistical significance is represented by comparing YBX1-DDW with
YBX1-3'X/WT or YBX1-3'X/SL2mt1-mt4. ***P < 0.001.

particle production (16). We synthesized two substitution mutants that changed the
secondary structures of SLI, which is closest to the 3" ends, and SLII, which is on the
5" sides of SLI, respectively (Fig. S3A and S3B), and assessed their binding abilities to
RPL17 and YBX1. The results showed that the SLI mutant (3'X/SL1mt) did not significantly
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change the binding ability to both host factors, while the SLII mutant (3'X/SL2mt1)
markedly decreased the binding ability (Fig. 5B). Furthermore, mutant RNAs in the stem
and loop regions of SLII were designed (Fig. S3A and S3B) and examined for the binding
to host factors. A mutant RNA that significantly altered the loop structure (3'X/SL2mt2)
maintained its binding ability to RPL17 and YBX1, whereas mutations that closed the
loop structure (3'X/SL2mt3) or substituted four bases in the same region while retaining
the loop structure (3’X/SL2mt4) resulted in a marked reduction in the binding ability (Fig.
5C). Quality and the size of in vitro synthesized HCV RNAs used in this binding assay are
confirmed (Fig. S2, S3C, and D). These results suggest that SLII in the 3'X region of the
3’UTR, especially the loop region, plays an important role in the binding of RPL17 and
YBX1 to the HCV genome.

YBX1 protein is composed of three structural domains: an N-terminal domain, a
cold shock domain (CSD), and a C-terminal tail domain (Fig. 6A). The CSD is highly
conserved among members of the Y-box protein family and contains an RNA-binding
motif (21). As expected, immunoprecipitation RT-gPCR analysis showed that mutant
YBX1 lacking the CSD region (ACSD)(Fig. 6B) lost its binding ability to HCV RNA (Fig. 6C).
On the other hand, no functional region has been reported for RPL17. Thus, the RPL17
protein was divided into approximately three equal regions basically based essentially
on secondary structural features inferred from the amino acid sequence (Fig. 6A; Fig.
S3E). Each deletion mutant and full-length RPL17 were synthesized in vitro (Fig. 6B) and
analyzed for binding to HCV RNA as in the case of YBX1. The 63-residue region on the
N-terminal side of RPL17 was shown not to be involved in RNA binding while deletion of
the M or C region clearly reduced RNA-binding ability (Fig. 6D).

Effects of RPL17- or YBX1 knockdown on HCV entry into cells, IRES-depend-
ent translation, RNA replication, and particle assembly

Next, to determine the molecular mechanisms by which RPL17 and YBX1 are involved
in the production of infectious viruses, the effects of gene knockdown on each step of
the HCV life cycle were investigated. The process of HCV entry into cells was analyzed
using the HCV pseudoparticle (HCVpp) infection assay (Fig. 7A) and the IRES-dependent
translation was assessed using a dicistronic reporter assay (Fig. 7B). Neither RPL17 nor
YBX1 knockdown had any effect on activity in HCVpp infection and IRES-dependent
translation (Fig. 7A and B). CD81 siRNA in the HCVpp assay and LA peptide-WT but
not -Y23Q mutant in the IRES reporter assay, used as controls, showed inhibition of
HCV entry and HCV translation activity, respectively. The effects of RPL17 and YBX1 on
HCV RNA replication were evaluated using two types of cells persistently replicating
subgenomic HCV replicons derived from genotypes 2a (SGR-GT2a) and 1b (SGR-GT1b).
RPL17 knockdown increased HCV RNA levels by 20%-30% in SGR-GT2a and -GT1b cells.
On the other hand, in the case of YBX1 knockdown, a ~20% decrease in HCV RNA levels
was observed in both SGR cells (Fig. 7C). As in the case of HCV infection, it is suggested
that YBX1 has a moderate effect on the viral RNA replication. Western blot analyses of
HCV proteins expressed in both SGR cells showed that the expression levels of NS5A and
NS3 proteins were not significantly altered by either RPL17 or YBX1 knockdown (Fig. 7C
and D). It is noted that RPL17 and YBX1 mRNA expression was reduced to less than 30%
by gene knockdown in all three experiments: HCVpp infection, IRES reporter, and SGR
assays (Fig. 7E).

To further analyze the role of RPL17 and YBX1 in the process of particle assembly, we
performed a knockdown of both factors in a particle production system independent of
RNA replication (trans packaging assay). HCV Core-NS2 was co-expressed either with RNA
from the HCV subgenomic replicon containing a point mutation within the active center
of the NS5B polymerase (SGR-GND) or its X region deletion in the 3'UTR (GND-3"Xdel) in
Huh7.5.1 cells to produce HCV particles (producer cells). After the knockdown of RPL17
or YBX1 in the producer cells, their culture supernatants were collected and inoculated
into naive cells. HCV RNA levels in the transducer cells were used as an indicator of
particle production. Knockdown of RPL17 or YBX1 in cells co-expressing SGR-GND RNA
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and Core-NS2 reduced particle production to approximately 40% or less, as indicated by
measurement of the viral RNA in the transducer cells (Fig. 8A, sample group #1 versus
#3, 5). Comparing the non-replicating replicons with and without the 3’X sequence, we
found that particle production with GND-3'Xdel was less efficient than with SGR-GND,
down to less than 40% efficiency in particle production, as previously reported (16)
(Fig. 8A, sample group #1 versus #2). Knockdown of RPL17 or YBX1 in the producer
cells expressing GND-3'Xdel RNA together with Core-NS2 resulted in further reduction
of particle production (Fig. 8A, sample group #2 versus #4, 6). HCV RNA levels in the
nuclease-resistant fractions of the culture supernatants of the producer cells showed a
similar trend as the viral RNAs in the transducer cells, that is, a significant reduction by
loss of the 3’X sequence or knockdown of RPL17 and YBX1 (Fig. 8B). We confirmed that
knockdown of RPL17 or YBX1 significantly reduced its expression of both factors (Fig. 8C)
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FIG 7 Effect of knocking down of RPL17 and YBX1 on cell entry, IRES-dependent translation and RNA replication of HCV. (A) Huh7.5.1 cells were transfected
with siRNA and infected with HCVpp. After incubation for 2 days, NanoLuc activity in cell lysate was measured (n = 3). (B) In vitro transcribed RNAs of RLuc-HCV
IRES-FLuc-3" UTR and RLuc-EMCV IRES-FLuc-3" UTR were electroporated into siRNA-treated cells. After incubation for 1 day, Fluc and Rluc activities in the cell
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above RNAs before the electroporation (n = 3). (C) HuH-7 derived cells replicating HCV SGR-JFH1/nanoluc RNA (SGR-GT2a)(genotype 2a, left panel) or SGR-Con1
RNA (SGR-GT1b) (genotype 1b, right panel) were transfected with siRNA and harvested at 72 h post-transfection. HCV RNA copies in the indicated cells were
quantified (n = 4) (12-well plate). Expression of HCV NS5A and GAPDH in the indicated cells were examined by immunoblotting (lower) and protein levels were
quantified by ImageJ. The intensity of each protein band for siRNA NC-transfected cells was set as 1, and the relative values were determined for siRPL17, siRNA
YBX1, and siRNA Pl4KA-transfected cells. (D) SGR-JFH1/nanoluc replicating cells were transfected with siRNA and harvested on day 2 and day 3 after siRNA
transfection. Expression of NS3, NS5A, RPL17, YBX1, and GAPDH in the indicated cells was examined by immunoblotting, and protein levels were quantified
by Imagel. The intensity of each protein band for siRNA NC-transfected cells was set as 1, and the relative values were determined for siRNA RPL17, siRNA
YBX1-transfected cells. (E) mRNA expression levels of genes indicated in HCVpp assay (A), IRES-dependent translation assay (B), and subgenomic replication
assays (C) in siRNA-treated cells were determined by gqRT-PCR. Results are presented as means + SD. Statistical analysis was conducted by ANOVA with post hoc

Tukey'’s test for pairwise group comparisons. ***P < 0.001.

and that the presence or absence of the 3'X sequence in the replicons and knockdown of
RPL17 or YBX1 had no effect on HCV RNA levels in the producer cells (Fig. 8D).
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(A). Particle-associated HCV samples were prepared from the culture supernatants of the producer cells and the viral RNA copies were determined (B). Expression
of RPL17, YBX1, HCV Core, and GAPDH (C) and the viral RNA copies (D) in the producer cells was determined by immunoblotting and qRT-PCR, respectively. The
number of each sample group is indicated at the bottom of panels (A), (B), and (D). Results are presented as means + SD (n = 4). Statistical analysis was conducted

by ANOVA with post hoc Tukey’s test for pairwise group comparisons. ***P < 0.001.

Taken together, these results demonstrate that, while the expression of RPL17 and
YBX1 has some influence on HCV RNA replication, both factors are most intensively
involved in the particle formation process during the viral life cycle.

Possible involvement of RPL17 and YBX1 in HCV Core-RNA interaction

The association of HCV genomic RNA with Core protein is essential for the viral genome
packaging and nucleocapsid formation. We thus hypothesized that RPL17 and YBX1
may contribute to nucleocapsid formation by promoting the Core-RNA interaction
through their binding to the viral 3’'UTR RNA. After the knockdown of cells in which
HCV subgenomic RNA replicates and Core-NS2 is expressed by introducing siRNA against
RPL17 or YBX1, cell lysates were immunoprecipitated with anti-Core antibody and HCV
RNA levels in the precipitates were quantitatively measured. HCV RNA levels precipitated
with the viral Core were significantly reduced in cells with knockdown of RPL17 or YBX1
(Fig. 9A). Knockdown of RPL17 or YBX1 had little effect on subgenomic RNA levels (Fig.
9B) or Core protein expression (Fig. 9C) in this experimental condition.

Microscopic observations of HCV-infected cells have shown that the viral Core protein
is detected as co-localized with double-stranded (ds)RNA (22). Both RPL17 and YBX1
also col-localized with dsRNA in the cytoplasm of HCV-infected cells (Fig. 10). We
thus analyzed the subcellular distribution of Core and dsRNA in HCV-infected cells
using confocal microscopy with immunofluorescent antibodies and confirmed that
both signals, which show dot-like shapes, co-localize mainly in the cytoplasmic region
surrounding the nucleus of siRNA control cells (siNC) (Fig. 11A, upper). To quantitatively
evaluate the co-localization of Core- and dsRNA signals, profiles of the distance in pixels
were obtained from the fluorescence signal data (Fig. 11B). In the control cells, the
pixel distance peak of the Core signal matched well with the peak of the dsRNA signal,
confirming the co-localization of dsRNA and Core (Fig. 11B, upper). By contrast, when
RPL17 or YBX1 was knocked down in HCV-infected cells, the pixel distance peaks of
dsRNA and Core signals did not always coincide (Fig. 11B, middle and lower), indicat-
ing that the co-localization of Core and dsRNA was limited to a subset of molecules.
Histograms of the frequency distribution of pixel distance showed that in RPL17- or YBX1
knockdown cells, there were not only fewer frequencies of Core-dsRNA co-localization
(distance = 0), but also a greater number of signals with larger pixel distances (distance
= 3 and 4) (Fig. 11C). The expression of RPL17 and YBX1 was sufficiently reduced by
introduction with each siRNA, as confirmed by immunostaining (Fig. S4).

DISCUSSION

The initial process of particle formation of plus-stranded RNA viruses involves molecu-
lar mechanisms such as switching from genome replication to the process of capsid
assembly, interaction with capsid proteins via packaging signals in the genome, and
assembly into nucleocapsid. The 3'X region within the 3’UTR of the HCV genome has
been reported not only to regulate translation and genome replication but to act
as a cis-element for genome encapsidation. The 3’X plays a key role in controlling
viral replication and translation by modulating the exposure of a nucleotide segment
involved in a distal base-pairing interaction with an upstream 5BSL3.2 domain in the
NS5B coding region. The IRES and the 3’X region are connected through domain 5BSL3.2,
which establishes a network of distal RNA-RNA contacts involving both the IRES and
domain 3’X. Several models have been proposed for the secondary structure of the
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FIG 9 Interaction between HCV Core and the viral RNA was impaired by knocking down of RPL17 and YBX1. Cells replicating SGR-JFH1/NanoLuc were
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3’X, with the typical model being that it folds into two types of conformation: a three
stem-loop conformation and a two stem-loop conformation.
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FIG 10 Co-localization of RPL17 and YBX1 with dsRNA and HCV Core in the viral infected cells. Expression of RPL17(A) and YBX1(B) in Huh7.5.1 cells infected with
HCV J6/JFH-1 (MOI = 0.2) was examined by immunostaining with anti-RPL17 and anti-YBX1 antibodies, respectively (red). Anti-Core and anti-dsRNA antibodies
(green) were used for the detection of HCV Core and dsRNA, respectively. DAPI (blue) was used as a nuclear counterstain. Intensity peaks of RPL17 and Core,
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RPL17 and dsRNA, YBX1 and Core, and YBX1 and dsRNA were determined by line-scan analysis. The pixel distances of RPL17 and Core, RPL17 and dsRNA, YBX1
and Core, YBX1 and dsRNA (0.11 um/pixel) were determined in line profile plots as shown on the right side of the micrographs. Representative line profile plots

show the intensity distribution of green and red channels through the white lines indicated in the magnified views in merged panels. Bars indicate 10 pm.

In both conformations, the 3-terminal SLI is retained, but the upstream 55 nt long
segment forms either one stem-loop such that the palindromic dimer linkage sequence
(DLS) is exposed, or two stem-loops (SLIl and SLIII) in which the DLS is not fully
exposed (23-26). HCV RNA dimerization has been shown to regulate viral replication
and translation processes; RNA interaction in the 3’X and 5BSL3.2 regions is important
for genome replication, but DLS-DLS dimer formation interferes with this interaction,
leading to suppression of replication. As the number of genomic RNA copies packaged
into virions is limited, DLS-mediated dimerization may be involved in the switch from
replication to particle formation, but it is unclear whether RNA conformational changes
actually contribute to the switch from replication to particle formation. Host factors may
also be involved in the regulation of such molecular switching and selective genome
packaging, but this has not been investigated to date.

In this study, RNA-IP and LC-MS/MS analyses were combined to search for host factors
that bind to HCV 3’UTR sequences in cells. In a proteomics screening for RNA-binding
proteins, RPL17 and YBX1 showed dramatically reduced binding to SGR 3’Xdel RNA
compared to SGR full-length RNA (Table 1), and in vitro binding analysis by AlphaScreen
showed both proteins significantly reduced RNA binding with the 3'X deletion (Fig. 5A).
Therefore, we hypothesize that the 3’X region is critical for HCV RNA binding by RPL17
and YBX1. However, the trans-packaging assay showed that even GND-3'Xdel RNA can
be packaged to some extent, although its efficiency is markedly lower than that of
SGR-GND RNAs, and the packaging efficiency was further reduced by the knockdown
of RPL17 or YBX1 (Fig. 8A). These results suggest that while RPL17 and YBX1 function
in particle formation potentially through binding to the 3’X region, both proteins may
also contribute to the particle formation through their binding to the viral RNA region(s)
other than 3’X. Indeed, AlphaScreen analysis shows that RPL17 and YBX1 remain binding
to the SGR 3'Xdel (Fig. 5A). Mutational analysis of putative SLII within 3'X revealed
that the binding capacities of RPL17 and YBX1 are greatly reduced in a mutant with a
smaller loop structure (3’X/SL2mt3) and in a mutant that retains the loop structure but
with sequence substitutions including DLS (3'X/SL2mt4)(Fig. 5C). Since 3’X within the
3’UTR of HCV genome can act as a packaging signal, one may hypothesize that binding
of RPL17 and YBX1 to 3'X possibly contributes to encapsidation of the HCV genome.
We thus addressed the possibility that RPL17 and YBX1 may have some influence
on the association between HCV RNA and Core, as assessed by RNA-IP assay for the
viral RNA-Core interaction in cells and by confocal microscopic imaging for intracellular
co-localization. Knockdown of RPL17 or YBX1 resulted in reducing the amount of HCV
RNA co-precipitating with Core to less than 50% (Fig. 9A) and in increasing the relative
spatial distance between Core and dsRNA by imaging analysis (Fig. 11). These results
suggest that expression of RPL17 and YBX1 potentially affects the interaction between
HCV Core and viral RNA, leading to efficient encapsidation in the infected cells.

YBX1, which has a cold shock domain with broad nucleic acid binding properties,
functions as a DNA- and RNA-binding protein and is involved in many cellular processes,
including transcriptional and translational regulation, pre-mRNA splicing, DNA repair,
and mRNA packaging (27-33). Systematic analysis of the RNA recognition specificities
of RNA-binding proteins has demonstrated that YBX1 prefers sequences with complex
combinations of G, C, and U (34). A sequence: CUGUC (underlined are consensus
residues) similar to RNA motifs proposed as RNA-binding sequences by YBX1 is well
conserved in the SLII domain within 3’X of 3’UTR among the HCV genome sequences
derived from all genotypes. RPL17 is a component of the 60S subunit and belongs
to the L6P family of ribosomal proteins (RPs); RPs function to facilitate intracellular
translation processes and the correct folding of rRNA. Recently, in addition to their
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FIG 11 Effect of knocking down of RPL17 and YBX1 on colocalization of HCV Core and double-stranded (ds)RNA in the viral infected cells. Huh7.5.1 cells were
transfected with siRNA against RPL17 or YBX1 negative control (NC) siRNA and infected with HCV J6/JFH-1 (MOI = 0.2). (A) Expression of HCV Core and dsRNA
was examined by immunostaining with anti-Core- (red), anti-dsRNA (green) antibodies, and DAPI (blue). Bars indicate 5 um. (B) Intensity peaks of HCV Core and
dsRNA were determined by line-scan analysis. Representative line profile plots show the intensity distribution of green and red channels through the white lines
indicated in the magnified views in merged panels. (C) Frequency distribution histograms of HCV Core-dsRNA distance. The distances of Core and dsRNA in pixels
(0.11 pm/pixel) were determined in line profile plots as shown in (B). For the siNC (dark gray), siRPL17 (red) and siYBX1 (blue) groups, 55, 33, and 33 line profiles,

respectively, were analyzed. Mean and SD values were also indicated.

involvement in protein synthesis, RPs have been shown to perform non-ribosomal
functions such as transcriptional regulation, DNA repair, RNA splicing, cell proliferation,
apoptosis regulation, and development (35-38). YBX1 has been shown to exhibit
structural plasticity that unfolds structured mRNA into elongated linear filaments,
possibly contributing to mRNA scanning by ribosomes during the initiation of mRNA
translation and the elongation phase (33). NMR spectroscopy and molecular dynamics
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analyses have revealed that YBX1 has ATP-independent unwinding activity of bound
MRNA secondary structures via a loop structure, which is long and positively charged,
within its cold shock domain (39). For RPL17, it is currently unclear whether binding
to RNA leads to changes in the RNA secondary structure, but such a possibility is
plausible given its function as indicated above. A working hypothesis is that binding
of RPL17 and/or YBX1 to the 3X region of the newly synthesized HCV genome alters
the RNA secondary structure, such as unwinding, which may facilitate Core-RNA binding.
In HCV-infected cells, simultaneous knockdown of the RPL17 and YBX1 genes showed
a similar degree of inhibition of particle production as knockdown of either RPL17 or
YBX1 (Fig. 4A). We thus speculate that RPL17 and YBX1 play similar roles in the particle
formation process and that the presence of both factors may result in an RNA structure
suitable for genome packaging or nucleocapsid formation. To better understand the
mechanisms of action of RPL17 and YBX1 in regulating HCV particle formation, our
research is underway to prepare purified proteins of RPL17, YBX1, and Core for structural
analysis of their complexes with HCV 3’X RNA. In the course of this research, it will be
determined whether and how the secondary structure or conformation of the RNA is
altered by the binding of RPL17 or YBX1. It is also planned to determine whether the
efficiency of association with Core actually differs between RPL17- or YBX1-bound 3'X
RNA and unbound RNA.

It has been reported on the involvement of YBX1 in the HCV life cycle. Chatel-Chaix
et al. have identified YBX1 as an interacting partner of NS3/4A and shown that the
knockdown of YBX1 stimulated the release and/or egress of HCV particles without
affecting virus assembly (40, 41). Wang et al. have revealed that YBX1T may modulate
various steps of the HCV life cycle including particle production via maintaining NS5A
level in cells (42). The effect of YBX1 knockdown on RNA replication varied depending
on the experimental systems and conditions. In particle formation, one group has shown
that YBX1 knockdown led to enhancing the viral particle production, while the other
group has reported the opposite: it suppressed virus production. In our subgenomic
replication system, YBX1 knockdown resulted in a suppression of RNA levels of around
20%, which is moderate compared to the inhibitory effect on virus production. Although
a previous study has reported YBX1 as an HCV 3’UTR binding factor (43) and another
study has described RPL17 in the list of host factors that interact with NS3/4A (40),
neither study has analyzed how the interaction is involved in the HCV life cycle. Since
YBX1 and RPL17 can interact with NS3/4A and NS5A, which are involved in particle
formation as well as replication, it may be likely that YBX1 and RPL17 are potentially
involved in the switch from replication to capsid assembly in addition to genome
packaging during particle formation. In this study, the knockdown of RPL17 in subge-
nomic replicon assays resulted in moderately but significantly increasing HCV RNA
levels (Fig. 7C), suggesting that RPL17 expression may act in an inhibitory manner on
RNA replication and thus may contribute to the transition from replication process to
particle formation. While much has been learned about the host factors that interact
with plus-stranded RNA viruses and are important in regulating their viral life cycles,
to our knowledge, little is known about the host factors that bind to the RNA cis-ele-
ments important for genome encapsidation and are involved in the control of particle
formation for their virus species. Although packaging signals have been identified
for togaviruses such as alphaviruses, host factors involved in encapsidation have not
been characterized. For flaviviruses, RNA-binding proteins involved in particle formation
have been reported, including YBX1; knockdown of YBX1 in dengue virus- and Zika
virus-infected cells has a limited effect on RNA replication, while particle production
is significantly impaired (44-46). Although YBX1 has been reported to bind to the
3’UTR RNA of DENV, it is unclear whether YBX1 targets cis-elements involved in genome
encapsidation (47).

In general, viral genomic RNAs are presumed to change conformation during the
course of the viral infection cycle, but how they actually change inside the cell is
largely unknown to date. In addition to in vitro structural analyses of the HCV 3'UTR
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in the presence or absence of YBX1, RPL17, or Core, the application of recently devel-
oped methods, such as in vivo single-molecule RNA secondary structural profiling (48)
and live-cell single-molecule imaging, VIRIM (Virus Infection Real-time IMaging) (49),
to continuous analyses focusing on the process from replication to particle formation
during HCV infection is likely to help elucidate the fine details of virus-host interac-
tion patterns characteristic of the initiation of nucleocapsid formation, as well as RNA
conformations important for this process.

MATERIALS AND METHODS
Antibodies

Mouse monoclonal antibody against HCV Core (2H9) was generated as described
previously (6). Mouse monoclonal antibodies against GAPDH (6C5, Santa Cruz Biotech-
nology), RPL17 (67223-1-lg, Proteintech for Immunoblotting; HPA046385, Sigma-Aldrich
for immunofluorescence), full-length GFP (JL-8, Clontech), PI4KA (12411-1-AP, Protein-
tech), DYKDDDDK (012-22384, FUJIFILM Wako) and dsRNA (J2, Jena Bioscience) and
rabbit polyclonal antibodies against YBX1 (ab76149, Abcam) and HCV NS3 (GTX131276,
GeneTex) were used.

Plasmid construction

A replication-defective subgenomic replicon plasmid pSGR-JFH1A3’X/nanoluc-GND,
which carries JFH-1-derived HCV sequence with NS5B mutation deleting 3'X region and
nanoluc gene, was constructed from pSGR-JFH1/nanoluc-GND (50) by PCR site-directed
mutagenesis with KOD FX neo (TOYOBO). To generate mutant plasmids with substitu-
tions in 3'X region, double-stranded (ds)DNA fragments containing 3’X mutants (3'X/
SLTmt, 3'X/SL2mt1, 3'X/SL2mt2, 3'X/SL2mt3, 3'X/SL2mt4) were synthesized by Integra-
ted DNA Technologies (IDT) and inserted into pSGR-JFH1A3"X/nanoluc-GND. To construct
expression plasmids for RPL17 and YBX1, dsDNA fragments of optimized sequence
for RPL17 and YBX1 (IDT) were inserted into pCAG-neo (Wako) and pEU-EO1 vector
(CellFree Sciences). Synthesized FLAG sequence was further inserted into the 3’ sites of
RPL17 and YBX1 sequence in these plasmids by inverted PCR, resulting in pCAG-RPL17-
FLAG, pCAG-YBX1-FLAG, pEU-RPL17-FLAG, and pEU-YBX1-FLAG. Expression plasmids
with partial deletions in RPL17 and YBX1 regions were constructed from pEU-RPL17-
FLAG and pEU-YBX1-FLAG by inverted PCR. To construct an expression plasmid for
GFP-FLAG, a DNA fragment of super folder GFP gene which was prepared by PCR
with pHRdSV40-scFv-GCN4-sfGFP-VP64-GB1-NLS (60904, Addgene) (51) as a template
was inserted into pEU-EO1, followed by inserting the FLAG sequence into the result-
ing plasmid (pEU-sfGFP). To construct IRES reporter plasmids containing HCV 3’UTR, a
DNA fragment for HCV 3’UTR which was amplified from pSGR-JFH1/nanoluc-GND was
inserted into pRL-HCV Luc and pRL-EMCV Luc (52), resulting in pRL-HCV Luc-3’'UTR and
pPRL-EMCV Luc-3’UTR. To construct HCV Core-NS2 in phiC31 Integrase vector system
(System Biosciences), a DNA fragment for Core-E1-E2-p7-NS2 region was amplified from
pCAG-Core-NS2 (16) by PCR and inserted into pFC-CMV-MCS-pA-SV40-Neo, resulting in
pFC-Core-NS2.

Cell culture and transfection

The human hepatoma cell line Huh-7, its derivative cell line Huh7.5.1 (a gift from
Francis V. Chisari, The Scripps Research Institute), and the human embryonic kidney
cell line 293T used to generate HCV pseudoparticles (HCVpp) were maintained in
Dulbecco modified Eagle medium supplemented with nonessential amino acids, 100
U of penicillin/mL, 100 pg of streptomycin/mL, and 10% fetal bovine serum. Huh5-15
cells, which carry the subgenomic HCV replicon derived from the Con1 strain (a gift
from Ralf Bartenschlager, University of Heidelberg, Heidelberg, Germany), and SGR-JFH1/
nanoluc cells, which harbor the subgenomic HCV replicon from JFH-1 strain and a
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nanoluc luciferase reporter gene fused to the neomycin phosphotransferase gene of
pSGR-JFH1, were cultured in the above medium supplemented with 0.2 mg/mL G418.
Persistently HCV-infecting Huh-7 cells (HC-PI cells) were obtained by infected with cell
culture-derived HCV of JFH-1 strain at a multiplicity of infection (MOI) of 0.01. Cells
were maintained in the above medium by passaging every 3-4 days for approximately
6 months. To establish HCV Core-NS2 stably expressing cells line, pFC-Core-NS2 and
phiC31 integrase expression plasmids (System Biosciences) were co-transfected with
Lipofectamine LTX with Plus reagent (Life Technologies) into Huh7.5.1 cells, followed
by selection with 1 pg/mL puromycin for 7 days. For HCV RNA transfection, in vitro
transcribed HCV RNAs were transfected into cells using TransIT-mRNA Transfection
Reagent (Thermo Fisher Scientific). For gene silencing, siRNAs for RPL17 (s12179), YBX1
(s224139), CD81 (s2722), ApoE (s536402), PI4KAP2 (s200608), which were purchased
from Ambion (Life Technologies), were transfected into cells using Lipofectamine
RNAiIMAX Transfection reagent (Life Technologies).

Virus stock and infection

HCV stocks were prepared as described previously (53, 54). For focus-forming unit (FFU)
assay to determine the virus infectivity, Huh7.5.1 cells infected with diluted HCV samples
for 72 h were fixed with cold methanol for 15 min and dried up for 30 min. The cells
were then permeabilized with 0.3% Triton X-100 containing blocking solution (Block Ace,
Yukijirushi) for 1 h and incubated with the anti-HCV Core antibody for 2 h and goat
anti-mouse 1gG-Alexa488 (Life Technologies) for 1 h at room temperature. The number
of fluorescent cells was analyzed by IN Cell Analyzer 2200 (Cytiva). HCVpp was generated
as described previously (52). Culture supernatants containing HCVpp were collected at
36 h and 60 h, respectively, after plasmid transfection and stored at —80°C before use.
To assess virus entry activity into cells, an aliquot of HCVpp was inoculated into Huh7.5.1
cells and incubated for 2 days, followed by determination of Nanoluc activity in the cell
lysates.

RNA extraction and quantitative (q)RT-PCR

To quantify cellular gene expression, total RNAs from cultured cells were isolated by
TRI reagent (Molecular Research Center) and reverse-transcribed using the SuperScript
VILO cDNA Synthesis Kit (Life Technologies). Aliquots of cDNAs were subjected to 45
cycles of PCR amplification. qRT-PCR was performed in the CFX Connect Real-Time
System (Bio-Rad) using the THUNDERBIRD Next SYBR gqPCR mix (TOYOBO). Relative
RNA expression data were normalized to that of GAPDH mRNA using the comparative
threshold method (AACT). To determine HCV RNA copies in cells, total RNAs isolated from
cells were checked concentration by Nanodrop (Thermo Fisher Scientific), then diluted
RNAs to 0.01 pg/pL, and aliquots of RNAs were subjected to RT-PCR amplification. For
particle-associated HCV RNA, culture supernatants were collected from infected cells
and treated with PNE solution (8.45% PEG, 0.445 M NaCl, 13 mM EDTA) for 1 h on
ice. To remove free nucleic acids, pellets were incubated for 1 h at 37°C with RNase A
(Invitrogen). After treatment with proteinase K (Nacalai Tesque) at 56°C overnight, RNA
was isolated by phenol/chloroform extraction and ethanol precipitation. qRT-PCR was
performed in the CFX Connect Real-Time System using TagMan Fast Virus 1-Step Master
Mix (Applied Biosystems). The sequences of PCR primers used are listed in Table 2.

RNA synthesis and electroporation

RNA synthesis was performed as previously described (52). Briefly, linearized DNAs
as templates were prepared by digesting with Xbal for pUC19, Notl for pBluescript
backbone, and EcoRV for pRL-CMV backbone, respectively. RNAs were synthesized in
vitro by a MEGAscript T7 kit (Invitrogen) and treated with DNase | followed by acid
phenol extraction. For electroporation, trypsinized cells were washed with PBS and
resuspended at 1 x 10° cells/10 pL with BTXpress buffer (BTX). One microgram of
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TABLE 2 Primer sets for qRT-PCR

Primer name Orientation Primer sequence

HCV gPCR Forward 5-GAGTGTCGTGCAGCCTCCA-3’
Reverse 5-CACTCGCAAGCACCCTATCA-3’

RPL17 gPCR Forward 5-GATTGTTCCTAAACCAGAAGAGGA-3’
Reverse 5-TGAATTTACTCCCGTGCCATA-3’

YBX1 gPCR Forward 5-CCACAGTATTCCAACCCTCCT-3’
Reverse 5-CTGCCTCACTGGTCTACCTTG-3’

ApoE qPCR Forward 5-AAGGTGGAGCAAGCGGTGGAGAC-3’
Reverse 5-TGCACCCAGCGCAGGTAATC-3’

PI4KA qPCR Forward 5-GTGTCCGCACTCATCAACAAGCTGG-3’
Reverse 5-CACACTGCATCATCCCAGATTTGTC-3’

CD81 gPCR Forward 5-TCGTCTTCAATTTCGTCTTCTG-3’
Reverse 5-CTCCCAGCTCCAGATACAGG-3’

GAPDH gPCR Forward 5-AACAGCCTCAAGATCATCAGC-3’
Reverse 5-GGATGATGTTCTGGAGAGCC-3’

reporter replicon RNA was mixed with 10 L of cell suspension and electroporated by
Neon (Thermo Fisher Scientific). The condition of electroporation was at 1,400 V, 20 ms,
and 1 pulse.

HCV IRES activity assay

Bicistronic reporter RNAs were in vitro transcribed from linearized pRL-HCV Luc-3’UTR
and pRL-EMCV Luc-3’UTR by MEGAscript T7 kit (Invitrogen). The RNAs were incubated
with or without La-derived peptide (WT LAP and Y23Q LAP were synthesized by Eurofins
Genomics for 1 h at 37°C as previously described (55), followed by electroporation into
siRNA-treated cells. The electroporated cells were lysed with 150 pL passive lysis buffer
(Promega) and Fluc and Rluc activity were measured by GloMax Discover (Promega)
with ONE-Glo Luciferase Assay system (Promega) and Renilla-Glo Luciferase Assay System
(Promega), respectively.

Immunoblotting

Immunoblotting was performed as previously described with slight modification (56).
Briefly, cell lysates were separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes. After blocking, membranes were incubated with a primary
antibody overnight at 4°C. After washing, membranes were incubated with an HRP-con-
jugated secondary antibody (Cell Signaling Technology) for 1 h. Chemiluminescence
was detected using the FUSION (Vilber Bio Imaging). The intensity of the protein bands
was measured by the Fiji version of ImageJ software (https://imagej.net/software/fiji/
downloads), and the band intensity of the target protein with gene knockdown was
calculated relative to that of the negative control.

Immunofluorescence

For indirect immunofluorescence, cells grown on a glass bottom plate were fixed with
4% paraformaldehyde in PBS for 30 min at room temperature. Cells were permeabilized
in 0.5% Triton X-100 in PBS for 10 min at room temperature, followed by blocking
with 1% bovine serum albumin. Immunocytochemistry was performed with a primary
antibody, followed by incubation with Alexa Fluor 488 goat anti-mouse IgG and Alexa
Flour 555 goat anti-rabbit IgG for 1 h at room temperature. In experiments where HCV
Core and dsRNA were detected simultaneously, the anti-Core antibody was fluorescently
labeled in advance with Mix-n-Stain CF555 Antibody Labeling Kit (Biotium). dsDNA was
stained with DAPI (Sigma-Aldrich). Confocal images were acquired with Confocal Laser
Microscope AXR/Super-Resolution Microscope N-SIM S (Nikon). Intensity peaks of HCV

Month XXXX Volume 0 Issue 0 10.1128/jvi.00522-2421


https://imagej.net/software/fiji/downloads
https://doi.org/10.1128/jvi.00522-24

Full-Length Text

Core and dsRNA were examined by line-scan analysis on representative HCV-infected
cells. The distance of pixels for HCV Core and dsRNA was analyzed by the Image)
software.

Wheat germ cell-free protein synthesis

RNAs with FLAG sequence for full-length- or partially deleted RPL17 and YBX1 as
well as for GFP were in vitro transcribed from pEU-RPL17-FLAG, pEU-RPL17-deIN-FLAG,
pEU-RPL17-delM-FLAG, pEU-RPL17-delC-FLAG, pEU-YBX1-FLAG, pEU-YBX1-delCSD-FLAG,
and pEU-GFP-FLAG, respectively. In vitro transcription was conducted in the presence
of SP6 RNA polymerase for 6-h incubation in 37°C as described (57). The synthesized
RNAs were subjected to cell-free protein synthesis using the WEPRO 1240 Expression
kit (CellFree Sciences) by incubating for 16 h at 26°C according to the manufacturer’s
instruction.

RNA-immunoprecipitation (RIP) assay

After 24 h of siRNA transfection, SGR-JFH1/nanoluc cells were transfected with pCAGGS-
Core-NS2 or pCAGGS empty vector. After 48 h of plasmids transfection, the cells were
cross-linked by UV crosslinker and lysed by lysis buffer (RN1001, MBL). One-tenth volume
of the cell lysates was transferred into new tubes and used as input samples. Core-RNA
complexes were immunoprecipitated with anti-Core antibody-immobilized beads and
the tubes were rotated overnight at 4°C, followed by separating the beads from the
supernatants using a magnetic stand and washed three times with wash buffer (RN1001,
MBL). RNAs associated with the beads were then isolated with TRI reagent.

Identification of host proteins binding to HCV 3’X RNA

RNAs prepared by in vitro transcription were electroporated into HCV Core-NS2
expressing Huh7.5.1 cells seeded into 10 cm dishes. Each replicon RNA (200 pg) prepared
by in vitro transcription, as described above, was mixed with a suspension of Huh7.5.1
cells expressing HCV Core-NS2 (2 x 107 cells/2 mL), followed by electroporation using
Neon (Thermo Fisher Scientific). After 24-h incubation, the cells were washed and
cross-linked by UV crosslinker (UVP, HL-2000 HybriLinker, 0.15 J/cm?) on ice, immediately
followed by scraping the cells and pelleting down by centrifugation at 1,500 x g for
5 min. Cross-linked RNA-protein complexes were isolated essentially according to the
procedure as described (58). The washed cell pellets were re-suspended in 600 uL of PBS,
mixed with 200 pL of each: neutral phenol, toluol, and 1,3-bromochloropropane (BCP)
at 2,000 rpm for 1 min (ThermoMixer, Eppendorf) and then centrifuged at 20,000 x g
for 3 min at 4°C. After removing the upper aqueous phase, 600 pL neutral phenol and
200 pL BCP were added, mixed, and centrifuged at 20,000 x g for 3 min at 4°C. After
phase separation, the three-fourth of the upper phase and the three-fourth of the lower
phase were removed from the tube. The resulting interphase was mixed with 400 pL
water, 200 pL ethanol, 400 pL neutral phenol, and 200 uL BCP at 2,000 rpm for 1 min
as above and centrifuged at 20,000 x g for 3 min at 4°C. After removing the upper
and lower phases, the resulting interphase was mixed with 9 volumes of ethanol and
kept at —20°C overnight, and centrifuged at 20,000 x g for 30 min to precipitate the
RNA-protein complex. The precipitates dried were dissolved with 100 pL nuclear-free
water and incubated for 5 min at 56°C, followed by centrifugation at 2,000 x g for 2 min.
The supernatant samples were subjected to affinity purification of RNA-binding proteins,
as described (59). Mixtures of the above samples with equal volumes of 2x affinity
purification buffer and biotinylated oligonucleotide (5-TCAGGTGTCTCCCTCCCTTG-3"; 10
pM at final concentration) were incubated at 70°C for 10 min and slowly cooled down
to 49°C for oligonucleotide annealing with HCV RNA. NanoLink streptavidin magnetic
beads (Vector Laboratories) were added to the resulting samples and rotated at 4°C
overnight, followed by separating the beads from the supernatant using a magnetic
stand. The beads were then washed sequentially with four kinds of wash buffers (Wash
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Buffer 1: 20 mM Tris-HCI pH 7.5, 500 mM LiCl, 0.5% LiDS, 1T mM EDTA, 5 mM DTT; Wash
Buffer 2: 20 mM Tris-HCl pH 7.5, 500 mM LiCl, 0.1% LiDS, T mM EDTA, 5 mM DTT; Wash
Buffer 3: 20 mM Tris-HCl pH 7.5, 500 mM LiCl, T mM EDTA, 5 mM DTT; Wash Buffer 4:
20 mM Tris-HCl pH 7.5, 200 mM LiCl, 1 mM EDTA, 5 mM DTT). The resulting beads were
treated with RNase A solution [20 uL/mL RNase A and T1 cocktail (Life Technologies)],
20 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NacCl, 0.5 mM DTT) for 60 min at 37°C to
digest the HCV RNAs bound to the beads. The supernatants containing proteins were
separated from the beads using a magnetic stand and subjected to protein identification.

Proteins were identified by MS/MS analysis as follows. In brief, 500 pL cold acetone
was added to the sample tube containing proteins and was stored at —20°C overnight.
After centrifugation at 12,000 rpm for 10 min, the pellet was dried up for 5 min at room
temperature and dissolved with 100 puL sampling buffer (25 mM ammonium bicarbonate
with ultrapure water) and 50 pL reducing agent (sampling buffer containing 10 mM DTT).
The mixture was then incubated for 45 min at 56°C, added with 50 pL alkylating agent
(sampling buffer containing 10 mg/mL lodoacetamide), and incubated for 30 min in a
dark place. For preparation of tryptic peptides, the resulting solution was incubated with
10 pL of 0.1 pg/pL TPCK-treated trypsin (Sigma-Aldrich) at 37°C overnight, followed by
adding 0.5 pL TFA (trifluoroacetic acid) and concentrating to 30-50 uL by evaporation.
The peptides in the solution diluted with 1 mL of 0.1% formic acid were purified by
SepPAK (Waters) and concentrated to 30-50 pL by evaporation. The resulting peptide
solution was diluted with an appropriate volume of 0.1% formic acid and analyzed by Q
Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific) with
Xcalibur (version 4.1.50).

Amplified luminescent proximity homogeneous assay (AlphaScreen)

Biotinylated RNAs were synthesized by MEGAscript T7 kit. The size and quality of RNA
fragments were evaluated by 2% formaldehyde-agarose gel. The 3" end of synthesized
RNAs was labeled with biotin by Pierce RNA 3’ End Biotinylation Kit (Thermo Fisher
Scientific). The interaction between RNA and protein was evaluated by Alpha technol-
ogy. In brief, 30 pL reaction solution [0.1 nM of biotinylated RNAs, 10 nM of in vitro
synthesized FLAG-tagged protein, 0.1% BSA, 40 U RNase inhibitor, 20 ug/mL anti-FLAG
M2 acceptor beads, 20 pug/mL streptavidin donor beads, 3 pL of 10x AlphaScreen assay
buffer (PerkinElmer)] was incubated for 60 min at 25°C. AlphaScreen signals (photon
counts at 630 nm/s) were detected on an EnSpire plate reader (PerkinElmer).

Statistical analysis

Values are expressed as means of triplicate experiments with the standard deviations
(SD). In most analyses, statistical analysis was performed using ANOVA, followed by
Tukey’s HSD test for post hoc pairwise comparisons between groups. A significance level
of P < 0.05 was employed to determine statistically significant differences.

Experimental data obtained are available upon request.
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