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Abstract

Viruses subvert macromolecular pathways in infected host cells to aid in viral gene amplifi-

cation or to counteract innate immune responses. Roles for host-encoded, noncoding

RNAs, including microRNAs, have been found to provide pro- and anti-viral functions.

Recently, circular RNAs (circRNAs), that are generated by a nuclear back-splicing mecha-

nism of pre-mRNAs, have been implicated to have roles in DNA virus-infected cells. This

study examines the circular RNA landscape in uninfected and hepatitis C virus (HCV)-

infected liver cells. Results showed that the abundances of distinct classes of circRNAs

were up-regulated or down-regulated in infected cells. Identified circRNAs displayed pro-

viral effects. One particular up-regulated circRNA, circPSD3, displayed a very pronounced

effect on viral RNA abundances in both hepatitis C virus- and Dengue virus-infected cells.

Though circPSD3 has been shown to bind factor eIF4A3 that modulates the cellular non-

sense-mediated decay (NMD) pathway, circPSD3 regulates RNA amplification in a pro-viral

manner at a post-translational step, while eIF4A3 exhibits the anti-viral property of the NMD

pathway. Findings from the global analyses of the circular RNA landscape argue that pro-,

and likely, anti-viral functions are executed by circRNAs that modulate viral gene expression

as well as host pathways. Because of their long half-lives, circRNAs likely play hitherto

unknown, important roles in viral pathogenesis.

Author summary

Usually, cells are infected by one or a few virus particles that carry genomes with limited

expression capacity. Thus, the expression of viral genomes has to compete with a sea of

cellular components that aid in viral translation, replication and virion production.

Depending on their lifestyle, viruses have evolved to avoid or to subvert cellular pathways,

especially those that display anti-viral functions. Host-derived circular RNA molecules

have recently been discovered in the cytoplasm of cells, although, as-of yet, few functions
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have been assigned to them. Here, we describe alterations in the circular RNA landscape

in hepatitis C virus-infected liver cells. Up-regulated and down-regulated circular RNAs

were identified, and three of the upregulated RNAs were shown to promote HCV infec-

tion. One of them, circPSD3, inhibited viral RNA abundance at a post-translational step.

Because circular RNAs are more stable than linear RNAs, they may have important func-

tions during viral infection, dictating the outcomes of innate immune responses and viral

pathogenesis.

Introduction

Circular RNAs (circRNAs) were first detected in plant viral RNA pathogens, termed viroids

[1]. Subsequently, it has shown that eukaryotic cells express circRNAs as well [2, 3]. Some cir-

cRNAs contain scrambled exons, which are produced by an abnormal splicing mechanism [4].

Recently, it has been shown that circRNA species are synthesized from pre-mRNAs by a

nuclear back-splicing mechanism [5–8]. Most circRNAs are derived from exons that are

flanked by inverted intronic sequences that can engage in base pair interactions, thereby

enabling circularization of the RNA. Mediated by RNA binding proteins, the splice donor at

the 3’ end of the exon can juxtapose with the splice acceptor at its 5’ end, allowing circulariza-

tion of the RNA [9]. Salzman and colleagues [10] discovered a surprising feature of eukaryotic

gene expression in linear RNA-depleted libraries. An abundance of thousands of circular

RNAs were identified by their distinct 3’-to-5’ junctions using algorithms such as findcirc or

KNIFE [10–13]. These approaches revealed that approximately 5,000 to 25,000 circRNAs exist

per cell, with 20% of transcribed genes producing unique circRNAs that can be expressed in a

tissue-specific manner [10, 14].

However, little is known about their individual biological functions [6]. This is mainly due

to the fact that their abundances range only between 1 and 10 copies per cell [15]. For example,

a few circRNAs have been shown to stimulate RNA polymerase II transcription [16]. Curi-

ously, two cytoplasmic circRNAs, CiRS-7 (in human) and Sry (in mouse), harbor multiple

binding sites for microRNA-7 and microRNA-138, respectively, and likely regulate some

aspect of miRNA function [17–19]. CircRNAs like circMbl [20] and circPABPN1 [21] seques-

ter RNA binding proteins, while circANRIL [15] is involved in pre-rRNA processing. Ribo-

somal profiling and mass spectrometry analyses have shown that circRNAs Mbl [22] and

ZNF609 [23] can be translated; however, functional roles for the translated proteins are not

known. Global analyses of polysome-associated RNAs have suggested that most circRNAs are

poorly translated in cultured cells [24], unless the circles contain internal ribosome entry sites

[25] or methylated adenosine residues that can recruit the translation apparatus via circRNA-

bound methyladenosine reader protein YTHDF3 [26]. Curiously, translation of circRNAs is

much more prevalent in human organs [27]. Furthermore, extracellular association of cir-

cRNAs with 40-100nm small exosomes or 100-1000nm large microvesicles has suggested that

circRNAs can spread from cell-to-cell [28]. Finally, their prolonged stability makes them useful

as biomarkers for clinical disease [29, 30].

Because viruses usually subvert cellular pathways to modulate viral gene expression, several

investigators have explored whether the cellular and viral circRNA landscapes are altered in

cells infected by DNA viruses. Indeed, it has been found that cells infected by Epstein-Barr

virus and Kaposi’s sarcoma virus (KSHV) not only alter the cellular landscape of circRNAs,

but also display circRNAs from viral pre-RNA transcripts [31–33]. Tagawa et al. noted that

one host cell-derived circRNA, has_circ_0001400, inhibited the expression of the KSHV
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latency gene LANA [32]. However, the roles for other circRNAs during DNA virus infections

are not known. Much less is known about the roles for circRNAs during RNA virus infections.

Li et al. [34] provided evidence that RNA virus infections can modulate circRNA abundances

in infected cells. Specifically, these investigators noted that infection of cells with Vesicular sto-

matitis virus, a negative-stranded RNA virus, resulted in reduced abundances of host-derived

circRNAs in the cytoplasm. It is thought that RNA binding protein NF90/NF110 is recruited

to viral replication complexes in the cytoplasm, leaving fewer NF90/NF110 molecules in the

nucleus to aid in the formation of circRNAs [34]. In the present study, we analyzed the global

landscape of host-derived cellular circRNAs in hepatitis C virus (HCV)-infected cells. We dis-

covered that circRNAs can display proviral activities. We focused our study one particular

RNA, circPSD3, that modulates replication of different flaviviruses.

Results

Identification of circRNAs that display altered RNA abundances in HCV-

infected cells

To examine the landscape of circRNA abundances during HCV infection, RNAs from mock-

and JFH1 D183 (type 2)-infected cells were isolated from several distinct pools (Fig 1A).

Libraries were constructed and subjected to RNA-sequencing (Fig 1A, see Materials and meth-

ods). CircRNAs, whose abundance was altered in infected relative to their linear counterparts,

were identified by employing a custom pipeline for identification and quantification. Three

publicly available programs for annotation of cirRNAs were used in combination with limma-

voom (Fig 1A)[35], to determine whether changes in circRNA expression could be solely

explained by comparable changes of the linear counterpart while accounting for within-sample

variance.

Out of a total of 8176 circRNAs, 73 were detected as significantly altered in abundance rela-

tive to their linear counterparts (Fig 1B). To see if the host genes of these circRNAs shared

common functions, we tested for enriched GO terms via the gprofiler2 R-package. However,

this analysis yielded only one GO Cellular Component term (“nucleus”; p = 0.0395) for the

genes showing decreased circRNA abundance, whereas genes with increased circRNA abun-

dance were significantly enriched for the GO Molecular Function term “DNA replication ori-

gin binding” (p = 0.037).

Ten of which showed increased and 63 decreased abundances during HCV infection (Fig

1B). Several factors could alter the relative abundances of circRNAs during infection: changes

in initiation or elongation of transcription, changes in back-splicing frequency, stability, or

rates of cytoplasmic export. To focus our subsequent analyses, we chose circRNA candidates

that displayed the biggest differences in abundance relative to their linear transcript. Two of

the most up-regulated and one of the most down-regulated circRNAs were selected for further

validation, and their predicted abundances were confirmed by qPCR in independent experi-

ments (Fig 1C). The names and lengths of the examined circRNAs are listed in S1 Table. For

functional studies, we focused on the roles for up-regulated circRNAs, because functional

studies of down-regulated circRNAs involve the cumbersome task of over-expressing the cir-

cRNAs to their normal physiological concentrations. On the other hand, functional studies on

up-regulated circRNAs can be performed more easily after depletion of the circRNAs by siR-

NAs that target the back-splicing junction sequences.

Data in Fig 2 show the effects of siRNA-mediated depletion of two up-regulated circRNAs,

circEXOSC (Fig 2A, 2B and 2C) and circTIAL (Fig 2D, 2E and 2F), which were confirmed to

be up-regulated during HCV infection (Fig 1C), on HCV infectivity. For both circEXOSC and

circTIAL, three siRNAs were used that target overlapping sequences in the back-splicing
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junction sequence of the circRNAs but did not display sequence complementarity to other

human sequences. The siRNAs directed against circEXOSC depleted the circRNAs with vari-

ous efficiencies (Fig 2A), but did not affect the abundance of their linear counterparts (Fig 2B).

Virus infectivity, measured by gaussia luciferase activity, was significantly diminished after

depletion of circEXOSC in virus-infected cells (Fig 2C). SiRNA-mediated depletion of circ-

TIAL was not as complete, with only one of the three siRNAs decreasing its abundance to a

Fig 1. HCV elicits differential expression of circRNAs. (A) Experimental overview to identify HCV-induced circRNAs in infected and mock-infected

cells. Sequencing data was analyzed with three different computational pipelines to identify circRNAs (CIRI2, find_circ, CIRC explorer) and quantified by

SRCP. Statistical testing for differential circRNA expression was done using Limma-voom and the different circRNAs were classified according to their

altered abundances. (B) Scatter plot of HCV-induced changes in circRNA abundances. Y- and X-axis represent the log2 fold change of circular and

corresponding linear counterparts upon HCV infection, respectively. Dots represent individual candidate circRNAs with increased (red) or decreased

(blue) abundances relative to their linear transcripts. Grey dots do not display changes in abundances. (C) qPCR-mediated validation of two up-regulated

and one down-regulated top-candidate from the RNA-seq screening. Results were normalized to the housekeeping gene- Peptidylprolyl isomerase A

(PPIA) RNA abundance and expressed as a percentage relative to the mock-infected sample. Bars represent mean values of three biological replicates

(±SEM). Statistical significance was calculated using a T-test (� indicates p< 0.05).

https://doi.org/10.1371/journal.ppat.1008346.g001
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statistically significant event (Fig 2D), while displaying no effects on the abundances of their

linear counterparts (Fig 2E). However, the diminished effects on HCV infectivity was highly

significant (Fig 2F). These findings argue that both circEXOSC and circTIAL are novel pro-

viral factors. In contrast, depletion of circRMB39, which is down-regulated after HCV infec-

tion (Fig 1C), did not alter HCV RNA abundances (S1A and S1B Fig). However, it cannot be

ruled out that lack of phenotype is due to the already downregulation of circRMB39 in infected

cells. Similarly, depletion of circPMS1 did not affect HCV RNA abundance (S1C and S1D

Fig). Finally, Northern analyses show that siRNA-mediated depletion of randomly selected cir-

cRNAs circGALK2, derived from Galactokinase 2 gene, and circENAH, derived from ENAH

Actin Regulator gene, did not affect HCV RNA abundances (S1E Fig). These findings argue

that changes in HCV infectivity is controlled by the abundance of some, but not of all

circRNAs.

Pleckstrin And Sec7 Domain Containing 3 (PSD3) linear RNA encodes

circular circPSD3 RNA that modulates HCV and DENV gene expression

An independent circRNA screen in both the Sarnow and Diez laboratories identified up-regu-

lation of another circRNA, circPSD3 (S1 Table). The altered abundances of circPSD3 in liver

cells during viral infection was subsequently and independently verified in both of our labora-

tories. circPSD3 was chosen for further analysis due to its highly resistance to treatment with

ribonuclease RNase R, which selectively degraded single-stranded RNAs, but not circular

RNAs. As can be seen in S2 Fig, linear HCV and PPIA, but not circPSD3 or circPTP4A2, is

Fig 2. Effects of circEXOSC and circTIAL depletion on HCV infectivity. Effects of silencing of circEXOSC1 (A-C) with three different siRNAs directed

against the back-splice junction on (A) circRNA abundances, (B), linear mRNA abundances and (C) viral infectivity. Effects of silencing of circTIAL (D-F)

with three different siRNAs directed against the back-splice junction on (D) circRNA abundances, (E) linear mRNA abundances and (F) viral infectivity.

All results are related to the expression obtained with the scrambled siRNA (co) and RNA values are normalized to PPIA mRNA abundance. Statistical

significance was calculated using a T-test (�represents p-value< 0.05). All experiments were performed in triplicates.

https://doi.org/10.1371/journal.ppat.1008346.g002
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readily degraded by RNAse R. CircPSD3 is even more resilient to nuclease treatment than cir-

cPTP4A2 (S2 Fig). CircPSD3 RNA also harbors six predicted binding sites for translation fac-

tor eIF4A3 [36]. Importantly, binding of eIF4A3 to PSD3 RNA sequences was verified in high-

throughput crosslinking assays [37, 38]. Factor eIF4A3 is of great interest in RNA metabolism

due to its association with spliced mRNAs in exon junction complexes that modulate the cellu-

lar nonsense-mediated decay (NMD) pathway [39]. Curiously, the NMD pathway is inhibited

during HCV infection [40], as well as during infection with mosquito-borne West Nile virus

and Dengue virus [41, 42], suggesting that circPSD3 could modulate NMD (more below).

Thus, effects of circPSD3 on HCV gene expression were further examined.

Fig 3A displays a diagram of the 29 exon-containing linear PSD3 mRNA and circPSD3 that

is derived from a back-splicing event between exons 5 and 8 [43]. Four siRNAs overlapping

the exon5/8 junction sequences depleted to various extents circPSD3 RNAs (Fig 3B), with only

small effects on the abundances of linear PSD3 mRNAs (Fig 3C). However, there was a strong

correlation between loss of circPSD3 and loss of HCV RNA abundance (Fig 3B and 3D).

Diminished HCV RNA abundance in circPSD3 siRNA-treated cells could be explained if the

four siRNAs affected cell viability and, consequently, HCV RNA expression. However, cell via-

bility assays eliminated this possibility for all four siRNAs directed against circPSD3 (S3 Fig).

To examine whether circPSD3 modulates the infectivity of other RNA viruses, effects on

infection rates after circPSD3 depletion were examined in cells infected with DENV, which

belongs to the Flaviviridae, and Chikungunya virus (CHIKV), which is a member of the Toga-
viridae. For these experiments, we used chimeric DENV and CHIKV viruses expressing lucif-

erase reporter genes. As expected, circPSD3 (Fig 4A and 4D), but not linear PSD3 mRNA (Fig

4B and 4E) was depleted with circPSD3 siRNAs. As was seen in HCV-infected cells, depletion

of circPSD3 also diminished DENV infectivity, as quantified by luciferase expression (Fig 4C).

Fig 3. Effects of circPSD3 depletion on HCV RNA abundance. (A) Diagram of the linear PSD3 RNA and circPSD3 that is generated by a backsplicing

event between exons 5 and 8 [43]. (B-D) Effects of depletion of circPSD3 RNA by four different siRNAs, which all target the back-spliced junction site in

circPSD3 RNA. circPSD3 RNA(B), linear PSD3 RNA(C) and HCV RNA (D) abundances were determined by using RT-qPCR. Results were normalized to

PPIA abundances. The data are representative of three independent replicates (���P<0.001 and ����P< 0.0005).

https://doi.org/10.1371/journal.ppat.1008346.g003
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However, no effects were seen on CHIKV infectivity (Fig 4F). Furthermore, circPSD3

enhanced extracellular HCV abundance, that was especially significant at a low multiplicity of

infection (S4 Fig). These findings argue that circPSD3 has different effects on the growth of

distinct RNA viruses, i.e. a pro-viral factor for HCV and DENV, and no pro- or antiviral activ-

ity for CHIKV.

circPSD3 locates to distinct punctate foci in liver cells

To localize circPSD3 in cells, circPSD3 was visualized by fluorescent in situ hybridization,

using a back-splicing junction-spanning, bridging oligonucleotide to which fluorophores were

attached. Fig 5A shows that circPSD3 located to both the nucleus and cytoplasm, with approxi-

mately 3–8 molecules per cell (Fig 5A and 5B). Treatment of cells with siRNAs directed against

circPSD3 diminished the number of foci, confirming that detected foci contained circPSD3

molecules. The number of circPSD3 molecules per cell was further quantitated by Droplet Dig-

ital PCR. Results showed that approximately ten circPSD3 molecules reside per cell in mock-

infected cells and twice as much in infected cells (Fig 5C). The latter finding shows that the

puncta were single molecules, but that not all were detected by in situ hybridization. Impor-

tantly, these data argue that even low-abundant circRNAs can have significant effects on viral

gene expression.

Fig 4. Effects of circPSD3 depletion on DENV and CHIKV RNA abundances. (A-C) Effects of circPSD3 depletion on luciferase-expressing DENV. (A)

Circular circPSD3 RNA abundance, (B) linear RNA abundance, and (C) effects on virus infectivity in circPSD3-depleted cells (circPSD3-siRNA) were

compared with those in the control siRNA-transfected cells (Co-siRNA). (D-F) Effects of circPSD3 depletion on luciferase-expressing CHIKV. (D) Circular

circPSD3 RNA abundance, (E) linear RNA abundance, and (F) effects on virus infectivity were similarly compared between siRNA circPSD3-transfected

and siRNA control-transfected cells. Results were plotted as percentage relative to the scrambled siRNA (Co) and are expressed as mean RLU values of

three biological replicates (±SEM). Statistical significance was calculated using a T-test (�p< 0.05).

https://doi.org/10.1371/journal.ppat.1008346.g004
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circPSD3 performs pro-viral functions across genotypes by a post-

translational mechanism

To study the mechanism by which circPSD3 enhances HCV RNA abundance, the expression

of a J6/JFH1 Renilla luciferase-containing viral RNA was monitored in circPSD3-depleted

cells at different times after transfection of viral RNAs. To distinguish effects of circPSD3

depletion on viral mRNA translation and replication, luciferase activities were measured after

transfection of chimeric RNAs that contain a mutation in the RNA-dependent RNA polymer-

ase 5B. Fig 6A shows that translation of the viral RNA actually seems to be slightly enhanced in

cells treated with circPSD3 siRNAs compared to cells that received control siRNAs. Impor-

tantly, these data also show that si-circPSD3 has no off-target effects on the viral RNA

genomes. These findings argue that circPSD3 has a minor inhibitory effect on viral mRNA

translation and a more pronounced pro-viral effect that occurs either after the steps of entry,

i.e. replication or virion assembly.

Fig 5. Localization of circPSD3 RNA in liver cells. (A) Subcellular localization of circPSD3 RNA in Huh7 cells transfected with control siRNA (top panel)

or circPSD3 siRNA (bottom panel) at day two after siRNA transfection. Cells were stained with fluorescence-labeled DNA oligonucleotide probes (Alexa

Fluor 488), designed to hybridize to the back-spliced junction site in circPSD3 RNA. Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI).

Confocal microscopic images are shown. The scale bar is 20 μm. (B) Quantification of circPSD3 in control-depleted (si ctrl) and circPSD3 RNA-depleted

(si circPSD3) cells. Results from three independent transfections are shown. (����p< 0.0001). (C) Copy numbers of GAPDH, circPSD3 and PSD3 RNAs in

mock- and HCV-infected Huh7 cells. Measurements were obtained by Droplet Digital PCR.

https://doi.org/10.1371/journal.ppat.1008346.g005
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To test whether observed effects of circPSD3 RNA depletion are genotype-specific, RNA

abundances in cells transfected with HCV type 2 or 1a genotype were examined. Fig 6B shows

a slight, but statistically significant decrease of Renilla luciferase activity in circPSD3 siRNA-

treated cells at later times after RNA transfection. Because the JFH1 HCV genome replicates

very robustly in liver cells, the effect of circPSD3 depletion on the expression of the more clini-

cally relevant type 1a HCV genotype was examined. Fig 6C shows that there was a significant

decrease of luciferase activity at later times in circPSD3 siRNA-treated cells that harbor chime-

ric Gaussia luciferase-HCV transfected RNA genomes, arguing that circPSD3 has pro-viral

functions for at least these two HCV genotypes. Further biochemical analyses are needed to

pinpoint the exact step at which viral RNA replication is affected by circPSD3.

eIF4A3 modulates the cellular nonsense-mediated decay (NMD) pathway

independently of circPSD3

As mentioned above, circPSD3 has several verified binding sites for eIF4A3 [36–38], a factor

that is essential in the execution of NMD [39]. It is known that HCV inhibits the antiviral func-

tion of the NMD in infected cells by a mechanism in which the viral core protein prevents the

binding of host protein WIBG (within bgcn homolog) to NMD mediators Y14 and Magoh

[40]. Similarly, cells infected with DENV have been shown to inhibit NMD [42] by interactions

of the viral core proteins with members of the exon-junction complex that modulates NMD.

Thus, we examined the abundances of canonical NMD mRNA substrates SC35D (Splicing

Factor SC35) and ASNS (Asparagine Synthetase (Glutamine-Hydrolyzing) [40] in cells

infected with a low or high multiplicity of HCV. Abundances of HCV RNA in Fig 7A show

Fig 6. Effects of circPSD3 RNA depletion on HCV genotype 1a and 2 gene expression. Structures of the employed infectious viral RNAs, carrying

luciferase genes are shown in top panels. (A) Effects of circPSD3 RNA depletion on the replication-defective J6/JFH-1 Rluc RNAs. The mutant J6/JFH-1

Rluc replicon has a replication-defective mutation in the NS5B viral polymerase gene (indicated by the triangle). (B) Effects of circPSD3 depletion on J6/

JFH-1 (type 2) replication was measured by Renilla luciferase activities. (C) Effects of circPSD3 depletion on H77S.3/Glu (type 1) replication was measured

by Gaussia luciferase production at the indicated time-points. The data are representative of three biological replicates (��p< 0.0081, ����p< 0.0001).

https://doi.org/10.1371/journal.ppat.1008346.g006
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that HCV RNA abundances increased from day one to day three after infection (Fig 7A), with

concomitant increase of circPSD3 at day three (Fig 7B). Supporting and extending the obser-

vations from Ramage et al. [40] NMD mRNA substrates ASNS (Fig 7C) and SC35D (Fig 7D)

increased after three days of infection. While there is a correlation with inhibition of NMD

and accumulation of circPSD3 in HCV-infected cells, it is noteworthy that the accumulation

of circPSD3 slightly lacks behind the onset of NMD.

It was difficult to examine direct roles circPSD3 and eIF4A3 in NMD, because of low abun-

dance of the circRNA, and the known role for HCV core protein in the inhibition of NMD.

Thus, we first examined roles for circPSD3 and eIF4A3 in NMD in uninfected cells using

depletion and over-expression approaches. Using specific siRNAs, depletion of circPSD3 led

Fig 7. Kinetics of circPSD3 and NMD mRNA substrate accumulation during HCV infection. Huh7 cells were infected with JFH-1 virus at MOI of 0.1

or 1. Cells were harvested at day 1, 2 and 3 post-infection. (A) HCV RNA, (B) circPSD3 RNA, (C) ASNS mRNA (D) and SC35D mRNA abundances were

assessed using RT-qPCR. The RNA abundances were normalized to PPIA mRNA abundance, and then compared to those from mock-infected cells at each

day (set to 1.0). The data are representative of three biological replicates (���p<0.001, ����p< 0.0005).

https://doi.org/10.1371/journal.ppat.1008346.g007
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to a slight reduction of NMD substrate ASNS (Fig 8A). This suggested that circPSD3 can mod-

ulate the NMD pathway, which may contribute to its pro-viral activity during HCV infection.

Interestingly, while ASNS abundance did not change when eIF4A3 was depleted, the abun-

dance of another NMD substrate, SC35D mRNA, was significantly enhanced (Fig 8B). Fur-

thermore, circPSD3 depletion did not affect SC35D abundance, nor was this effect reversed in

eIF4A3-depleted cells (Fig 8B). This data suggest that not all NMD substrates need the same

the amount of eIF4A3 to trigger their degradation, and that eIF4A3 and circPSD3 likely modu-

late NMD by different mechanisms. Finally, over-expression of eIF4A3 did not affect abun-

dances of either NMD substrate (Fig 8A and 8B). It is possible that functional heteromeric

eIF4A3/Y14/Magoh complexes can not be restored by simply over-expression of eIF4A3, and

that circPSD3 and eIF4A3 affect NMD RNA abundances in a more substrate -specific manner.

To examine whether eIF4A3 was involved in the circPSD3-mediated modulation of HCV

RNA abundances, eIF4A3 was depleted during HCV infection. Fig 8C shows that HCV RNA

abundances increased even though neither eIF4A3 mRNA or protein abundances were altered

in infected cells in the presence or absence of circPSD3 (S5 Fig). This result suggests that HCV

infection results in a remodeling of the NMD complex [40,42] that is less dependent on

eIF4A3, or that eIF4A3 functions as an inhibitor of HCV RNA amplification. Finally, effects of

ASNS RNA abundance was examined in infected cells when circPSD3 and eIF4A3 RNAs were

depleted. ASNS RNA abundances diminished in circPSD3-depleted, but not in eIF4A3-de-

pleted, infected cells (S6A Fig). In addition, overexpression of eIF4A3 had no effects on HCV

RNA abundances (S6B Fig), suggesting, as mentioned above, that functional eIF4A3 com-

plexes were not formed. Control experiments showed that that siRNA depletion and eIF4A3

overexpression approaches were working with high efficiencies (S6C and S6D Fig). These

observations from both uninfected and infected cells indicate that circPSD3 and eIF4A3 affect

HCV RNA abundances by distinct mechanisms, i.e. eIF4A3 by modulating specific NMD sub-

strate abundances [39] and circPSD3 by enhancing HCV RNA abundances at a post-transla-

tional step.

Fig 8. Effects of circPSD3 RNA and eIF4A3 depletion on NMD substrate abundances and on HCV RNA levels. (A-B) Huh7 cells were transfected with

the indicated siRNAs or plasmid peIF4A3 as indicated. At day three after transfection, RNA abundances of NMD substrates ASNS and SC35D were

analyzed using RT-qPCR. (C) Huh7 cells were transfected with siRNAs directed against circPSD3 or eIF4A3 or control (Ctrl) siRNAs. At one day post

transfection, cells were infected with JFH-1 at 0.5 moi. HCV RNA abundances were determined at day three post infection by RT-qPCR. Results from more

than three independent replica are shown (�p<0.05, ���p< 0.001, ����p< 0.0005).

https://doi.org/10.1371/journal.ppat.1008346.g008
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Discussion

This study examines the global landscape of circular RNAs in HCV-infected cells. It was dis-

covered that specific cellular circRNAs are up- or down-regulated without comparable changes

in the abundances of their linear mRNAs. It is doubtful that all identified circRNAs with

altered abundances in HCV-infected cells have distinct functions, and some of them might be

byproducts of altered transcription and degradation rates caused by the infection. To elabo-

rate, as per our bioinformatics methodology, by definition all differentially produced circRNAs

are exhibiting infection-induced abundance changes that cannot be explained by correspond-

ing abundance changes of their linear counterparts. An example can be seen in the circRNA

produced by TIAL1 whose abundance increases after infection, whereas its linear transcript is

down-regulated. For such cases, an increased transcription rate alone does not suffice to

explain the observed behavior, as one would expect both transcript types to show increases in

abundance, albeit perhaps not on the same scale. Likewise, a decreased transcription rate

should affect both RNAs similarly, as even a more stable circular form should not show any

increases in abundance unless the backsplicing frequency has been altered as well. However, if

both the transcription rate and the RNA degradation rates are simultaneously increased, the

higher stability of circRNA molecules could allow them to benefit from an increased transcrip-

tion rate and out-live the linear transcripts by avoiding degradation, effectively increasing

their abundance while their linear counterpart’s abundance would decrease. Another possible

explanation for our observations could be that HCV infection indeed alters splicing site prefer-

ences and thereby increases the likelihood for backsplicing for all identified genes, although

testing this hypothesis would require a detailed analysis of the regulatory mechanisms of back-

splicing before and after the viral infection. Similarly, the behavior of circRNAs exhibiting

decreased abundance after infection (which we observe much more frequently as can be seen

in Fig 1B) might involve alterations of the backsplicing frequency, as the linear transcripts are

mostly up-regulated compared to non-infected cells. Thus, unless a circRNA-specific degrada-

tion process is induced by HCV infection for these circRNAs, alterations of backsplicing fre-

quencies are a reasonable cause for our observations. Moreover, regardless of the involved

mechanism, we are currently unable to directly predict which of the altered circRNAs are in

fact functional, as circRNAs can display RNA sequences or structural motifs that are recog-

nized by interacting RNAs or by protein molecules that modulate viral pathogenesis, such as

protein kinase PKR (see below).

Several of the identified genes are known to have functions in the life cycles of flaviviruses.

For example, TIA1 [44] and TIA1-related/like proteins (TIAR/TIAL-1) [45] act in the nucleus

as regulators of transcription and pre-mRNA splicing, and modulate in the cytoplasm the sta-

bility and translation of mRNAs, via the formation of stress granules [46]. Curiously, flavivi-

ruses induce the formation of stress granules in infected cells to aid in viral replication,

assembly and egress [47–51]. PSD3 has also known functions in hepatitis virus-infected cells

and in HCC. PSD3 is overexpressed in HCC, demonstrating tumor-promoting effects of PSD3

[52]. In contrast, liver cells treated with interferon α up-regulate microRNA cluster miR130a/

131 that down-regulates PSD3 mRNA and, consequently, PSD3 protein abundances [53].

However, it is unknown whether circPSD3 RNAs have similar functions in normal and trans-

formed cells. Although we have not yet pin-pointed the exact mechanism by which circPSD3

exerts its function on HCV infection, our results support the hypothesis that circPSD3 affects

HCV RNA abundance at a post-translational step.

It is doubtful that all identified circRNAs with altered abundances in HCV-infected cells

have distinct functions. CircRNAs display RNA sequences or structural motifs that are recog-

nized by interacting RNAs or by protein molecules that modulate viral pathogenesis. Indeed,
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the finding by Liu et al. [54] that many circRNAs display small imperfect duplexes that bind to

protein kinase R (PKR) and thereby prevent PKR from being activated, suggests that circRNAs

may display bulk functions. Thus, enhanced abundances of specific circRNAs in virus-infected

cells may have bulk functions in infected cells, or in neighboring cells after vesicle-mediated

delivery of circRNAs. In situ fluorescent studies would then allow the visualization of cir-

cRNAs that moved to uninfected bystander cells under situations where vesicular trafficking is

allowed or blocked. Roles for cell-to-cell spread circRNAs are intriguing, because circRNAs

are more stable than the linear RNAs from which they are derived from.

With roles for most circRNAs unknown, one could argue that 1–10 copies of a distinct cir-

cRNA species has no important roles in gene regulation. However, few copies of circRNAs

may cause strong effects on gene regulation, for example, if they have catalytic functions. Fur-

thermore, circRNAs have half-lives that are much longer than those of their linear precursor

RNAs [55], suggesting that functions of circRNAs may display kinetics that are different from

their linear counterparts. Finally, N6-methyladenosine modifications in circRNAs have been

shown to impact innate immune responses [56–58]. Thus, differential modification of cir-

cRNAs that are up-regulated or down-regulated during viral infections may systemically

deliver innate sensors to uninfected bystander cells.

Materials and methods

Cell cultures

The human hepatocarcinoma cell lines Huh7, Huh7.5.1 and Huh7 Sec14L2 were maintained

in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA), supplemented

with 10% heat inactivated fetal bovine serum (FBS) and 10% non-essential amino acids. Kid-

ney epithelial monkey cells VERO were maintained in Dulbecco’s modified Eagle’s medium

(DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine

serum (FBS) and 10% non-essential amino acids. The baby hamster kidney cells BHK21 were

maintained in Glasgow’s modified Eagle’s medium (GMEM, Invitrogen, Carlsbad, CA) sup-

plemented with 10% heat inactivated fetal bovine serum (FBS) and 10% Triptose Phosphate

Buffer (TPB). Cells were grown in an incubator with 5% CO2 at 37 ˚C.

Viral stock productions

Hepatitis C virus D183 (HCV D183) was generously provided by Francis Chisari. To generate

HCV D183 stock, Huh-7.5.1 cells were infected with a low MOI (MOI of 0.01). HCV-D183

titer was determined using TCID50. To generate HCV JFH-1 stocks, Huh7 cells were infected

with a MOI of 0.01 as previously described [59].

HCV infection, RNA extraction and RNA-Seq

Six well-plates were inoculated with 2.5x105 Huh7 cells per well. The next day, supernatants

were removed and cells were washed twice with phosphate-buffered saline (PBS). Next, cells

were infected with HCV-D183 virus at a MOI of 3.4 for 4 hours. The inoculum was removed

and replaced with 2 mL of DMEM. 48 hours-post infection, total RNA from infected and non-

infected conditions was extracted using TRIzol reagent (Invitrogen), following the manufac-

turer’s instructions. After treatment with Turbo DNAse (ThermoFisher) of 30 min, the reac-

tion was stopped with a second Phenol-Chloroform extraction. 0.5 μg of total RNA was used

to perform RNA-Seq. First, ribosomal RNA (rRNA) was depleted using RiboGold (Illumina)

and cDNA libraries were generated using the TruSeq Stranded Total RNA kit (Illumina).

Sequencing was performed in NextSeq (Illumina) using 2 x 75 cycles of High Output.
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Identification, quantification and validation of circular RNAs

An ensemble of three published methods was used to independently detect circRNAs in every

sequenced sample. The detection methods utilized were CIRI2 v2.0.6 based on BWA-MEM

(v0.7.16a, parameters: -T 19) [60, 61], find_circ v1.2 based on Bowtie2 (v2.2.9, parameters:—

score-min = C,-15,0 –very-sensitive) [62, 63] and CIRCexplorer v1.1.10 based on STAR

(v2.5.2b, parameters:—chimSegmentMin 10) [64, 65]. All detection programs were executed

with default settings using an hg19 genome build and the RefSeq annotation obtained from

UCSC Genome Browser (http://genome.ucsc.edu/). The resulting candidate lists were then

merged across all samples using custom Python scripts to create a comprehensive circRNA

annotation prior to quantification using SRCP v1.2 [22]. Statistical testing for differential cir-

cRNA expression was performed by using R v3.6.0 and the limma-voom package (v3.38.3) and

running the voom transformation with quality weights [66]. To increase statistical power for

detection of differentially expressed circRNAs, nine available non-infected control samples

were used to compare against the HCV-infected triplicates, accounting for possible batch

effects during handling. Furthermore, as read counts for circular junctions are sparse in sam-

ples without RNAse R treatment and, thus, variability between replicates can be quite high, we

substituted the library sizes calculated from the count matrices of circular and linear junctions

with library sizes based on full mRNA quantifications performed by kallisto (v0.43.0), which

better reflect the actual differences in sequencing depth between samples (lib.size parameter in

DGEList) [67, 68]. Thus, after generating an index comprising the GENCODE v24 annotation

(hg38 genome build) as well as the HCV H77C/JFH1 genome sequence, we ran kallisto in

quantification mode (parameters:—rf-stranded -b 100) and imported the resulting counts via

the tximport R package (v1.10.1) [69] prior to limma-voom testing. We then tested for signifi-

cant differences in the expression of the circular and linear variants of each transcript by utiliz-

ing an interaction term (~batch+condition�RNAtype). CircRNAs with FDR< 0.1 were

considered as significantly altered compared to their linear isoforms. For candidate selection,

we sub-grouped our results based on the fold change directions of both linear and circular iso-

forms using ggplot2 v3.2.1 for visualization [70].

Generation of chimeric viruses carrying luciferase reporter genes

Viruses carrying luciferase reporter viruses were used for the silencing studies shown in Fig

2. HCV carrying the firefly luciferase reporter (HCV FLuc) was produced from plasmid

pFK-Luc-Jc1 [71]. pFK-Luc-Jc1 was linearized with DNA restriction enzyme MluI (FastDi-

gest) and purified by phenol: chloroform: isoamyl alcohol extraction. Purified DNA was in

vitro transcribed using the MEGAscript T7 Transcription Kit (ThermoFisher) according to

the manufacturer’s protocol. RNA was purified with RNeasy Mini Kit (Qiagen) and electro-

porated into Huh7.5.1 cells as described previously [72]. DENV-2 strain 16681 carrying a

renilla luciferase reporter gene (DENV-RLuc) was generated from pFK-DVs-R2A (kindly

provided by Ralf Bartenschlager) [73]. A virus stock was prepared after transfection of in

vitro-transcribed RNA into BHK-21 cells. CHIKV carrying gaussian luciferase reporter

(CHIKV-Gluc) was produced from an initial stock kindly provided by Dr. Merits (University

of Tartu, Estonia). BHK-21 cells were infected with a MOI of 0.1 for 1 hour at 37˚C; after

that, the inoculum was replaced with GMEM. The next day, when cytopathic effects were

seen, supernatant was harvested. Supernatant was sedimented for 20 min 4˚C at 4000rpm

and aliquoted. CHIKV-Gluc titers were measured by plaque assay. All viral stocks were

stored at -80˚C.
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Silencing experiments with chimeric, luciferase-carrying viruses

SiRNAs against back-spliced junctions in the circular RNAs were designed using Dharmacon

Software: si circEXOSC_1 ATGGAAGGGGGTTGAAATTTA; si circEXOSC_2 CCTATGGA

AGGGGGTTGAAAT; si circEXOSC_3 GGAAGGGGGTTGAAATTTATA; si circTIAL_1

GCCGGATATGCTGCCCAAACT; si circTIAL_2 CGGATATGCTGCCCAAACTCC; si circ-

TIAL_3 CAAGCCGGATATGCTGCCCAA; si circRBM39-1 AUUCCAGAAGGUAGAAAG

AGUdTdT; si circRBM39-2 AGAUUCCAGAAGGUAGAAAGAdTdT; si circRBM39-3

UCCAGAAGGUAGAAAGAGUUAdTdT. Briefly, 4x104 Huh7 cells per well were seeded in

24 well plates. 24hrs later, the supernatants were removed, cells rinsed twice with PBS and

incubated with OptiMEM (ThermoFischer) for 30 minutes. Transfection solutions were pre-

pared using DharmaFECT I (Dharmacon). After 20 min incubation, solutions containing

50nM siRNAs were added to the cells and incubated for 4h at 37˚C, after which the inoculum

was replaced with DMEM. The following day, cells were infected with a MOI of 0.05 using

viruses carrying luciferase reporters. For HCV-FLuc and DENV-RLuc, cells were incubated

with virus for 4h at 37 ˚C, after which the medium was replaced with fresh DMEM. For

CHIKV-GLuc, cells were incubated for 1h at 37˚C and then the medium was replaced with

fresh DMEM. Two days after infection with HCV and DENV, supernatant was removed, and

cells were washed twice with PBS. RNA and lysates were prepared. Cells were harvested after

16 hours of infection with CHIKV-GLuc. As CHIKV-GLuc secretes gaussia luciferase, super-

natant was collected and inactivated with UV light. Cells were washed twice with PBS and

RNA was extracted as described above. After DNAse treatment, qPCR was performed. To

measure firefly luciferase, cells were lysed with 150 μl of Passive Lysis Buffer (PLB1X, Pro-

mega) and frozen at -80˚C for at least 10 minutes. The lysate was mixed with 25 μL of Lucifer-

ase Assay Reagent II (LAR-II) and after 5 minutes of incubation, luciferase activities were

measured in a luminometer (setting time 2 seconds). To measure renilla luciferase (DENV-R-

Luc), cells were lysed in 150 μl of Renilla lysis buffer (RLB1X, Promega) and frozen at -80˚C.

Upon thawing, 4 μl of the lysates were mixed with 20 μl of Renilla Luciferase Assay Buffer and

1/200 of substrate from the Renilla Luciferase assay system (Promega) and measured immedi-

ately in a luminometer for 2 seconds. Gaussia luciferase activity in CHIKV-GLuc lysates was

measured as in DENV-Rluc lysates (see above).

Silencing experiments during HCV JFH-1 infection

SiRNAs against back-spliced junctions of cPSD3 (Fig 3) were designed using Dharmacon Soft-

ware. RNA oligonucleotides were synthesized by Stanford PAN facility (Stanford, CA). The

siRNA sequences are as follow: si Control, 5’-GAUCAUACGUGCGA UCAGAdTdT-3’; si

circPSD3-1: 5’-ACAUGGCCACCAAUGCUGGGGdTdT-3’; si circPSD3-2: 5’- GGCCACCA

AUGCUGGGGUGAAdTdT-3’; si circPSD3-3: 5’-GAUCUACAUGG CCACCAAUGCdTdT-

3’; si circPSD3-4: 5’- CUACAUGGCCACCAAUGCUGGdTdT-3’; sicircPMS: 5’- AUAACAA

GC UGCUCUGUUAAAdTdT-3’. For formation of RNA duplexes, 50 μM of sense and anti-

sense strands were mixed in 5 x annealing buffer (150 mM HEPES (pH 7.4), 500 mM potas-

sium acetate, and 10 mM magnesium acetate) to a final concentration of 20 μM, denatured for

1 min at 95˚C, and annealed for 1 h at 37˚C. Huh7 cells (1.25 x 105) were seeded in 6-well

plates and transfected with 50 nM of siRNA duplexes the following day, using Dharmafect I

reagent (Dharmacon) according to the manufacturer’s instruction. After 24 h post-transfec-

tion, the cells were infected with HCV JFH-1 virus at a MOI of 0.1 at 37˚C. After a 5 h incuba-

tion, cells were washed with PBS to remove unbound virus, trypsinized, replated in duplicate

tissue culture dishes, and harvested at day 3 post-infection.
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Silencing experiments with J6/JFH-1 Rluc genotype 2 and H77S.3/GLuc

genotype 1a viruses

Plasmid HCV J6/JFH-1 Rluc genotype 2 contains a renilla firefly reporter, and plasmid HCV

H77S.3/GLuc genotype 1a carries a gaussia luciferase reporter [74, 75]. Plasmids were linear-

ized [74] and transcribed using the MEGAscript T7 Transcription Kit (ThermoFisher) accord-

ing to the manufacturer’s protocol. Huh7.5 Sec14L2 cells were transfected with siRNA

duplexes at 50 nM final concentration at day 1. The following day, the cells were transfected

with 1 μg of in vitro-transcribed J6/JFH-1 Rluc RNA or H77S.3/GLuc RNA using the TransIT

mRNA transfection kit (Mirus Bio LLC) according to the manufacturer’s protocol. Renilla and

gaussia luciferase activities were measured as described [74], using a Glomax 20/20 lumin-

ometer for 10 second integration time.

RNA isolation and quantitative PCR

Cells were washed twice with PBS and total RNA was extracted using TRIzol (Invitrogen) fol-

lowing the manufacturer’s protocol. For cDNA synthesis, reverse transcription (RT) was per-

formed using High Capacity RNA to cDNA kit (Thermo Fisher Scientific) following the

manufacturer’s protocol. RT reactions followed by quantitative PCR was performed using the

Power Up SYBR Green master mix, following the manufacturer’s protocol (Thermo Fisher

Scientific). PCR reaction settings included an initial step of 95 ˚C for 10 min, followed by 40

cycles of 95 ˚C for 15 seconds plus 60˚C for 60 seconds, followed by calculations of relative

RNA abundances. Ct values for the gene expression were normalized to the Ct value for an

internal control PPIA. The primer sequences for the HCV JFH-1 were: forward 5’- TCTGCG

GAACCGGTGAGTA -3’ and reverse 5’- TCAGGCAGTACCACAAGGC -3’. The primer

sequences were: PPIA: forward 5’- GCGTCTCCTTTGAGCTGTTTGC -3’ and reverse 5’- AT

GGACTTGCCACCAGTGCC -3’; PSD3: forward 5’- GGCTTCTGAAGGTTGCTGTC -3’ and

reverse 5’- GCTATGGGCCAGACTCTCAG -3’; circPMS1: forward 5’ GAAAGCAGTTTTAC

TCAACTGCAA -3’ and reverse 5’ TAACAGAGCAGCTTGTTATG -3’; SC35D: forward 5’-

CGGTGTCCTC TTAAGAAAATGATGTA -3’ and reverse 5’- CTGCTACACA ACTGCGC

CTTTT -3’; ASNS: forward 5’- GGAAGACAGCCCCGATTTACT -3’ and reverse 5’ AGCAC

GAACTGTTGTAATGTCA -3’; eIF4A3: forward 5’ AATCCGCATCTTGGTGAAAC -3’ and

reverse 5’- CCACTCTTCCCTCTCCACTG -3’.

Quantitative PCR validations of identified circular RNAs

Total RNA from RNA-Seq experiments and from an independent experiment were reverse-

transcribed using SuperScript III (Invitrogen) following the manufacturer’s instructions. Next,

cDNA was treated with RNAse H (NEB) to minimize RNA contamination. Primers amplifying

the predicted back-splice junction sequences in circular RNAs, and predicted contiguous

sequences in linear mRNAs were used in PCR reactions containing SYBR Green

(ThermoFischer).

RNA FISH experiments

A customized branched-DNA probe targeting the back-splicing junction of cPSD3 RNA for

the ViewRNA Cell Plus assay was obtained from Thermo Fisher. Huh7 cells were transfected

with control or circPSD3 siRNA for 2 days. Cells were seeded on the Neuvitro German cover-

slips with poly-D-lysine coating (GG-12-PDL, Fisher Scientific) in 24-well plates. The RNA

signals of cPSD3 were analyzed using ViewRNA Cell Plus Assay kit (Thermo Fisher) according

to the manufacturer’s protocol. Briefly, cells were fixed and permeabilized for 30 min at room
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temperature. The cells were then washed with PBS including RNase inhibitor, hybridized with

the target probe in 1:100 dilution in a pre-warmed probe set solution at 40˚C for 2 hours, and

then washed with RNA wash buffer solution for six times. PreAmplifier DNA, Amplifier DNA

and fluorophore Label Probe were diluted 25-fold. Hybridizations were performed at 40˚C for

1 hour each and then washed with RNA wash buffer for 5 times. The coverslips were then

washed with PBS and stained with DAPI in 1:100 dilution in PBS for 5 min at room tempera-

ture. After washing with PBS, the coverslips were embedded in Fluoromount-G. Samples were

imaged at room temperature (22˚C) with a 20×/N.A.0.60 or a 63×/N.A.1.30 oil Plan-Apochro-

mat objective on a Leica SPE laser scanning confocal microscope (Leica-microsystems).

Images were processed with ImageJ (Ver. 1.48, NIH) using only linear adjustments of contrast

and color.

RNase R treatment

JFH-1 infected cells were harvested at day 3 post-infection. Total RNA was isolated with Trizol

reagent according to the manufacturer’s protocol. The RNA was treated with or without

RNase R at 5 U/μg, SuperRNaseIn at 20 U/μl for 2 hrs at 37 ˚C. The reaction was terminated

by adding RNA Clean & ConcentratorTM-5 (Zymo Research). It is noteworthy that Super-

RNaseIn targets RNases A, B, C, 1 and T1, but not RNase R. Equal amounts of untreated or

RNase R-treated RNA (1 μg) were used in reverse transcription reactions using the High

Capacity RNA-to-cDNA Kit (Invitrogen), followed by qPCR reactions using SYBR1Green

PCR Master Mix (Invitrogen).

Droplet digital PCR (ddPCR)

For detection of human GAPDH, PrimePCR ddPCR Expression Probe Assay with fluorophore

HEX (dHsaCPE5031597) was obtained from Bio-Rad. To detect circPSD3, the following prim-

ers were used: forward 5’- TCTACATGGCCACCAATGCT-3’, reverse 5’- TCTGGGGTCTCC

TTTTCCAA-3’. The probe sequence for circPSD3 was 5’- AGCTTCTAGCCGTGTTGTTTTC

ACCCC (with fluorophore FAM/BHQ, Sigma). The primer sequences for linear PSD3 were:

forward 5’- ACCATGGAGGAAGGTGGAGA-3’, reverse 5’-GAGTGGCAGCCAGTAAGAG

G-3’. The probe sequence for circPSD3 was 5’-TGCCATGCCACCCACAAGAGCAGCA

(with fluorophore FAM/BHQ, Sigma).

Total RNA was reverse-transcribed using High Capacity RNA to cDNA kit (Thermo Fisher

Scientific) following the manufacturer’s protocol. The copy number of the cDNA was deter-

mined using ddPCR. The ddPCR reaction mixture contained the ddPCRSupermix for Probes

(No dUTP) (Bio-Rad), 900 nM forward and reverse primers, 250 nM fluorophore probe and

50 ng cDNA in a total reaction volume of 25 μl. A volume of 20 μl of the PCR reaction was

added to the middle row of wells of the droplet generation DG8 cartridge, and a volume of

70 μl of Droplet Generation Oil was added to the left row. After the generation of the droplets

(between 14,000–16,000 droplets/well) in a QX200 droplet generator, the droplet mixture

(42 μl) was transferred to a PCR plate. The thermal cycling conditions were 95˚C for 10 min,

followed by 50 cycles of 94˚C for 30 sec plus 60˚C for 60 sec, with a final 10 min at 98˚C. After

PCR amplification, the positive droplets were counted using QX200 droplet reader (Bio-Rad).

The data were analyzed using the QuantaSoft Analysis Pro software (Bio-Rad).

Northern analysis

Total RNA was analyzed by using northern blot as previously described [59].
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MTT viability assay

The cell viability of circPSD3 siRNA treated cells was determined at day 2 post-transfection

using Cell Proliferation Kit I (MTT, Roche) as previously described [59].

Statistical analysis

Statistical analyses were performed with GraphPad Prism 7. A Student’s t-test was employed

to assess significant differences between the two groups. Error bars represent standard error of

the mean.

Supporting information

S1 Fig. Effects of HCV-downregulated circRNAs and further control circRNAs on HCV

RNA abundances. Effects of control and three siRNAs directed against circRMB39 (A,B) or

circPMS1 RNA (C,D) on HCV RNA abundance. RNA abundance was determined by RT-

qPCR. (E) Effects of various circRNA depletions on HCV RNA abundances, examined by

Northern blot analyses.

(PDF)

S2 Fig. Resistance of circPSD3 and circPTP4A2 to RNase R. Total RNA from JFH1-infected

cells was treated with or without RNase R. RNA abundances were analyzed using RT-qPCR.

The RNA abundances are compared to RNA abundances from the untreated samples (set to

1.0). circPTP4A2 is derived from protein tyrosine phosphatase 4A2 mRNA.

(PDF)

S3 Fig. Cell viability of circPSD3 RNA-depleted cells. The cell viability of control siRNA and

four circPSD3 siRNAs were measured at two days after infection. The data are representative

of three independent experiments.

(PDF)

S4 Fig. Effects of circPSD3 depletion on extracellular HCV JFH1 virus production. Huh7

cells were transfected with non-targeting control siRNAs (siCtrl) or siRNA targeting circPSD3

(si-circPSD3). At one day post transfection, cells were infected with JFH-1 virus at 0.1 moi or 1

moi. Supernatants were collected at three days post infection and viral titers were determined

by focus forming assays (FFU).

(PDF)

S5 Fig. Effects of HCV infection and circPSD3 depletion on eIF4A3 protein and RNA

abundances. (A) eIF4A3 protein abundances were measured by Western blot at three days

after HCV JFH-1 infection. Three independent experiments are shown. (B) eIF4A3 mRNA

abundances in siRNA-transfected cells that were further infected with HCV. Mock cells are

non-transfected and non-infected cells. Data from RT-qPCR reactions are shown. (C) Effects

of circPSD3 depletion on eIF4A3 mRNA abundances in uninfected cells. Data from RT-PCR

are shown.

(PDF)

S6 Fig. Effects of eIF4A3 abundances on NMD and HCV infection. (A) Cells were trans-

fected with siRNA targeting circPSD3 or eIF4A3, or co-transfected with both siRNAs. At one

day post transfection, cells were infected with JFH-1 at 0.5 moi. ASNS abundances were mea-

sured 3 days post infection by RT-qPCR. (B) Cells were transfected with plasmid peIF4A3. At

one day post transfection, cells were infected with JFH-1 at 0.5 moi and incubated for 3 days.

HCV RNA abundances were measured by RT-PCR. (C) Knockdown efficiencies of individual
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siRNA transfections on circPSD3 and linear PSD3 RNA abundances. (D) eIF4A3 RNA abun-

dances after transfection with siRNA or peIF4A3 plasmid. RNA abundances were evaluated by

RT-qPCR after cells were transfected and further infected for 3 days. Data from three indepen-

dent experiments are shown (� p<0.05; ����p<0.0001).

(PDF)

S1 Table. List of selected circRNAs. The table shows the circRNAs used in this study, includ-

ing gene name, circle name, sizes of circRNAs, linear RNAs, and primers (5’-3’) used for the

qPCR-based validations.

(PDF)
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ener, René Böttcher, Kunlaya Somboonwiwat, Juana Dı́ez, Peter Sarnow.

References
1. Sanger HL, Klotz G, Riesner D, Gross HJ, Kleinschmidt AK. Viroids are single-stranded covalently

closed circular RNA molecules existing as highly base-paired rod-like structures. Proc Natl Acad Sci U

S A. 1976; 73(11):3852–6. Epub 1976/11/01. https://doi.org/10.1073/pnas.73.11.3852 PMID: 1069269.

2. Hsu MT, Coca-Prados M. Electron microscopic evidence for the circular form of RNA in the cytoplasm

of eukaryotic cells. Nature. 1979; 280(5720):339–40. Epub 1979/07/26. https://doi.org/10.1038/

280339a0 PMID: 460409.

3. Arnberg AC, Van Ommen GJ, Grivell LA, Van Bruggen EF, Borst P. Some yeast mitochondrial RNAs

are circular. Cell. 1980; 19(2):313–9. Epub 1980/02/01. https://doi.org/10.1016/0092-8674(80)90505-x

PMID: 6986989.

4. Nigro JM, Cho KR, Fearon ER, Kern SE, Ruppert JM, Oliner JD, et al. Scrambled exons. Cell. 1991; 64

(3):607–13. Epub 1991/02/08. https://doi.org/10.1016/0092-8674(91)90244-s PMID: 1991322.

5. Ebbesen KK, Hansen TB, Kjems J. Insights into circular RNA biology. RNA Biol. 2017; 14(8):1035–45.

Epub 2016/12/17. https://doi.org/10.1080/15476286.2016.1271524 PMID: 27982727.

6. Patop IL, Wust S, Kadener S. Past, present, and future of circRNAs. EMBO J. 2019; 38(16):e100836.

Epub 2019/07/26. https://doi.org/10.15252/embj.2018100836 PMID: 31343080.

PLOS PATHOGENS Circular RNAs modulate HCV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008346 August 7, 2020 19 / 23

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008346.s007
https://doi.org/10.1073/pnas.73.11.3852
http://www.ncbi.nlm.nih.gov/pubmed/1069269
https://doi.org/10.1038/280339a0
https://doi.org/10.1038/280339a0
http://www.ncbi.nlm.nih.gov/pubmed/460409
https://doi.org/10.1016/0092-8674(80)90505-x
http://www.ncbi.nlm.nih.gov/pubmed/6986989
https://doi.org/10.1016/0092-8674(91)90244-s
http://www.ncbi.nlm.nih.gov/pubmed/1991322
https://doi.org/10.1080/15476286.2016.1271524
http://www.ncbi.nlm.nih.gov/pubmed/27982727
https://doi.org/10.15252/embj.2018100836
http://www.ncbi.nlm.nih.gov/pubmed/31343080
https://doi.org/10.1371/journal.ppat.1008346


7. Wang PL, Bao Y, Yee MC, Barrett SP, Hogan GJ, Olsen MN, et al. Circular RNA is expressed across

the eukaryotic tree of life. PLoS One. 2014; 9(6):e90859. Epub 2014/03/13. https://doi.org/10.1371/

journal.pone.0090859 PMID: 24609083.

8. Wilusz JE. Circular RNAs: Unexpected outputs of many protein-coding genes. RNA Biol. 2017; 14

(8):1007–17. Epub 2016/08/31. https://doi.org/10.1080/15476286.2016.1227905 PMID: 27571848.

9. Wilusz JE. Repetitive elements regulate circular RNA biogenesis. Mob Genet Elements. 2015; 5(3):1–

7. Epub 2015/10/07. https://doi.org/10.1080/2159256X.2015.1045682 PMID: 26442181.

10. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. Circular RNAs are the predominant transcript

isoform from hundreds of human genes in diverse cell types. PLoS One. 2012; 7(2):e30733. Epub

2012/02/10. https://doi.org/10.1371/journal.pone.0030733 PMID: 22319583.

11. Glazar P, Papavasileiou P, Rajewsky N. circBase: a database for circular RNAs. RNA. 2014; 20

(11):1666–70. Epub 2014/09/23. https://doi.org/10.1261/rna.043687.113 PMID: 25234927.

12. Hansen TB, Veno MT, Damgaard CK, Kjems J. Comparison of circular RNA prediction tools. Nucleic

Acids Res. 2016; 44(6):e58. Epub 2015/12/15. https://doi.org/10.1093/nar/gkv1458 PMID: 26657634.

13. Szabo L, Salzman J. Detecting circular RNAs: bioinformatic and experimental challenges. Nat Rev

Genet. 2016; 17(11):679–92. Epub 2016/10/16. https://doi.org/10.1038/nrg.2016.114 PMID:

27739534.

14. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular RNAs are abundant, con-

served, and associated with ALU repeats. RNA. 2013; 19(2):141–57. Epub 2012/12/20. https://doi.org/

10.1261/rna.035667.112 PMID: 23249747.

15. Holdt LM, Stahringer A, Sass K, Pichler G, Kulak NA, Wilfert W, et al. Circular non-coding RNA ANRIL

modulates ribosomal RNA maturation and atherosclerosis in humans. Nat Commun. 2016; 7:12429.

Epub 2016/08/20. https://doi.org/10.1038/ncomms12429 PMID: 27539542.

16. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular RNAs regulate transcription in

the nucleus. Nat Struct Mol Biol. 2015; 22(3):256–64. Epub 2015/02/11. https://doi.org/10.1038/nsmb.

2959 PMID: 25664725.

17. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al. Natural RNA circles

function as efficient microRNA sponges. Nature. 2013; 495(7441):384–8. Epub 2013/03/01. https://doi.

org/10.1038/nature11993 PMID: 23446346.

18. Kleaveland B, Shi CY, Stefano J, Bartel DP. A Network of Noncoding Regulatory RNAs Acts in the

Mammalian Brain. Cell. 2018; 174(2):350–62 e17. Epub 2018/06/12. https://doi.org/10.1016/j.cell.

2018.05.022 PMID: 29887379.

19. Piwecka M, Glazar P, Hernandez-Miranda LR, Memczak S, Wolf SA, Rybak-Wolf A, et al. Loss of a

mammalian circular RNA locus causes miRNA deregulation and affects brain function. Science. 2017;

357(6357). Epub 2017/08/12. https://doi.org/10.1126/science.aam8526 PMID: 28798046.

20. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M, et al. circRNA biogenesis com-

petes with pre-mRNA splicing. Mol Cell. 2014; 56(1):55–66. Epub 2014/09/23. https://doi.org/10.1016/j.

molcel.2014.08.019 PMID: 25242144.

21. Abdelmohsen K, Panda AC, Munk R, Grammatikakis I, Dudekula DB, De S, et al. Identification of HuR

target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1. RNA Biol. 2017; 14

(3):361–9. Epub 2017/01/13. https://doi.org/10.1080/15476286.2017.1279788 PMID: 28080204.

22. Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, Stottmeister C, Ruhe L, et al. Translation of Cir-

cRNAs. Mol Cell. 2017; 66(1):9–21 e7. Epub 2017/03/28. https://doi.org/10.1016/j.molcel.2017.02.021

PMID: 28344080.

23. Legnini I, Di Timoteo G, Rossi F, Morlando M, Briganti F, Sthandier O, et al. Circ-ZNF609 Is a Circular

RNA that Can Be Translated and Functions in Myogenesis. Mol Cell. 2017; 66(1):22–37 e9. Epub 2017/

03/28. https://doi.org/10.1016/j.molcel.2017.02.017 PMID: 28344082.

24. Guo JU, Agarwal V, Guo H, Bartel DP. Expanded identification and characterization of mammalian cir-

cular RNAs. Genome Biol. 2014; 15(7):409. Epub 2014/07/30. https://doi.org/10.1186/s13059-014-

0409-z PMID: 25070500.

25. Chen CY, Sarnow P. Initiation of protein synthesis by the eukaryotic translational apparatus on circular

RNAs. Science. 1995; 268(5209):415–7. Epub 1995/04/21. https://doi.org/10.1126/science.7536344

PMID: 7536344.

26. Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, et al. Extensive translation of circular RNAs driven by

N(6)-methyladenosine. Cell Res. 2017; 27(5):626–41. Epub 2017/03/11. https://doi.org/10.1038/cr.

2017.31 PMID: 28281539.

27. van Heesch S, Witte F, Schneider-Lunitz V, Schulz JF, Adami E, Faber AB, et al. The Translational

Landscape of the Human Heart. Cell. 2019; 178(1):242–60 e29. Epub 2019/06/04. https://doi.org/10.

1016/j.cell.2019.05.010 PMID: 31155234.

PLOS PATHOGENS Circular RNAs modulate HCV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008346 August 7, 2020 20 / 23

https://doi.org/10.1371/journal.pone.0090859
https://doi.org/10.1371/journal.pone.0090859
http://www.ncbi.nlm.nih.gov/pubmed/24609083
https://doi.org/10.1080/15476286.2016.1227905
http://www.ncbi.nlm.nih.gov/pubmed/27571848
https://doi.org/10.1080/2159256X.2015.1045682
http://www.ncbi.nlm.nih.gov/pubmed/26442181
https://doi.org/10.1371/journal.pone.0030733
http://www.ncbi.nlm.nih.gov/pubmed/22319583
https://doi.org/10.1261/rna.043687.113
http://www.ncbi.nlm.nih.gov/pubmed/25234927
https://doi.org/10.1093/nar/gkv1458
http://www.ncbi.nlm.nih.gov/pubmed/26657634
https://doi.org/10.1038/nrg.2016.114
http://www.ncbi.nlm.nih.gov/pubmed/27739534
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1261/rna.035667.112
http://www.ncbi.nlm.nih.gov/pubmed/23249747
https://doi.org/10.1038/ncomms12429
http://www.ncbi.nlm.nih.gov/pubmed/27539542
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1038/nsmb.2959
http://www.ncbi.nlm.nih.gov/pubmed/25664725
https://doi.org/10.1038/nature11993
https://doi.org/10.1038/nature11993
http://www.ncbi.nlm.nih.gov/pubmed/23446346
https://doi.org/10.1016/j.cell.2018.05.022
https://doi.org/10.1016/j.cell.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29887379
https://doi.org/10.1126/science.aam8526
http://www.ncbi.nlm.nih.gov/pubmed/28798046
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1016/j.molcel.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25242144
https://doi.org/10.1080/15476286.2017.1279788
http://www.ncbi.nlm.nih.gov/pubmed/28080204
https://doi.org/10.1016/j.molcel.2017.02.021
http://www.ncbi.nlm.nih.gov/pubmed/28344080
https://doi.org/10.1016/j.molcel.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28344082
https://doi.org/10.1186/s13059-014-0409-z
https://doi.org/10.1186/s13059-014-0409-z
http://www.ncbi.nlm.nih.gov/pubmed/25070500
https://doi.org/10.1126/science.7536344
http://www.ncbi.nlm.nih.gov/pubmed/7536344
https://doi.org/10.1038/cr.2017.31
https://doi.org/10.1038/cr.2017.31
http://www.ncbi.nlm.nih.gov/pubmed/28281539
https://doi.org/10.1016/j.cell.2019.05.010
https://doi.org/10.1016/j.cell.2019.05.010
http://www.ncbi.nlm.nih.gov/pubmed/31155234
https://doi.org/10.1371/journal.ppat.1008346


28. Lasda E, Parker R. Circular RNAs Co-Precipitate with Extracellular Vesicles: A Possible Mechanism for

circRNA Clearance. PLoS One. 2016; 11(2):e0148407. Epub 2016/02/06. https://doi.org/10.1371/

journal.pone.0148407 PMID: 26848835.

29. Maass PG, Glazar P, Memczak S, Dittmar G, Hollfinger I, Schreyer L, et al. A map of human circular

RNAs in clinically relevant tissues. J Mol Med (Berl). 2017; 95(11):1179–89. Epub 2017/08/27. https://

doi.org/10.1007/s00109-017-1582-9 PMID: 28842720.

30. Memczak S, Papavasileiou P, Peters O, Rajewsky N. Identification and Characterization of Circular

RNAs As a New Class of Putative Biomarkers in Human Blood. PLoS One. 2015; 10(10):e0141214.

Epub 2015/10/21. https://doi.org/10.1371/journal.pone.0141214 PMID: 26485708.

31. Huang JT, Chen JN, Gong LP, Bi YH, Liang J, Zhou L, et al. Identification of virus-encoded circular

RNA. Virology. 2019; 529:144–51. Epub 2019/02/03. https://doi.org/10.1016/j.virol.2019.01.014 PMID:

30710798.

32. Tagawa T, Gao S, Koparde VN, Gonzalez M, Spouge JL, Serquina AP, et al. Discovery of Kaposi’s sar-

coma herpesvirus-encoded circular RNAs and a human antiviral circular RNA. Proc Natl Acad Sci U S

A. 2018; 115(50):12805–10. Epub 2018/11/21. https://doi.org/10.1073/pnas.1816183115 PMID:

30455306.

33. Toptan T, Abere B, Nalesnik MA, Swerdlow SH, Ranganathan S, Lee N, et al. Circular DNA tumor

viruses make circular RNAs. Proc Natl Acad Sci U S A. 2018; 115(37):E8737–E45. Epub 2018/08/29.

https://doi.org/10.1073/pnas.1811728115 PMID: 30150410.

34. Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, et al. Coordinated circRNA Biogenesis and Function

with NF90/NF110 in Viral Infection. Mol Cell. 2017; 67(2):214–27 e7. Epub 2017/06/20. https://doi.org/

10.1016/j.molcel.2017.05.023 PMID: 28625552.

35. Rabin A, Ashwal-Fluss R, Shenzis S, Apelblat D, Kadener S. A comprehensive pipeline for accurate

annotation and quantification of circRNAs. bioRxiv. 2019; http://dx.doi.org/10.1101/2019.12.15.876755.

36. Dudekula DB, Panda AC, Grammatikakis I, De S, Abdelmohsen K, Gorospe M. CircInteractome: A web

tool for exploring circular RNAs and their interacting proteins and microRNAs. RNA Biol. 2016; 13

(1):34–42. Epub 2015/12/17. https://doi.org/10.1080/15476286.2015.1128065 PMID: 26669964.

37. Haberman N, Huppertz I, Attig J, Konig J, Wang Z, Hauer C, et al. Insights into the design and interpre-

tation of iCLIP experiments. Genome Biol. 2017; 18(1):7. Epub 2017/01/18. https://doi.org/10.1186/

s13059-016-1130-x PMID: 28093074.

38. Sauliere J, Murigneux V, Wang Z, Marquenet E, Barbosa I, Le Tonqueze O, et al. CLIP-seq of eIF4AIII

reveals transcriptome-wide mapping of the human exon junction complex. Nat Struct Mol Biol. 2012; 19

(11):1124–31. Epub 2012/10/23. https://doi.org/10.1038/nsmb.2420 PMID: 23085716.

39. Shibuya T, Tange TO, Sonenberg N, Moore MJ. eIF4AIII binds spliced mRNA in the exon junction com-

plex and is essential for nonsense-mediated decay. Nat Struct Mol Biol. 2004; 11(4):346–51. Epub

2004/03/23. https://doi.org/10.1038/nsmb750 PMID: 15034551.

40. Ramage HR, Kumar GR, Verschueren E, Johnson JR, Von Dollen J, Johnson T, et al. A combined pro-

teomics/genomics approach links hepatitis C virus infection with nonsense-mediated mRNA decay. Mol

Cell. 2015; 57(2):329–40. Epub 2015/01/24. https://doi.org/10.1016/j.molcel.2014.12.028 PMID:

25616068.

41. Fontaine KA, Leon KE, Khalid MM, Tomar S, Jimenez-Morales D, Dunlap M, et al. The Cellular NMD

Pathway Restricts Zika Virus Infection and Is Targeted by the Viral Capsid Protein. MBio. 2018; 9(6).

Epub 2018/11/08. https://doi.org/10.1128/mBio.02126-18 PMID: 30401782.

42. Li M, Johnson JR, Truong B, Kim G, Weinbren N, Dittmar M, et al. Identification of antiviral roles for the

exon-junction complex and nonsense-mediated decay in flaviviral infection. Nat Microbiol. 2019; 4

(6):985–95. Epub 2019/03/06. https://doi.org/10.1038/s41564-019-0375-z PMID: 30833725.

43. Jin X, Wang Z, Pang W, Zhou J, Liang Y, Yang J, et al. Upregulated hsa_circ_0004458 Contributes to

Progression of Papillary Thyroid Carcinoma by Inhibition of miR-885-5p and Activation of RAC1. Med

Sci Monit. 2018; 24:5488–500. Epub 2018/08/08. https://doi.org/10.12659/MSM.911095 PMID:

30086127.

44. Tian Q, Streuli M, Saito H, Schlossman SF, Anderson P. A polyadenylate binding protein localized to

the granules of cytolytic lymphocytes induces DNA fragmentation in target cells. Cell. 1991; 67(3):629–

39. Epub 1991/11/01. https://doi.org/10.1016/0092-8674(91)90536-8 PMID: 1934064.

45. Kawakami A, Tian Q, Duan X, Streuli M, Schlossman SF, Anderson P. Identification and functional

characterization of a TIA-1-related nucleolysin. Proc Natl Acad Sci U S A. 1992; 89(18):8681–5. Epub

1992/09/15. https://doi.org/10.1073/pnas.89.18.8681 PMID: 1326761.

46. Sanchez-Jimenez C, Izquierdo JM. T-cell intracellular antigens in health and disease. Cell Cycle. 2015;

14(13):2033–43. Epub 2015/06/04. https://doi.org/10.1080/15384101.2015.1053668 PMID: 26036275.

PLOS PATHOGENS Circular RNAs modulate HCV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008346 August 7, 2020 21 / 23

https://doi.org/10.1371/journal.pone.0148407
https://doi.org/10.1371/journal.pone.0148407
http://www.ncbi.nlm.nih.gov/pubmed/26848835
https://doi.org/10.1007/s00109-017-1582-9
https://doi.org/10.1007/s00109-017-1582-9
http://www.ncbi.nlm.nih.gov/pubmed/28842720
https://doi.org/10.1371/journal.pone.0141214
http://www.ncbi.nlm.nih.gov/pubmed/26485708
https://doi.org/10.1016/j.virol.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/30710798
https://doi.org/10.1073/pnas.1816183115
http://www.ncbi.nlm.nih.gov/pubmed/30455306
https://doi.org/10.1073/pnas.1811728115
http://www.ncbi.nlm.nih.gov/pubmed/30150410
https://doi.org/10.1016/j.molcel.2017.05.023
https://doi.org/10.1016/j.molcel.2017.05.023
http://www.ncbi.nlm.nih.gov/pubmed/28625552
http://dx.doi.org/10.1101/2019.12.15.876755
https://doi.org/10.1080/15476286.2015.1128065
http://www.ncbi.nlm.nih.gov/pubmed/26669964
https://doi.org/10.1186/s13059-016-1130-x
https://doi.org/10.1186/s13059-016-1130-x
http://www.ncbi.nlm.nih.gov/pubmed/28093074
https://doi.org/10.1038/nsmb.2420
http://www.ncbi.nlm.nih.gov/pubmed/23085716
https://doi.org/10.1038/nsmb750
http://www.ncbi.nlm.nih.gov/pubmed/15034551
https://doi.org/10.1016/j.molcel.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25616068
https://doi.org/10.1128/mBio.02126-18
http://www.ncbi.nlm.nih.gov/pubmed/30401782
https://doi.org/10.1038/s41564-019-0375-z
http://www.ncbi.nlm.nih.gov/pubmed/30833725
https://doi.org/10.12659/MSM.911095
http://www.ncbi.nlm.nih.gov/pubmed/30086127
https://doi.org/10.1016/0092-8674(91)90536-8
http://www.ncbi.nlm.nih.gov/pubmed/1934064
https://doi.org/10.1073/pnas.89.18.8681
http://www.ncbi.nlm.nih.gov/pubmed/1326761
https://doi.org/10.1080/15384101.2015.1053668
http://www.ncbi.nlm.nih.gov/pubmed/26036275
https://doi.org/10.1371/journal.ppat.1008346


47. Ariumi Y, Kuroki M, Kushima Y, Osugi K, Hijikata M, Maki M, et al. Hepatitis C virus hijacks P-body and

stress granule components around lipid droplets. J Virol. 2011; 85(14):6882–92. Epub 2011/05/06.

https://doi.org/10.1128/JVI.02418-10 PMID: 21543503.

48. Bonenfant G, Williams N, Netzband R, Schwarz MC, Evans MJ, Pager CT. Zika Virus Subverts Stress

Granules To Promote and Restrict Viral Gene Expression. J Virol. 2019; 93(12). Epub 2019/04/05.

https://doi.org/10.1128/JVI.00520-19 PMID: 30944179.

49. Garaigorta U, Heim MH, Boyd B, Wieland S, Chisari FV. Hepatitis C virus (HCV) induces formation of

stress granules whose proteins regulate HCV RNA replication and virus assembly and egress. J Virol.

2012; 86(20):11043–56. Epub 2012/08/03. https://doi.org/10.1128/JVI.07101-11 PMID: 22855484.

50. Pager CT, Schutz S, Abraham TM, Luo G, Sarnow P. Modulation of hepatitis C virus RNA abundance

and virus release by dispersion of processing bodies and enrichment of stress granules. Virology. 2013;

435(2):472–84. Epub 2012/11/13. https://doi.org/10.1016/j.virol.2012.10.027 PMID: 23141719.

51. Xia J, Chen X, Xu F, Wang Y, Shi Y, Li Y, et al. Dengue virus infection induces formation of G3BP1

granules in human lung epithelial cells. Arch Virol. 2015; 160(12):2991–9. Epub 2015/09/10. https://doi.

org/10.1007/s00705-015-2578-9 PMID: 26350772.

52. Riordan JD, Feddersen CR, Tschida BR, Beckmann PJ, Keng VW, Linden MA, et al. Chronic liver injury

alters driver mutation profiles in hepatocellular carcinoma in mice. Hepatology. 2018; 67(3):924–39.

Epub 2017/09/30. https://doi.org/10.1002/hep.29565 PMID: 28961327.

53. Zhang X, Daucher M, Armistead D, Russell R, Kottilil S. MicroRNA expression profiling in HCV-infected

human hepatoma cells identifies potential anti-viral targets induced by interferon-alpha. PLoS One.

2013; 8(2):e55733. Epub 2013/02/19. https://doi.org/10.1371/journal.pone.0055733 PMID: 23418453.

54. Liu CX, Li X, Nan F, Jiang S, Gao X, Guo SK, et al. Structure and Degradation of Circular RNAs Regu-

late PKR Activation in Innate Immunity. Cell. 2019; 177(4):865–80 e21. Epub 2019/04/30. https://doi.

org/10.1016/j.cell.2019.03.046 PMID: 31031002.

55. Enuka Y, Lauriola M, Feldman ME, Sas-Chen A, Ulitsky I, Yarden Y. Circular RNAs are long-lived and

display only minimal early alterations in response to a growth factor. Nucleic Acids Res. 2016; 44

(3):1370–83. Epub 2015/12/15. https://doi.org/10.1093/nar/gkv1367 PMID: 26657629.

56. Chen YG, Chen R, Ahmad S, Verma R, Kasturi SP, Amaya L, et al. N6-Methyladenosine Modification

Controls Circular RNA Immunity. Mol Cell. 2019; 76(1):96–109 e9. Epub 2019/09/03. https://doi.org/10.

1016/j.molcel.2019.07.016 PMID: 31474572.

57. Chen YG, Kim MV, Chen X, Batista PJ, Aoyama S, Wilusz JE, et al. Sensing Self and Foreign Circular

RNAs by Intron Identity. Mol Cell. 2017; 67(2):228–38 e5. Epub 2017/06/20. https://doi.org/10.1016/j.

molcel.2017.05.022 PMID: 28625551.

58. Wesselhoeft RA, Kowalski PS, Parker-Hale FC, Huang Y, Bisaria N, Anderson DG. RNA Circularization

Diminishes Immunogenicity and Can Extend Translation Duration In Vivo. Mol Cell. 2019; 74(3):508–20

e4. Epub 2019/03/25. https://doi.org/10.1016/j.molcel.2019.02.015 PMID: 30902547.

59. Chen TC, Hsieh CH, Sarnow P. Supporting Role for GTPase Rab27a in Hepatitis C Virus RNA Replica-

tion through a Novel miR-122-Mediated Effect. PLoS Pathog. 2015; 11(8):e1005116. Epub 2015/08/26.

https://doi.org/10.1371/journal.ppat.1005116 PMID: 26305877.

60. Gao Y, Zhang J, Zhao F. Circular RNA identification based on multiple seed matching. Brief Bioinform.

2018; 19(5):803–10. Epub 2017/03/24. https://doi.org/10.1093/bib/bbx014 PMID: 28334140.

61. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.

arXiv:13033997. 2013.

62. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular RNAs are a large class of

animal RNAs with regulatory potency. Nature. 2013; 495(7441):333–8. Epub 2013/03/01. https://doi.

org/10.1038/nature11928 PMID: 23446348.

63. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357–9.

Epub 2012/03/06. https://doi.org/10.1038/nmeth.1923 PMID: 22388286.

64. Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary sequence-mediated exon cir-

cularization. Cell. 2014; 159(1):134–47. Epub 2014/09/23. https://doi.org/10.1016/j.cell.2014.09.001

PMID: 25242744.

65. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29(1):15–21. Epub 2012/10/30. https://doi.org/10.1093/

bioinformatics/bts635 PMID: 23104886.

66. Law CW, Chen Y, Shi W, Smyth GK. voom: Precision weights unlock linear model analysis tools for

RNA-seq read counts. Genome Biol. 2014; 15(2):R29. Epub 2014/02/04. https://doi.org/10.1186/gb-

2014-15-2-r29 PMID: 24485249.

PLOS PATHOGENS Circular RNAs modulate HCV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008346 August 7, 2020 22 / 23

https://doi.org/10.1128/JVI.02418-10
http://www.ncbi.nlm.nih.gov/pubmed/21543503
https://doi.org/10.1128/JVI.00520-19
http://www.ncbi.nlm.nih.gov/pubmed/30944179
https://doi.org/10.1128/JVI.07101-11
http://www.ncbi.nlm.nih.gov/pubmed/22855484
https://doi.org/10.1016/j.virol.2012.10.027
http://www.ncbi.nlm.nih.gov/pubmed/23141719
https://doi.org/10.1007/s00705-015-2578-9
https://doi.org/10.1007/s00705-015-2578-9
http://www.ncbi.nlm.nih.gov/pubmed/26350772
https://doi.org/10.1002/hep.29565
http://www.ncbi.nlm.nih.gov/pubmed/28961327
https://doi.org/10.1371/journal.pone.0055733
http://www.ncbi.nlm.nih.gov/pubmed/23418453
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1016/j.cell.2019.03.046
http://www.ncbi.nlm.nih.gov/pubmed/31031002
https://doi.org/10.1093/nar/gkv1367
http://www.ncbi.nlm.nih.gov/pubmed/26657629
https://doi.org/10.1016/j.molcel.2019.07.016
https://doi.org/10.1016/j.molcel.2019.07.016
http://www.ncbi.nlm.nih.gov/pubmed/31474572
https://doi.org/10.1016/j.molcel.2017.05.022
https://doi.org/10.1016/j.molcel.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28625551
https://doi.org/10.1016/j.molcel.2019.02.015
http://www.ncbi.nlm.nih.gov/pubmed/30902547
https://doi.org/10.1371/journal.ppat.1005116
http://www.ncbi.nlm.nih.gov/pubmed/26305877
https://doi.org/10.1093/bib/bbx014
http://www.ncbi.nlm.nih.gov/pubmed/28334140
https://doi.org/10.1038/nature11928
https://doi.org/10.1038/nature11928
http://www.ncbi.nlm.nih.gov/pubmed/23446348
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1016/j.cell.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25242744
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1186/gb-2014-15-2-r29
http://www.ncbi.nlm.nih.gov/pubmed/24485249
https://doi.org/10.1371/journal.ppat.1008346


67. Bray NL, Pimentel H, Melsted P, Pachter L. Erratum: Near-optimal probabilistic RNA-seq quantification.

Nat Biotechnol. 2016; 34(8):888. Epub 2016/08/10. https://doi.org/10.1038/nbt0816-888d PMID:

27504780.

68. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq quantification. Nat Bio-

technol. 2016; 34(5):525–7. Epub 2016/04/05. https://doi.org/10.1038/nbt.3519 PMID: 27043002.

69. Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq: transcript-level estimates

improve gene-level inferences. F1000Res. 2015; 4:1521. Epub 2016/03/01. https://doi.org/10.12688/

f1000research.7563.2 PMID: 26925227.

70. Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer Verlag; 2016.

71. Pietschmann T, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S, Steinmann E, et al. Construction and

characterization of infectious intragenotypic and intergenotypic hepatitis C virus chimeras. Proc Natl

Acad Sci U S A. 2006; 103(19):7408–13. Epub 2006/05/03. https://doi.org/10.1073/pnas.0504877103

PMID: 16651538.

72. Elsebai MF, Koutsoudakis G, Saludes V, Perez-Vilaro G, Turpeinen A, Mattila S, et al. Pan-genotypic

Hepatitis C Virus Inhibition by Natural Products Derived from the Wild Egyptian Artichoke. J Virol. 2016;

90(4):1918–30. Epub 2015/12/15. https://doi.org/10.1128/JVI.02030-15 PMID: 26656684.

73. Fischl W, Bartenschlager R. High-throughput screening using dengue virus reporter genomes. Methods

Mol Biol. 2013; 1030:205–19. Epub 2013/07/04. https://doi.org/10.1007/978-1-62703-484-5_17 PMID:

23821271.

74. Mata M, Neben S, Majzoub K, Carette J, Ramanathan M, Khavari PA, et al. Impact of a patient-derived

hepatitis C viral RNA genome with a mutated microRNA binding site. PLoS Pathog. 2019; 15(5):

e1007467. Epub 2019/05/11. https://doi.org/10.1371/journal.ppat.1007467 PMID: 31075158.

75. Yamane D, McGivern DR, Wauthier E, Yi M, Madden VJ, Welsch C, et al. Regulation of the hepatitis C

virus RNA replicase by endogenous lipid peroxidation. Nat Med. 2014; 20(8):927–35. Epub 2014/07/30.

https://doi.org/10.1038/nm.3610 PMID: 25064127.

PLOS PATHOGENS Circular RNAs modulate HCV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008346 August 7, 2020 23 / 23

https://doi.org/10.1038/nbt0816-888d
http://www.ncbi.nlm.nih.gov/pubmed/27504780
https://doi.org/10.1038/nbt.3519
http://www.ncbi.nlm.nih.gov/pubmed/27043002
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.12688/f1000research.7563.2
http://www.ncbi.nlm.nih.gov/pubmed/26925227
https://doi.org/10.1073/pnas.0504877103
http://www.ncbi.nlm.nih.gov/pubmed/16651538
https://doi.org/10.1128/JVI.02030-15
http://www.ncbi.nlm.nih.gov/pubmed/26656684
https://doi.org/10.1007/978-1-62703-484-5_17
http://www.ncbi.nlm.nih.gov/pubmed/23821271
https://doi.org/10.1371/journal.ppat.1007467
http://www.ncbi.nlm.nih.gov/pubmed/31075158
https://doi.org/10.1038/nm.3610
http://www.ncbi.nlm.nih.gov/pubmed/25064127
https://doi.org/10.1371/journal.ppat.1008346

