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Abstract

LINE-1 (L1) retrotransposons are autonomous transposable elements that can affect gene

expression and genome integrity. Potential consequences of exogenous viral infections for

L1 activity have not been studied to date. Here, we report that hepatitis C virus (HCV) infec-

tion causes a significant increase of endogenous L1-encoded ORF1 protein (L1ORF1p) lev-

els and translocation of L1ORF1p to HCV assembly sites at lipid droplets. HCV replication

interferes with retrotransposition of engineered L1 reporter elements, which correlates with

HCV RNA-induced formation of stress granules and can be partially rescued by knockdown

of the stress granule protein G3BP1. Upon HCV infection, L1ORF1p localizes to stress

granules, associates with HCV core in an RNA-dependent manner and translocates to lipid

droplets. While HCV infection has a negative effect on L1 mobilization, L1ORF1p neither

restricts nor promotes HCV infection. In summary, our data demonstrate that HCV infection

causes an increase of endogenous L1 protein levels and that the observed restriction of ret-

rotransposition of engineered L1 reporter elements is caused by sequestration of L1ORF1p

in HCV-induced stress granules.

Author summary

Members of the Long Interspersed Nuclear Element 1 (LINE-1, L1) class of retrotranspo-

sons account for ~17% of the human genome and include ~100–150 intact L1 loci that are

still functional. L1 mobilization is known to affect genomic integrity, thereby leading to

disease-causing mutations, but little is known about the impact of exogenous viral infec-

tions on L1 and vice versa. While L1 retrotransposition is controlled by various mecha-

nisms including CpG methylation, hypomethylation of L1 has been observed in

hepatocellular carcinoma tissues of hepatitis C virus (HCV)-infected patients. Here, we

demonstrate molecular interactions between HCV and L1 elements. HCV infection stably

increases cellular levels of the L1-encoded ORF1 protein (L1ORF1p). HCV core and

L1ORF1p interact in ribonucleoprotein complexes that traffic to lipid droplets. Despite its

redistribution to HCV assembly sites, L1ORF1p is dispensable for HCV infection. In con-

trast, retrotransposition of engineered L1 reporter elements is restricted by HCV, correlat-

ing with an increased formation of L1ORF1p-containing cytoplasmic stress granules.
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Thus, our data provide first insights into the molecular interplay of endogenous transpos-

able elements and exogenous viruses that might contribute to disease progression in vivo.

Introduction

Among all endogenous transposable elements present in the human genome, the non-LTR ret-

rotransposon LINE-1 (Long Interspersed Nuclear Element-1, L1) is the only autonomous retro-

element that is currently mobilized. In total, ~17% of the human genome are comprised of L1

sequences [1]. While the majority of L1 loci are not functional due to 5’ truncations, internal

rearrangements, and point mutations, approximately 100–150 L1 loci in the human genome are

still functional, thus retrotransposition-competent [2–4]. A functional human L1 element is ~6

kb in length, harbors 5’ and 3’ untranslated regions (UTRs), two open reading frames (ORF1,

ORF2) that are separated by a 63-bp spacer region, a poly A-tail at its 3’ end, and is flanked by

variable-length target site duplications (TSDs) [5]. Additionally, a primate-specific antisense

ORF0 of unknown function has been identified recently in the 5’ UTR [6]. L1ORF1p is a 40

kDa RNA-binding protein with chaperone activities [7–9] and the 150 kDa L1ORF2p harbors

endonuclease (EN) as well as reverse transcriptase (RT) activities [10–12]. Both proteins are

required for L1 retrotransposition and assemble with their encoding L1 mRNA in cis, forming a

cytoplasmic ribonucleoprotein particle (L1 RNP), that represents a retrotransposition interme-

diate [7,13–18]. L1 RNPs associate with cytoplasmic stress granules and processing bodies (P-

bodies) [18–21], but the role of these cellular structures in the L1 life cycle is still controversial.

L1 RNPs, but also L1ORF1p alone, colocalize with various other RNA-binding proteins and for

many of these proteins an RNA-dependent interaction with L1ORF1p has been reported

[18,19,21–26]. The retrotransposition cycle also involves trafficking of L1 RNPs into the

nucleus, which requires the endosomal sorting complex required for transport (ESCRT) [27].

Once inside the nucleus, the EN domain of L1ORF2p nicks the genomic DNA at the consensus

target sequence 5’-TTTT/AA-3’ [11,28,29]. The resulting free 3’ OH is used by the RT domain

of L1ORF2p to initiate reverse transcription of the L1 mRNA, followed by re-integration of the

generated cDNA into the genome. This combined process is termed “target-primed reverse

transcription” (TPRT) [30,31]. Although L1ORF2p displays a strong cis preference for its

encoding L1 transcript, non-autonomous retroelements, such as the short interspersed nuclear

elements (SINEs) Alu and SVA (SINE/VNTR/Alu), but also cellular mRNAs are mobilized by

the L1-encoded protein machinery in trans occasionally [13–15,32,33]. As L1-mediated retro-

transposition events can affect genome integrity and host gene expression, and lead to disease-

causing mutations [34], L1 activity is suppressed in most somatic tissues by different cellular

mechanisms, including antiviral host proteins [35] and epigenetic mechanisms such as CpG

methylation [36–39]. Hypomethylation of CpG islands in the L1 5’ UTRs of cancerous tissues,

including hepatocellular carcinoma (HCC), has been reported, and correlates with the fre-

quency of endogenous L1 retrotransposition events [40–44]. Tumor-specific L1 retrotransposi-

tion has recently been observed in HCC and L1-mediated mobilization has been identified as

an important etiological factor in HCC [40]. The predominant cause for HCC development is

chronic hepatitis B virus (HBV) or hepatitis C virus (HCV) infection [45]. In this context, a

recently published study reported a strong decrease in L1 methylation in HCV-related cirrhosis

and HCC compared to the respective alcoholic-induced malignancies and normal liver tissue

[44], suggesting a connection between HCV infection and L1 methylation.

Currently, 71 million people worldwide are estimated to be viraemic for HCV and about

400 000 patients die annually due to HCV-related hepatitis and chronic disease progression
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(Global Hepatitis Report 2017. Geneva: World Health Organization; 2017). HCV is a blood-

borne enveloped single-stranded RNA virus within the Flaviviridae family. At the molecular

level, the positive-sense viral genome harbors one ORF, encoding a single precursor polypro-

tein that is subsequently processed by cellular and viral proteases into the individual structural

(the capsid protein core and the envelope glycoproteins E1 and E2) and non-structural (p7,

NS2, NS3, NS4A, NS4B, NS5A, and NS5B) HCV proteins. The HCV RNA replicates in charac-

teristic vesicular membrane structures, mainly double membrane vesicles (DMVs) [46,47],

which likely originate from ER rearrangements induced by HCV. These replication vesicles

include the viral proteins of the replicase complex (NS3–NS5B) and are located proximal to

cytosolic lipid droplets in HCV-replicating and HCV-infected cells [48,49]. Lipid droplets, the

major cellular storage organelles for neutral lipids, are an essential hub for HCV assembly [48].

A crucial prerequisite for efficient HCV particle production is the translocation of the capsid

protein core and the multifunctional non-structural protein NS5A to lipid droplets [48,50–52].

Along with the viral proteins, HCV recruits various host proteins of different function to its

replication sites in order to facilitate RNA replication and virus production in a favorable envi-

ronment. In this context, proteins found in cellular RNP complexes, such as stress granules

and P-bodies, are located in close proximity to lipid droplets in HCV-infected cells [53–57].

Recently, our group found profound changes in the lipid droplet proteome of HCV-infected

cells through quantitative mass spectrometry analysis [53]. Strikingly, we exclusively identified

L1ORF1p peptides in lipid droplet fractions of HCV-infected Huh7.5 hepatoma cells. As both

HCV infection and L1 mobilization are important drivers of HCC development [40,45], we

investigated the molecular interplay between HCV infection and L1 expression and retrotran-

sposition. We found that HCV infection results in redistribution of L1ORF1p from cyto-

plasmic foci to lipid droplets, increases L1 mRNA and protein expression, but also interferes

with retrotransposition of engineered L1 reporter elements.

Results

HCV infection causes a redistribution of L1ORF1p to lipid droplets

Lipid droplets are of major importance for HCV infection, serving as putative assembly sites

for progeny virions, and host factors are recruited to lipid droplets upon infection providing a

favorable environment for viral replication. In a recently reported quantitative lipid droplet

proteome analysis of HCV-infected and uninfected hepatoma cells, we found a number of

host proteins recruited to lipid droplets upon infection [53]. Interestingly, we identified pep-

tides of the L1-encoded ORF1 protein (L1ORF1p) in purified lipid droplet fractions from

HCV-infected Huh7.5 cells in three out of four independent experiments, but we never

detected them in lipid droplet fractions from uninfected control cells (Fig 1A–1C).

In order to confirm the localization of L1ORF1p to lipid droplet fractions, we infected hep-

atoma cells with an HCV Jc1 EGFP reporter virus (Jc1NS5AB-EGFP, viral constructs are listed in

S1 Fig) [58] and isolated lipid droplets by sucrose gradient centrifugation followed by immu-

noblot analysis. Consistent with the results of the mass spectrometry analysis [53], we detected

L1ORF1p in lipid droplet fractions from HCV-infected cells, but not from mock-infected con-

trols, although they also expressed endogenous L1ORF1p (Fig 1D). Next, we visualized and

compared endogenous L1ORF1p localization in HCV-infected and mock-infected Huh7.5

cells using confocal microscopy (Fig 1E). In mock-infected cells, L1ORF1p displayed a pre-

dominantly dotted cytoplasmic localization (Fig 1E). In cells infected with an HCV Jc1FLAG-E2

strain [59], we observed a partial redistribution of L1ORF1p to half-ring-shaped patterns sur-

rounding individual lipid droplets (Fig 1E). We then quantified colocalization of L1ORF1p

with lipid droplets by calculating the Pearson’s correlation coefficient (PCC) (Fig 1E) as well as
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Fig 1. HCV infection re-localizes L1ORF1p to lipid droplets. (A) Experimental setup to identify lipid droplet–associated proteins. HCV Jc1

reporter constructs encode fluorescent proteins (XFP) flanked by duplicated NS5A-NS5B cleavage sites (S1 Fig). NS, non-structural protein.

HCV-infected and uninfected cells were lysed and lipid droplets were isolated by sucrose density centrifugation. Proteins from the floating lipid

droplet fraction were analyzed by mass spectrometry or immunoblotting. (B) Scheme depicts the organization of a functional endogenous L1
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the Manders’ colocalization coefficient (MCC) (S2A Fig). The MCCs M1 and M2 can be

defined as the fraction of channel 1 that overlaps with channel 2 and vice versa. In contrast,

PCC calculates the overall correlation of signal intensities between two channels. HCV infec-

tion slightly increased the colocalization of L1ORF1p and lipid droplets compared to mock-

infected cells (Fig 1E). However, the MCC analysis was inconclusive due to the low signal

intensity of endogenous L1ORF1p staining (S2A Fig). Therefore, we overexpressed an HA-

tagged L1ORF1p (HAL1ORF1p) (S1 Fig) in HCV-infected cells and additionally performed

colocalization analysis of lipid droplet-localized HCV core with HAL1ORF1p. As observed for

endogenous L1ORF1p, HAL1ORF1p predominantly localized to cytoplasmic foci in mock-

infected cells (Fig 1F), which is consistent with the previously reported subcellular localization

of L1ORF1p overexpressed from transiently transfected L1 reporter elements [18,19,23]. For

infection of Huh7 cells, we chose two different HCV strains: the chimeric cell culture–adapted

strain Jc1 [60], and JFH1, a molecular clone of an HCV isolate [61,62]. JFH1 spreads less effi-

ciently between cells compared to Jc1, but infected cells display more lipid droplet–localized

HCV capsid protein core in the perinuclear region [63]. HAL1ORF1p localized to lipid droplets

in both Jc1 and JFH1-infected cells (Fig 1F). While HAL1ORF1p displayed a more punctate

staining in lipid droplet–rich areas in Jc1-infected cells, we observed a more defined, even

half-ring-shaped localization of HAL1ORF1p surrounding lipid droplets in JFH1-infected cells

that correlated with the core protein levels located at lipid droplets (Fig 1F). PCC and MCC

analyses indicate that colocalization of HAL1ORF1p with lipid droplets was slightly increased

in Jc1-infected cells and more pronounced in JFH1-infected cells compared to uninfected con-

trols (Figs 1F and S2B). However, we observed only a partial colocalization of HCV core and
HAL1ORF1p, with a mean M1 (HAL1ORF1p) of approximately 0.2 for Jc1 and JFH1, and M2

(core) of 0.3 for Jc1 and 0.4 for JFH1.

HCV replication increases endogenous L1ORF1p levels

In the initial experiments, we noted a slight increase of endogenous L1ORF1p in post-nuclear

supernatants of HCV-infected Huh7.5 cells (Fig 1D). Following this observation, we per-

formed time-course experiments to assess endogenous L1ORF1p expression upon infection

with HCV. L1ORF1p levels steadily increased after infection reaching a ~4-fold accumulation

of L1ORF1p in HCV-infected relative to mock-infected cells at 12 dpi (Fig 2A). Using primers

that bind in the ORF1 and ORF2 region of L1, we quantified endogenous full-length L1

mRNA expression levels and observed only a transient ~2-fold increase of L1 mRNA levels

harboring ORF0, ORF1 (red box), and ORF2 encoding the RNA-binding protein L1ORF1p and L1ORF2p, a protein harboring endonuclease

(EN) and reverse transcriptase (RT) activities, and a cysteine-rich domain (C). UTR, untranslated region; An, polyA tail; arrows indicate

transcriptional start sites. (C) Identification of L1ORF1p in lipid droplet fractions isolated from HCV-infected Huh7.5 cells by tandem mass

spectrometry. Dataset from Rösch et al. [53]. Heatmap depicts L1ORF1p levels normalized to PLIN2 measured in four independent

quantitative mass spectrometry (MS) experiments. L1ORF1p-specific peptides identified by mass spectrometry are highlighted in red as part of

the presented L1ORF1p protein sequence. (D) Immunoblot analysis of lipid droplet fractions isolated from Jc1NS5AB-EGFP-infected Huh7.5 cells

(multiplicity of infection (MOI) 0.02) at 9 days post infection (dpi) demonstrates localization of endogenous L1ORF1p to lipid droplets in

HCV-infected cells. Tubulin and PLIN2 served as loading controls for post-nuclear supernatants (PNS) and lipid droplets (LDs), respectively.

Shown is one representative experiment (n = 3). (E) Analysis of endogenous L1ORF1p localization in HCV-infected and uninfected Huh7.5

cells by confocal microscopy. HCV Jc1FLAG-E2 and mock-electroporated cells were fixed at 3 days post electroporation (dpe) and stained using

L1ORF1p and FLAG antibodies. Lipid droplets (LDs) were visualized with BODIPY655/676. Shown are representative images (scale bar

10 μm). Colocalization of endogenous L1ORF1p with lipid droplets was analyzed by calculating the Pearson’s correlation coefficients (PCC) of

individual cells from 2 independent experiments (# of cells: mock = 119, Jc1FLAG-E2 = 109; mean ± SEM, ���p< 0.001, Welch’s t-test). (F) HCV

infection causes partial colocalization of HAL1ORF1p with HCV core at lipid droplets. HCV Jc1 (MOI 0.03), JFH1 (MOI 0.02), and mock-

infected Huh7 cells were transfected with the HAL1ORF1p expression plasmid at 7 dpi. 2 days post transfection (dpt), cells were fixed and

stained using HCV core and HA antibodies; lipid droplets were visualized with BODIPY493/503. Shown are representative images (scale bar

10 μm). Colocalization analysis of HAL1ORF1p with lipid droplets or HCV core was performed by calculating the PCC of individual cells from

2 independent experiments (# of cells: mock = 42, Jc1 = 26, JFH1 = 52; mean ± SEM, �p< 0.05, ��p< 0.01, ���p< 0.001, Welch’s t-test).

https://doi.org/10.1371/journal.ppat.1009496.g001
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relative to mock-infected cells that declined again after 6 dpi (Fig 2B). An explanation for these

results could be that the L1ORF1p immunoblot analysis measures expression from intact

genomic L1 loci encoding functional L1ORF1p, while the qRT-PCR analysis detects L1 tran-

scripts expressed from both intact and mutated L1 loci, which do not express functional

L1ORF1p. Expression of intact genomic L1 loci is regulated by methylation of CpG islands

located in the L1 5’ UTRs and CpG hypomethylation was previously detected in HCV-related

cirrhosis and HCC [44]. Furthermore, HCV infection has been described to induce persistent

epigenetic changes that are associated with an increased HCC risk in patients [64]. However,

in our infection system using Huh7-derived cells, analysis of the methylation state of L1 5’

UTR regions did reveal only partial methylation in Huh7.5 cells without any changes after

HCV infection (S3 Fig). These findings suggest that the elevated L1ORF1p levels in our system

do not result from an overall upregulation of transcription of full-length L1 elements.

L1ORF1p levels were also increased by ~2 fold in stable Con1 subgenomic replicon

(Con1-SGR) [65] Huh7.5 cells, expressing a bicistronic RNA that lacks the structural HCV

proteins as well as p7 and NS2 and encodes a neomycin resistance gene for selection

Fig 2. HCV infection increases L1ORF1p protein levels. (A) L1ORF1p protein levels in mock and Jc1NS5AB-EGFP-infected Huh7.5 cells (MOI 0.2)

were analyzed by immunoblotting at 3–12 dpi and quantified by densitometry. Shown is the relative L1ORF1p level normalized to tubulin

expression (mean ± SEM, n = 6–9, �p< 0.05, ���p< 0.001, Welch’s t-test) that demonstrates a strong increase of L1ORF1p expression in HCV-

infected cells. (B) HCV infection transiently increases expression of endogenous full-length L1 elements. Time course of L1 expression after

infection of Huh7.5 cells with Jc1NS5AB-EGFP (MOI 0.2). Endogenous L1 mRNA levels were determined by qRT-PCR using RNA isolated at the

indicated time points and primer pairs binding within ORF1 or ORF2 (mean ± SEM, n = 3–4, �p< 0.05, Welch’s t-test). Primer binding sites within

L1 sequences are marked in the scheme. (C) L1ORF1p levels in stable polyclonal Huh7.5-Con1-SGR cells were analyzed by immunoblotting and

quantified. Shown is the relative L1ORF1p level normalized to tubulin (mean ± SEM, n = 3).

https://doi.org/10.1371/journal.ppat.1009496.g002
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(Huh7.5-Con1-SGR cells) (Fig 2C). This indicates that active HCV RNA replication or expres-

sion of the non-structural HCV proteins account for increased L1ORF1p levels.

HCV infection restricts L1 retrotransposition

Although L1 activity during early development and its role in human disease were investigated

in numerous studies, little is known about L1 mobilization in the context of viral infections.

Using an L1 retrotransposition reporter assay that is based on dual-luciferase activity [66] (Fig

3A), we compared L1 retrotransposition rates in mock-infected and HCV-infected Huh7.5

cells (Fig 3B). Following infection with Jc1NS5AB-EGFP, we transfected the cells with the L1 ret-

rotransposition reporter plasmid L1RP-FLuc (pYX017) [66] and quantified L1 retrotransposi-

tion activity at 5 days post transfection. Strikingly, we observed a significant decrease in

marked L1 retrotransposition frequency in HCV Jc1-infected cells by ~75% relative to mock-

infected cells (Fig 3C). To assess whether the L1 retrotransposition frequencies obtained from

the engineered L1-FLuc reporter assay correlate with the number of marked genomic L1-FLuc

de novo insertions, we performed a second set of L1 reporter assays, and this time isolated

genomic DNA to quantify the number of L1-FLuc de novo retrotransposition events by

qRT-PCR (S4 Fig). Consistent with the reduction of L1 retrotransposition frequency measured

by luciferase activity, the number of genomic L1-FLuc de novo insertions were reduced by

~75% in Jc1-infected cells compared to mock-infected cells (S4 Fig), confirming that the

reduced firefly luciferase signal in HCV-infected cells reflects a reduced number of L1-FLuc

retrotransposition events.

We additionally validated our results using an alternative L1 retrotransposition reporter

assay, in which EGFP expression instead of firefly luciferase activity served as reporter for L1

retrotransposition [67] (S5 Fig). To this end, we transfected Huh7.5 cells 2 and 7 days post

HCV Jc1 infection, and again observed a marked decrease in L1 retrotransposition events in

HCV-infected cells by ~75% compared to mock infected cells at late time points after infection

(S5 Fig). While HCV strain Jc1 is a partially cell-culture adapted J6/JFH1 chimera that spreads

rapidly, the original isolate JFH1 displays much slower infection kinetics. To model the impact

of chronic HCV infection on L1 retrotransposition frequency, we analyzed L1 retrotransposi-

tion of marked L1 elements in long-term JFH1-infected Huh7 cells (Fig 3B and 3D). HCV-

infected cells were transfected with the L1 dual-luciferase reporter plasmid at ~6 months post

electroporation with JFH1 RNA. Interestingly, we observed an HCV infection level–dependent

decrease in L1 retrotransposition with ~30% decrease in Huh7 cells with low level JFH1 infec-

tion, and a ~50% decrease in Huh7 cells with a high level JFH1 infection as indicated in the

corresponding immunoblots of the cell lysates (Fig 3D).

HCV infection does not enhance expression of L1 restricting innate

immune response genes

As multiple host-encoded proteins involved in the innate antiviral response negatively regulate

L1 retrotransposition [35,68], we investigated if HCV replication induces the expression of L1

restriction factors, including interferon-stimulated genes (ISGs) such as MOV10, or members

of the APOBEC3 protein family [24,68–71]. However, HCV infection of Huh7 and Huh7-der-

ived hepatoma cell lines only marginally induces ISGs [72,73]. Accordingly, we did not observe

the induction of APOBEC3 protein family members in HCV-infected or Huh7.5-Con1-SGR

cells (S6 Fig). Further, expression of the known L1 restriction factors ADAR1 [74], MOV10

[69,75,76], and TRIM5α [77] was decreased in HCV-infected cells and unchanged in Huh7.5-

Con1-SGR cells (S6 Fig), and HCV infection did not change MOV10 protein levels (Fig 5B),

indicating that L1 mobilization is not restricted by ISG induction in HCV-infected cells.
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Lipid droplet localization of L1ORF1p is linked to HCV core trafficking

As we observed the distinct re-localization of L1ORF1p to lipid droplets in HCV-infected cells

(Fig 1), we addressed if this redistribution can be pinpointed to a specific step in the HCV rep-

lication cycle or to specific HCV proteins. To investigate a possible effect of active HCV RNA

replication and expression of NS5A, we used Huh7.5 cells electroporated with JFH1-SGRBSD

RNA (Fig 4A). In contrast to HCV-infected cells, we did not observe an enrichment of

L1ORF1p in lipid droplet fractions of JFH1-SGRBSD-transfected cells compared to control

cells (Fig 4B), indicating that neither active HCV RNA replication nor the expression of the

HCV non-structural proteins NS3–NS5B are involved in L1ORF1p re-localization. However,

replication of an envelope-deleted HCV RNA replicon (Jc1ΔE1E2NS5AB-EGFP-BSD) caused a

redistribution of endogenous L1ORF1p to lipid droplet fractions (Fig 4A and 4C), arguing that

the capsid protein core or the function of p7 and NS2 play a role in this phenotype. Two of the

HCV proteins, core and NS5A, are known to strongly localize to lipid droplets in HCV-

infected cells as well as upon single protein expression [48,52]; therefore, we expressed FLAG-

tagged core or NS5A in Huh7.5 cells by lentiviral transduction (Fig 4A). As expected, we

detected only negligible amounts of endogenous L1ORF1p in isolated lipid droplet fractions of

Fig 3. HCV infection decreases L1 retrotransposition frequency. (A) Scheme of the dual-luciferase L1 retrotransposition reporter assay expressing Renilla
luciferase (RLuc) for transfection normalization and firefly luciferase (FLuc) as reporter for L1 retrotransposition (L1RP-FLuc). The FLuc gene is in antisense

orientation and interrupted by an intron in sense orientation flanked by splice donor (SD) and acceptor (SA) sites ensuring that FLuc is expressed only after

splicing of its pre-mRNA, reverse transcription, and integration of an intact Fluc cDNA copy. Thus, FLuc activity is directly proportional to the number of

L1RP-FLuc de novo retrotransposition events. (B) Scheme of the experiments; the indicated cells were transfected with the L1RP-FLuc reporter and luciferase

assays were performed. (C) Mock or Jc1NS5AB-EGFP-infected Huh7.5 cells (MOI 0.2) were transfected with L1RP-FLuc at 7 dpi. Depicted is the relative L1

retrotransposition frequency 5 days after duplicate transfections from 3 independent experiments (mean ± SEM, n = 6, ���p< 0.001, Welch’s t-test). (D)

JFH1-infected Huh7 cells were cultured for ~6 months. Mock and JFH1-infected cells with low and high infection rates were transfected with L1RP-FLuc.

Shown is the relative L1 retrotransposition frequency 6 dpt of duplicate transfections from 2 independent experiments (mean ± SEM, n = 4, ��p< 0.01,

Welch’s t-test). Immunoblot analysis of HCV core expression confirmed differences in infection rates.

https://doi.org/10.1371/journal.ppat.1009496.g003
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NS5A or control lentivirus-transduced cells. In contrast, L1ORF1p was strongly enriched in

lipid droplet fractions from core-expressing cells (Fig 4D). To confirm these data, we co-trans-

fected Huh7 cells with HAL1ORF1p and FLAGcore expression plasmids and performed immu-

nofluorescence microscopy to visualize the distribution of HAL1ORF1p, lipid droplets, and

HCV core. HAL1ORF1p re-localized from cytoplasmic foci to core-containing lipid droplets

Fig 4. HCV core mediates L1ORF1p redistribution from cytoplasmic foci to lipid droplets. (A) Scheme of the experimental setup. Huh7.5 cells were either

electroporated with JFH1 subgenomic replicon (JFH1-SGRBSD, gt 2a) RNA encoding NS3–NS5B (see B) or with a partially envelope-deleted Jc1 replicon

Jc1ΔE1E2NS5AB-EGFP-BSD (gt 2a, see C), or transduced with lentiviral expression constructs for HCV FLAGcore or NS5AFLAG (gt 2a, see D), and lipid droplets were

isolated by sucrose density centrifugation. (B–D) Immunoblot analysis of lipid droplet fractions isolated from Huh7.5 cells electroporated with JFH1-SGRBSD (n = 3)

(B), Jc1ΔE1E2NS5AB-EGFP-BSD (n = 1) (C), or transduced with lentiviral expression constructs for FLAGcore or NS5AFLAG (nFLAGcore = 4, nNS5AFLAG = 2) (D). Shown are

representative experiments. Tubulin and PLIN2 served as loading controls for post-nuclear supernatants (PNS) and lipid droplets (LDs), respectively. (E) Confocal

microscopy of Huh7 cells transfected with HAL1ORF1p and FLAGcore (gt 2a) expression plasmids and stained with anti-core and anti-HA tag antibodies and

BODIPY493/503 for lipid droplets. Shown are representative images (scale bar 10 μm). (F) Quantification of colocalization of HAL1ORF1p with lipid droplets and
HAL1ORF1p with core as presented in (E). Shown are Manders’ colocalization coefficients (MCC) M1 and M2 and Pearson’s correlation coefficients (PCC) of individual

cells from 3 independent experiments (# of cells: control = 91, HCV core = 61; mean ± SEM, ���p< 0.001, Welch’s t-test).

https://doi.org/10.1371/journal.ppat.1009496.g004
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and quantification revealed a significantly increased colocalization of HAL1ORF1p with lipid

droplets and a partial direct colocalization with core (Fig 4E and 4F). To exclude HCV geno-

type-specific effects, we performed the same experiments with genotype 1b (gt 1b) constructs

and found again that L1ORF1p was not enriched in lipid droplet fractions isolated from

Con1-SGR-electroporated cells, whereas HCV core (gt 1b) expression caused a redistribution

of L1ORF1p to lipid droplets (S7A–S7C Fig).

One pre-requisite of HCV core trafficking to lipid droplets is its C-terminal processing by

the cellular signal peptide peptidase [78]. To determine if L1ORF1p and HCV core concomi-

tantly traffic to lipid droplets, we took advantage of a core mutant with an unprocessable signal

peptide (SPMT) [78] that is retained at the ER (S8A Fig). After subcellular fractionation, we

mainly detected HCV coreSPMT in microsomal membrane (MM) fractions, where also the

majority of L1ORF1p accumulated (S8B Fig). In contrast, coreWT expression led to an enrich-

ment of both coreWT and endogenous L1ORF1p at lipid droplets. We confirmed these findings

by immunofluorescence microscopy (S8C Fig) and observed a decreased localization of
HAL1ORF1p to lipid droplets in cells expressing the core SPMT mutant compared to cells

expressing wild-type core (S8D Fig). Taken together, our results indicate that HCV core medi-

ates redistribution of L1ORF1p from cytoplasmic foci to lipid droplets and that this effect is

independent of viral RNA replication and expression of NS5A.

HCV core associates with an L1ORF1p-containing ribonucleoprotein

complex

As our results suggested an HCV replication-independent effect of the HCV core protein on

subcellular L1ORF1p localization, we hypothesized that both proteins directly interact with

each other. To test this hypothesis, we performed co-immunoprecipitation experiments from

Huh7.5 cells stably expressing FLAGcore or NS5AFLAG (gt 2a). As L1ORF1p was reported to

interact with many host-encoded proteins in an RNA-dependent manner [22–24,26] and both

core and NS5A can bind RNA [79–81], we also investigated whether a putative interaction

with endogenous L1ORF1p is RNA-dependent. Our data show that L1ORF1p co-purified with
FLAGcore but not with NS5AFLAG (Fig 5A). RNAse A treatment of the cell lysate prior to immu-

noprecipitation resulted in a decreased L1ORF1p signal (Fig 5A), indicating an RNA-depen-

dent interaction of HCV core with L1ORF1p. In line with these results, L1ORF1p also co-

purified with FLAGcore (gt 1b) in an RNA-dependent manner (S7D Fig). As mentioned above,

L1ORF1p is known to interact with many other RNA-binding proteins in an RNA-dependent

manner and is associated with proteins found in cytoplasmic stress granules and P-bodies.

Comparing our previously published lipid droplet proteome analysis [53] with a recent

L1ORF1p interactome study [22], we found that some L1ORF1p-interactors were also

enriched in lipid droplet fractions from HCV-infected cells (22 out of 32 overlapping proteins

were enriched, and 10 were decreased in lipid droplet fractions of HCV-infected cells, S9 Fig).

Hence, we additionally probed the immunoprecipitates for two jointly identified proteins: the

polyadenylate-binding protein 1 (PABPC1) and the RNA helicase MOV10. Similar to

L1ORF1p, both proteins were found to co-precipitate with FLAGcore but not with NS5AFLAG

(Fig 5A). To confirm our results, we ectopically expressed HAL1ORF1p in HCV-infected or

mock-infected Huh7.5 cells and performed the reciprocal co-immunoprecipitation by pulling

down HA-tagged L1ORF1p. We detected HCV core in HAL1ORF1p immunoprecipitates and

to a lower extent in samples precipitated from RNAse A-treated cell lysates, substantiating the

RNA-dependent interaction of HCV core and L1ORF1p (Fig 5B). Immunoblot analyses con-

firmed the recently reported RNA-dependent interaction of PABC1 and MOV10 with

L1ORF1p [22] and showed that this was independent of HCV infection (Fig 5B). Thus, we

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 10 / 38

https://doi.org/10.1371/journal.ppat.1009496


conclude that in HCV-infected cells, core is part of cellular RNP complexes that are associated

with L1ORF1p explaining the observed concerted co-precipitation of HCV core with

L1ORF1p, PABPC1, and MOV10.

The localization of cellular RNP complexes and P-body or stress granule proteins to HCV

replication sites in infected cells has been described before [53,55–57,82]. Indeed, a unique

virus-host protein complex has been suggested that is collectively redistributed to lipid drop-

lets in HCV JFH1-expressing cells [55]. Noteworthy, the presence of HCV core seems to be

required but not sufficient for redistribution of cellular RNP complexes to lipid droplets

[55,56]. Based on the concerted interaction between L1ORF1p, PABPC1, MOV10, and HCV

Fig 5. L1ORF1p interacts with HCV core in an RNA-dependent manner. (A) Co-immunoprecipitation analysis of FLAGcore or NS5AFLAG with endogenous L1ORF1p

and its interaction partners MOV10 and PABPC1. Lysates of cells transduced with lentiviral FLAGcore or NS5AFLAG expression constructs were incubated either with

RNaseOUT or RNase A followed by FLAG-specific immunoprecipitation and immunoblotting or total RNA isolation and subsequent agarose gel electrophoresis and

ethidium bromide (EtBr) staining (bottom panel). Successful RNase A treatment of cell lysates was demonstrated by the absence of 18S and 28S rRNA. Shown is one

representative experiment (n = 3). (B) Co-immunoprecipitation analysis of HAL1ORF1p in HCV Jc1NS5AB-EGFP-infected or mock-infected Huh7.5 cells. Jc1NS5AB-EGFP-

infected (MOI 0.2) or mock-infected Huh7.5 cells were transfected 7 dpi with the HAL1ORF1p expression construct and lysed 2 dpt. RNAse treatment, total RNA

isolation, and immunoprecipitation with HA-specific agarose beads were performed as described in (A). One representative experiment is presented (n = 3). (C) HCV

RNA co-precipitates with HAL1ORF1p. Relative quantification of HCV RNA copies in immunoprecipitates obtained from Jc1NS5AB-EGFP-infected Huh7.5 cells

transiently expressing HAL1ORF1p. Cells were lysed 2 dpt and 9 dpi and HA-specific immunoprecipitation was performed. Untransfected cells served as control and

successful infection and expression of HAL1ORF1p and HCV core as well as immunoprecipitation were confirmed by immunoblotting. HCV copy numbers were

quantified by qRT-PCR using a serial dilution of in vitro transcribed HCV RNA as a standard (mean ± SEM, n = 6, �p< 0.05, Mann-Whitney U test). (D) Comparison of

HCV RNA copies and interaction with HCV core in immunoprecipitates of endogenous L1ORF1p and YB-1 obtained from from Jc1NS5AB-EGFP-infected Huh7.5 cells.

Expression and immunoprecipitation of L1ORF1p and YB-1 as well as HCV core were analyzed by immunoblotting. Immunoprecipitation without specific antibodies

(-AB) served as control. HCV RNA copy numbers were determined as described in (C). Shown are relative HCV RNA copy numbers as fold over control (n = 2).

https://doi.org/10.1371/journal.ppat.1009496.g005
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core, we speculated that HCV core not only mediates L1ORF1p redistribution but induces the

re-localization of L1ORF1p-associated RNP complexes to lipid droplets in HCV-infected cells.

In line with our hypothesis, we detected PABPC1 and MOV10 in lipid droplet fractions iso-

lated from HCV core-expressing Huh7.5 cells, but not from control lentivirus-transduced or

NS5A-expressing cells (S10A Fig). To substantiate our findings, we subsequently transduced

Huh7.5 cells with expression constructs for HCV core and either HA-tagged wild-type

L1ORF1p (HAL1ORF1pWT) or an RNA-binding mutant (HAL1ORF1pMut; RR261-262AA

mutant) [8,16,17] that was reported earlier to have a severely reduced ability to localize to L1

RNPs [17,18]. Immunoblot analysis of the isolated lipid droplet fractions revealed lower

amounts of HAL1ORF1pMut relative to HAL1ORF1pWT in lipid droplet fractions (S10B Fig),

confirming that L1ORF1p is translocated to lipid droplets in an RNA-dependent manner as

part of a larger RNP. Yet, we did not detect L1ORF2p in our lipid droplet proteome analysis

[53]. This might be due to very low expression levels of endogenous L1ORF2p compared to

L1ORF1p, because even L1 expression constructs in transfected cells were reported to produce

L1ORF1p at up to 1000–10000-fold higher levels than L1ORF2p and expression might be

restricted to a subset of cells within a population [83–86].

The presence of RNA-binding proteins or a cellular RNP complex at HCV replication sites

poses the possibility that the HCV RNA genome is part of this complex. Thus, we again per-

formed HA-specific co-immunoprecipitation from HCV-infected cells transiently expressing
HAL1ORF1p and determined the HCV RNA copy number in the precipitates by quantitative

RT-PCR (qRT-PCR). We detected a significant enrichment of HCV genome copies in
HAL1ORF1p samples, suggesting that the HCV RNA is indeed part of the L1ORF1p-contain-

ing RNP complex (Fig 5C). However, from our experimental setup, we cannot conclude if

L1ORF1p directly binds the viral genome or if the binding is facilitated by any of the other pro-

teins that are part of the co-immunoprecipitated RNP complexes. The latter is not unlikely, as

other P-body or stress granule-associated proteins that were previously found to localize to

HCV replication sites, such as DDX3 or YB-1, also associate with the viral RNA [56,87,88]. To

compare the relative amount of HCV RNA co-precipitating with L1ORF1p in relation to other

RNA-binding proteins, we performed immunoprecipitation of endogenous L1ORF1p and

YB-1 from HCV-infected Huh7.5 cells and determined HCV RNA copy numbers (Fig 5D).

We confirmed that HCV core co-precipitated with both endogenous proteins. Again, we

detected HCV RNA in L1ORF1p precipitates but the HCV RNA copy numbers were 10-fold

higher in YB-1 precipitates which can be explained by the strong cis preference of L1ORF1p

for its own mRNA. Still, L1 proteins have been reported to associate with other cellular RNAs

in trans [13,15,22,32,33], raising the possibility that L1ORF1p binds directly to HCV RNA.

Presence of HCV RNA 3’ UTRs impairs L1 mobilization

Previous studies have shown that the formation of intact L1 RNPs is an important prerequisite

for L1 retrotransposition [17]. Thus, we reasoned that HCV infection might disturb L1 RNP

integrity or interferes with the transport of intact L1 RNPs to the nucleus, thereby causing a

reduced L1 retrotransposition frequency. To test the hypothesis that HCV core–mediated re-

localization of L1ORF1p to lipid droplets contributes to the reduced L1 retrotransposition we

observed in HCV-infected cells, we first transduced Huh7.5 cells for overexpression of HCV

core or NS5A, and subsequently transfected these cells with the L1 dual-luciferase reporter

plasmid (Fig 6A and 6B). Unexpectedly, stable expression of HCV core slightly increased L1

retrotransposition frequencies relative to the NS5A and control lentivirus-transduced Huh7.5

cells (Fig 6B). Thus HCV-core mediated redistribution of L1ORF1p to lipid droplets is not suf-

ficient to impair L1 retrotransposition in HCV-infected cells.
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We then investigated if HCV RNA replication itself negatively affects L1 retrotransposition

and transfected Huh7.5 cells harboring a JFH1 subgenomic replicon (JFH1-SGRBSD, gt 2a; S1

Fig) or Huh7.5-Con1-SGR cells with the L1 dual-luciferase reporter plasmid and performed

luciferase reporter assays in presence of ongoing HCV RNA replication (Fig 6A and 6C). Strik-

ingly, L1 retrotransposition was reduced by more than 50% in JFH1-SGRBSD and in

Con1-SGR cells compared to naïve Huh7.5 cells (Fig 6C), indicating that HCV RNA replica-

tion, the expression of the non-structural proteins of the replicase complex (NS3–NS5B), the

formation of HCV replication compartments, or host-responses towards viral infection inter-

fere with L1 retrotransposition. We next sought to distinguish if non-structural proteins or

viral RNA are responsible for suppressing L1 mobilization. Ectopic expression of the HCV

polyprotein from NS3–NS5B as well as plasmid-based expression of FLAGcore did not change

L1 retrotransposition frequencies compared to control cells (Fig 6D), indicating that the

decreased L1 retrotransposition in HCV-SGR cells is linked to presence or replication of HCV

RNA. As the 3’ UTR of HCV contains a pathogen-associated molecular pattern that is sensed

by HCV-infected cells [88,89], we transfected L1RP-FLuc-expressing cells with in vitro-tran-

scribed HCV JFH1 3’ UTR RNA. Strikingly, we observed ~75% reduction in L1 retrotransposi-

tion frequencies compared to control cells (Fig 6E). This result suggests that HCV RNA-

induced mechanisms restrict retrotransposition of engineered L1 reporter elements.

Fig 6. An HCV RNA-induced mechanism but not viral protein expression impairs L1 retrotransposition. (A) Scheme of the experiments; the indicated cells were

transfected with the L1RP-FLuc reporter and luciferase assays were performed. (B) Huh7.5 cells were transduced with lentiviral expression constructs for HCV FLAGcore,

NS5AFLAG, or control lentivirus-transduced. Stable expression of HCV FLAGcore, but not of NS5AFLAG increased L1 retrotransposition frequency in Huh7.5 cells relative

to control lentivirus-transduced cells. Shown is the relative L1 retrotransposition frequency at 6 dpt of duplicate transfections from 3 independent experiments

(mean ± SEM, n = 6, �p< 0.05, Welch’s t-test). (C) L1 retrotransposition frequency in HCV SGR cells relative to naive Huh7.5 cells. Huh7.5 JFH1-SGRBSD (gt 2a),

Huh7.5-Con1-SGR (gt 1b) or Huh7.5 cells were transfected with L1RP-FLuc. Shown is the relative L1 retrotransposition frequency 5–6 dpt of duplicate transfections from

3 independent experiments (mean ± SEM, n = 6, ��p< 0.01, Welch’s t-test). (D) Plasmid-based expression of HCV FLAGcore and the JFH1 NS3–NS5B (gt 2a) polyprotein

does not affect L1 retrotransposition frequency in Huh7.5 cells relative to control cells. Cells were transfected with the respective plasmids 24 hours prior to transfection

with the L1RP-FLuc reporter. Shown is the relative L1 retrotransposition frequency at 5 dpt of duplicate transfections from 2 independent experiments (mean ± SEM,

n = 4). (E) Transfection with HCV 3’ UTR RNA reduces L1 retrotransposition. Huh7.5 cells were transfected with the L1RP-FLuc reporter plasmid and ~6 hours later, cells

were additionally transfected with 0.5 μg of in vitro transcribed HCV 3’ UTR RNA per well. Mock-transfected cells served as control and RNA transfection was repeated

48 h later. Shown is the relative L1 retrotransposition frequency at 5 dpt of duplicate transfections from 4 independent experiments (mean ± SEM, n = 8; ���p< 0.001,

Welch’s t-test).

https://doi.org/10.1371/journal.ppat.1009496.g006
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One peculiar observation was that HCV infection induced expression of endogenous L1,

but it also drastically reduced the retrotransposition frequency of marked L1 reporter elements

(Figs 2 and 3). Interestingly, endogenous but not ectopically expressed L1ORF1p protein levels

were decreased in Huh7.5 cells stably expressing the HCV core protein, but not in NS5A

expressing cells (S11 Fig). This reduction of endogenous L1ORF1p levels again inversely corre-

lated with a slightly increased L1 retrotransposition frequency (Fig 6B). Our observation is

consistent with the recently reported decrease in L1 retrotransposition frequency of engi-

neered L1 retrotransposition reporter constructs as consequence of an increased expression of

truncated or full-length L1ORF1p in trans [90]. Therefore, endogenous L1ORF1p levels in

HCV-infected vs stable HCV core-expressing cells might contribute to restricted or enhanced

mobilization of engineered L1 reporter elements, respectively.

HCV-induced stress granule formation correlates with restriction of L1

retrotransposition

Among the various mechanisms described to control L1 activity, it was reported that the SAM

and HD domain containing protein 1 (SAMHD1) blocks L1 retrotransposition by promoting

stress granule formation and enhancing sequestration of functional L1 RNPs and endogenous

L1ORF1p in these stress granules [20]. As HCV RNA replication induces stress granule forma-

tion in vitro [54,57,91,92], we reasoned that L1 RNPs might be stalled in HCV-induced stress

granules, hence not being able to complete the retrotransposition cycle. To explore this hypothe-

sis, we performed immunofluorescence staining of HCV-infected cells for nucleolysin TIA-1 iso-

form p40/ T-cell-restricted intracellular antigen-1 (TIA1) and Ras GTPase-activating protein-

binding protein 1 (G3BP1) as stress granule markers followed by confocal microscopy (Fig 7A–

7C). HCV infection triggered cytoplasmic TIA1/G3BP1 positive stress granule formation in

~20% of HCV Jc1FLAG-E2-positive cells, whereas only 1.4% of HCV-negative cells displayed stress

granules (Fig 7A and 7D). Likewise, ~18% of Huh7.5 cells transfected with HCV subgenomic

replicon RNA (JFH1-SGRtagBFP-NLS) harbored TIA1/G3BP1 positive granules, compared to ~5%

of control-electroporated cells (Fig 7B and 7D). In line with previous reports [57], the presence

of HCV JFH1 3’ UTR RNA was sufficient to trigger stress granule formation (S13D Fig). Co-

staining of endogenous L1ORF1p and TIA1 revealed localization of L1ORF1p to TIA1-positive

granules and lipid droplets in Jc1FLAG-E2-positive cells, but only to TIA1-positive granules in

JFH1-SGRtagBFP-NLS-positive cells (Fig 7A and 7B), indicating that L1ORF1p is indeed partially

sequestered in stress granules. In contrast, ectopic expression of HCV core alone did not induce

stress granule formation, although we observed a ring-like re-localization of L1ORF1p and to a

lower extend a re-localization of TIA1 to HCV core–positive lipid droplets (Fig 7C and 7D). The

redistribution of specific stress granule proteins to lipid droplets during HCV infection has been

described by several groups [54,55,57,91]. Comparing our lipid droplet proteome dataset [53] to

annotated stress granule and P-body proteins (downloaded from g:Profiler) [93] revealed that

only a fraction of stress granule and P-body markers is found in lipid droplet fractions during

HCV infection (S12 Fig), indicating that HCV infection alters and re-distributes stress granules.

We next compared G3BP1 and TIA1 protein levels by immunoblot analysis and observed a pro-

nounced increase in G3BP1 levels in HCV-infected Huh7.5 compared to the control (Figs 7E

and S13A). G3BP1 levels were also slightly increased in Huh7.5-Con1-SGR cells compared to

naïve Huh7.5 cells (Fig 7F), whereas stable expression of FLAGcore and NS5AFLAG did not affect

expression levels of the two stress granule markers TIA1 and G3BP1 (S13B Fig).

Finally, to mechanistically confirm our hypothesis that HCV restricts L1 retrotransposition

by inducing stress granule formation, we transduced Huh7.5 JFH1-SGRBSD cells with lentiviral

shRNAs targeting G3BP1 and TIA1 and performed L1 retrotransposition assays. The selected
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shRNAs efficiently reduced G3BP1 and TIA1 protein levels in subgenomic replicon and in

Huh7.5 cells (Figs 7G and S13C). Importantly, relative L1 activity was increased ~2.5 fold in

G3BP1-knockdown cells compared to shNT control cells (Fig 7H). In contrast, knockdown of

TIA1 did not restore L1 retrotransposition frequency. This might be due to the fact that down-

regulation of TIA1 concomitantly increased G3BP1 levels in JFH1-SGRBSD cells (Fig 7G). In

line, immunoblot analysis of HCV-infected cells showed increased G3BP1 level in TIA1-

knockdown cells compared to shNT control cells and a complete failure of our shRNAs to

reduce G3BP1 expression in HCV-infected cells (S13C Fig), suggesting compensatory upregu-

lation of G3BP1 in HCV-infected cells. Taken together, our data indicate that L1 retrotranspo-

sition is restricted in HCV RNA-replicating cells due to sequestration of L1-encoded proteins

in HCV RNA-induced stress granules.

L1ORF1p expression does not affect HCV replication

As L1ORF1p is redistributed to HCV replication sites, we also assessed a potential function of

L1ORF1p in HCV infection and replication by performing overexpression and knockdown

experiments in Huh7.5 cells. As overexpressed HAL1ORF1p resides in a complex with HCV

RNA (Fig 5C), we analyzed the impact of HAL1ORF1p overexpression on HCV infection.

Huh7.5 cells stably expressing HAL1ORF1p from a lentiviral vector were infected with a

Jc1NS5AB-EGFP reporter virus and analyzed for viral spreading by flow cytometry (Fig 8A).
HAL1ORF1p overexpression had no effect on HCV spreading (Fig 8B) despite strong overex-

pression of HAL1ORF1p (Fig 8C). Conversely, we infected transduced cells expressing an

shRNA targeting the L1 5’ UTR [94,95] or a non-targeting control with a Jc1p7-GLuc-2A-NS2

reporter virus [96] and determined GLuc activity as a measure for HCV infection kinetics (Fig

8D). Of note, the selected L1 shRNA (endo453) was described to perfectly match to the bidi-

rectional promoter region of the 5’ UTR of functional L1Hs elements [94]. Again, we did not

observe any changes in HCV infection rates (Fig 8E), regardless of the substantial downregula-

tion of endogenous L1ORF1p protein levels (Fig 8F). Taken together, our data indicate that

L1ORF1p does not function as host factor affecting HCV replication and its observed re-locali-

zation is rather a side effect than a requirement for a favorable HCV replication environment.

Discussion

HCV profoundly reshapes the cellular landscape of infected cells in order to create advanta-

geous conditions for viral RNA replication and virus production. In this context, we and oth-

ers have observed the re-localization of various host proteins to HCV assembly sites [53–57],

Fig 7. HCV RNA replication triggers the formation of stress granule which colocalize with L1ORF1p. (A–C) HCV RNA replication induces the formation of TIA1/

G3BP1 positive stress granules. Confocal microscopy analysis of stress granule formation in HCV-infected and HCV replicon cells. Huh7.5 cells were electroporated

with full-length HCV Jc1FLAG-E2 (A) or subgenomic JFH1-SGRtagBFP-NLS (B) RNA; mock-electroporated cells were transfected with the FLAGcore expression plasmid or

vector control (C). Cells were fixed at 3 days post electroporation and 2 days post transfection and stained with antibodies against TIA1, G3BP1, L1ORF1p, and FLAG as

indicated. HCV infection was confirmed by staining of FLAG-E2 (A). The nuclear BFP signal marks HCV replicon positive cells (B). FLAGcore expression was visualized

using a FLAG-specific antibody (C). Shown are representative images (scale bar 10 μm). (D) Quantification of stress granule (SGs) positive cells from (A–C). Fields were

randomly selected and cells showingTIA1/G3BP1 positive granules were counted as SG positive (# of cells from 2 independent experiments: (A) mock = 142, Jc1FLAG-E2

= 130; (B and C) mock/vector control = 250, JFH1-SGRtagBFP-NLS = 182, FLAGcore = 68)). (E–F) Immunoblot analysis of TIA1 and G3BP1 expression in HCV

Jc1NS5AB-EGFP-infected Huh7.5 cells (E) and stable Huh7.5 Con1-SGR cells (F). Note that the immunoblot analyses presented in (F) were performed with the same

samples as the immunoblots shown in Fig 2C. HCV core and NS3 served as markers for HCV infection and subgenomic replicons and tubulin was used as loading

control. Shown are representative immunoblot analyses. (G) Knockdown of G3BP1 partially restores L1 retrotransposition frequency in HCV SGR cells. Stable Huh7.5

JFH1-SGRBSD cells were transduced with lentiviral shRNAs targeting TIA1, G3BP1, or a non-targeting control (shNT). Knockdown efficiency was analyzed by

immunoblotting using G3BP1- and TIA1-specific antibodies. HCV NS3 expression served as control for HCV replication and tubulin served as loading control. Shown

is one representative immunoblot (n = 4). (H) shTIA1, shG3BP1, and shNT-transduced JFH1-SGRBSD cells were transfected with the L1RP-FLuc reporter plasmid and

luciferase assays were performed. Shown is the relative L1 retrotransposition frequency at 5 dpt of duplicate transfections from 4 independent experiments

(mean ± SEM, n = 8).

https://doi.org/10.1371/journal.ppat.1009496.g007
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which are in close proximity to cytoplasmic lipid droplets [48,49]. Here, we followed up on

previous results from a quantitative lipid droplet proteome analysis in which we identified

L1ORF1-encoded peptides exclusively in lipid droplet fractions of HCV-infected hepatoma

cells [53]. Based on our findings we suggest a model for the interaction between HCV and L1

explaining L1 retrotransposition inhibition in HCV-infected cells (Fig 9).

L1ORF1p is expressed from endogenous full-length L1 elements in uninfected Huh7.5 cells

that represent a well-differentiated hepatocyte-derived cellular carcinoma cell line. We found

Fig 8. L1ORF1p does not affect HCV replication. (A) Experimental setup to test for the effect of L1ORF1p

overexpression on HCV infectivity in Huh7.5 cells. HAL1ORF1p was overexpressed by lentiviral transduction followed

by infection with Jc1NS5AB-EGFP (MOI 0.04). (B) HCV spreading kinetics were analyzed by flow cytometry of the EGFP

reporter (mean ± SEM, n = 4). (C) Overexpression of HAL1ORF1p was confirmed by immunoblot analysis. (D)

Experimental setup to test for the effect of the downregulation of endogenous full-length L1 expression on HCV

infectivity. Huh7.5 cells were transduced with shRNAs targeting the L1 5’ UTR (shL1) or a non-targeting control

(shNT) for a minimum of 10 days prior to infection with the Gaussia luciferase (GLuc) reporter strain Jc1p7-GLuc-2A-NS2

(MOI 0.5). Luciferase reporter assays were performed to determine HCV infection kinetics. (E) Luciferase reporter

assays to determine the effect of the knockdown of endogenous L1 expression on HCV replication. Results are shown

as relative light units (RLU) per ml supernatant (mean ± SEM, n = 3). (F) Efficiency of L1 knockdown using shRNAs

shL1 or shNT was confirmed by immunoblot analysis of endogenous L1ORF1p expression in cell lysates isolated at 5

dpi. Shown is one representative experiment.

https://doi.org/10.1371/journal.ppat.1009496.g008
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that L1ORF1p accumulated in lipid droplet fractions isolated from HCV-infected Huh7.5 cells

and from Huh7.5 cells expressing only the HCV core protein. HCV RNA replication was

dispensable for L1ORF1p redistribution to lipid droplets but processing of HCV core, a pre-

requisite of core localization to lipid droplets [78], was required, indicating that L1ORF1p traf-

ficking to lipid droplets is directly mediated by HCV core. Accordingly, L1ORF1p re-localized

from cytoplasmic foci into half ring or ring-like structures at core-positive lipid droplets, often

resembling the subcellular distribution of HCV core. However, in contrast to other RNA-bind-

ing and stress granule-associated proteins implicated in HCV replication and found at HCV

assembly sites [53,55,57,82,91,97], L1ORF1p is not directly involved in HCV infection as dem-

onstrated by knockdown and overexpression experiments. In order to investigate the effect of

the overexpression of a full-length retrotransposition-competent L1 element on HCV infec-

tion, we transiently overexpressed the L1.3 retrotransposition reporter element from the

pDK101 plasmid [17] in Huh7.5 cells. Unfortunately, overexpression of this L1 reporter had

cytotoxic effects, and therefore, we were unable to assess HCV infection and replication in

these cells. Comparing our total lipid droplet proteome dataset [53] with data obtained from a

recent L1ORF1p interactome study [22], we identified 32 members of the lipid droplet prote-

ome that interact with L1ORF1p. Strikingly, most L1ORF1p-interacting proteins enriched at

lipid droplets during HCV infection are annotated RNA-binding proteins, suggesting a joint

re-localization of L1ORF1p-associated RNP proteins. Together with L1ORF1p, MOV10 and

PABPC1 were enriched in lipid droplet fractions from cells stably expressing HCV core but

not from HCV NS5A-expressing cells. All three host genome-encoded proteins displayed an

RNA-based interaction with HCV core, but no interaction with HCV NS5A, suggesting that

HCV core is associated with L1ORF1p-containing RNPs and changes their subcellular locali-

zation. Consistently, the L1ORF1p RNA-binding mutant RR261-262AA [8,9,16] that does not

Fig 9. Model of HCV-L1 interaction and HCV-induced restriction of L1 retrotransposition. HCV infection (A) triggers stress granule (SG)

formation, increases L1 expression and accumulation of L1ORF1p (B). In HCV-infected cells L1ORF1p is found in large cytoplasmic stress granules

and, together with L1ORF1p-interacting proteins, is re-localized from cytoplasmic foci to lipid droplets. This re-localization depends on both HCV

core trafficking to lipid droplets and the RNA-binding function of L1ORF1p. (C) Retrotransposition of engineered L1 elements is restricted in HCV-

infected cells and in cells harboring HCV subgenomic replicons (SGR), which also show an increased stress granule formation (D). In contrast,

ectopic expression of HCV core does not induce stress granules or impact L1 retrotransposition even though it redistributes L1ORF1p to lipid

droplets (E). Thus, stress granule formation inversely correlates (‘a) with L1 retrotransposition frequency, strongly suggesting that L1 RNPs are

trapped within HCV-induced stress granules and not able to complete retrotransposition (F). HCV RC, HCV replication complex.

https://doi.org/10.1371/journal.ppat.1009496.g009
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localize to L1 RNPs/L1ORF1p foci [17,18], was not enriched in lipid droplet fractions upon

HCV core expression. While we demonstrated an RNA-dependent HCV core-L1ORF1p inter-

action, there was no evidence for an association of L1ORF1p with NS5A although NS5A also

harbors an RNA-binding domain [98]. However, NS5A has only been reported to bind the

HCV genome, whereas HCV core was found to additionally associate with other RNAs in vitro
[79–81,98]. Since HCV core, L1ORF1p, MOV10, and PABPC1 interact with each other inde-

pendently of the presence of HCV RNA, we conclude that their interplay is not mediated by a

joint binding of the viral genome, but likely by binding to those cellular RNAs that NS5A fails

to bind.

Various host-defense mechanisms interfere with the amplification and overreaching activ-

ity of functional L1 elements in order to contain their mutagenic potential and maintain

genome stability [35,68,99]. While the activity of L1 elements in human cancers has been stud-

ied more thoroughly [100], little is known about L1 activity in the context of exogenous viral

infections. Using well-established engineered L1 retrotransposition reporter assays

[66,67,101], we observed a strong decrease in L1 retrotransposition activity in acute and

chronic HCV infection using cell-culture models. Our findings demonstrating that L1ORF1p

interacts with HCV core and HCV infection restricts L1 mobilization, are reminiscent of a

recent report showing that the HIV-1 Vpr protein interacts with L1ORF2p, thereby suppress-

ing L1ORF2p reverse transcriptase activity and, as a consequence, restricting L1 retrotranspo-

sition [102]. On the contrary, it was previously reported that HIV-1 infection increases L1

retrotransposition frequency in an HIV-1 Vif- and Vpr-dependent manner, but the exact

mechanism remains to be elucidated [103].

L1ORF1p is a nucleic acid chaperone that presumably facilitates the proposed nucleic acid

remodeling steps involved in retrotransposition. Mutations that prevent binding of L1ORF1p

to L1 mRNA and L1ORF1p localization to L1 RNPs abolish retrotransposition [9,16,17]. Ini-

tially, we hypothesized that the interaction of L1ORF1p with HCV core might alter L1 RNP

integrity, thereby causing the observed decrease in L1 retrotransposition. Surprisingly, stable

expression of HCV core alone had the opposite effect and slightly increased retrotransposition

frequency of transiently transfected L1 reporter elements, demonstrating that HCV core-medi-

ated L1ORF1p redistribution to lipid droplets does not cause the observed reduction of L1 ret-

rotransposition frequency in HCV-infected cells. In contrast, cells harboring subgenomic

HCV replicons (JFH1-SGRBSD and Con1-SGR) that lack the structural proteins including

core, as well as cells transfected with HCV 3’ UTR RNA, displayed reduced L1 retrotransposi-

tion frequencies similar to HCV-infected cells, indicating that presence of the HCV RNA

impairs L1 retrotransposition.

L1 RNPs are known to associate with stress granules [18,19] and the enhanced sequestra-

tion of L1 RNPs in stress granules has been described to efficiently block L1 retrotransposition

[20]. Further, artificial induction of stress granule formation increases L1ORF1p localization

to TIA1-positive structures [104]. In line with previous publications [57,91,92,97], we observed

a strong induction of the formation of G3BP1/TIA1-positive stress granules in HCV-infected

and HCV-SGR cells. Concordantly, G3BP1 expression increased in HCV-infected Huh7.5

cells over time and was elevated, albeit to a lower extent, in Huh7.5-Con1-SGR cells. We

detected L1ORF1p at lipid droplets as well as in large TIA1-positive granules in HCV-infected

cells. This is in line with a previous report showing different subpopulations of granular struc-

tures in HCV-infected cells with small and disperse granules at lipid droplets and larger gran-

ules throughout the cytoplasm [57]. Even though stress granules seem to be altered and

partially re-distributed as smaller granules to HCV replication sites at lipid droplets [54,57],

L1ORF1p might be sequestered in both structures. Although we detected stress granules in

only ~20% of HCV-positive cells, the oscillating nature of these dynamic structures [57,97] or
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predisposition of HCV-positive cells to form stress granules might explain the pronounced

effect in limiting retrotransposition of engineered L1 reporter elements.

Knockdown of G3BP1, but not TIA1, partially rescued L1 retrotransposition in

JFH1-SGRBSD Huh7.5 cells. We were not able to rescue L1 retrotransposition by downregula-

tion of G3BP1 or TIA1 in HCV-infected cells. However, HCV replication increased G3BP1

protein levels in TIA1-knockdown cells (both, infected and SGR cells) and induction of

G3BP1 expression in HCV-infected cells restored G3BP1 protein level in G3BP1-knockdown

cells, explaining the unsuccessful rescue of L1 retrotransposition under these conditions. In

accordance with previous results [91], ectopic expression of HCV core did not trigger stress

granule formation, although we sometimes observed a re-localization of TIA1 together with

L1ORF1p to HCV core-positive areas upon strong HCV core expression. Taken together, our

data indicate that HCV-induced stress granule formation leads to sequestration of L1ORF1p,

which could be the major reason for the observed reduction of the L1 retrotransposition fre-

quency in HCV-replicating cells.

In addition to the opposing effects of HCV core expression and HCV infection on engi-

neered L1 retrotransposition and stress granule formation, we observed a transient increase of

endogenous L1 mRNA levels and stably elevated L1ORF1p levels in HCV-infected cells,

whereas the stable (lentivirus-driven) ectopic expression of HCV core decreased the amount

of expressed L1ORF1p without affecting L1 mRNA expression levels. Recently, it was reported

that transient or stable expression of full-length or truncated human L1ORF1 proteins sup-

presses L1 retrotransposition of marked L1 reporter elements in human cells [90]. Accord-

ingly, the increased endogenous L1ORF1p level in HCV-infected cells might also contribute to

the observed inhibition of engineered L1 retrotransposition in these cells, whereas lowered

endogenous L1ORF1p levels in HCV core-expressing cells might account for increased L1

retrotransposition.

Despite its strong cis preference, the L1 protein machinery can occasionally mobilize Alu
and SVA RNAs as well as host gene–encoded RNA polymerase II–transcribed mRNAs in

trans [14,15,32,33,105–107]. There is evidence suggesting that both autonomous LTR retro-

transposons (such as IAP) and autonomous non-LTR retrotransposons (such as human L1)

can facilitate reverse transcription of non-retroviral RNA virus genomes into viral cDNAs as

well as their subsequent genomic insertion [108–110]. Intriguingly, HCV DNA sequences

were detected in genomic DNA isolated from mononuclear cells and liver biopsies of 4 out of

51 chronic HCV-infected patients [111] and the involvement of RT activity encoded by endog-

enous retroelements was considered. Our finding that HCV RNA was co-purified with
HAL1ORF1p suggests that the viral genome associates with an HCV core L1ORF1p RNP com-

plex. However, we were not able to demonstrate reverse transcription of HCV RNA utilizing

the L1 element amplification protocol (LEAP) [13]. Of note, the HCV genome lacks a 3’ poly

(A) tract that is thought to be required for efficient L1-mediated mobilization in trans [112]

and could explain why we were not able to identify rare events of L1ORF2p-mediated reverse

transcription of HCV RNA. However, in chronically infected HCV patients, these events

might still occur.

Hypomethylation of functional genomic L1 loci is often described as indicator for increased

L1 expression and retrotransposition activity, and the latter has been addressed in numerous

studies focusing on the role of L1 in cancer development [100]. Although HCV infection has

been reported to induce persistent epigenetic changes [64], DNA methylation analysis of

HCV-infected and mock-infected Huh7.5 cells did not reveal any differences in the methyla-

tion state of L1 5’ UTRs. However, our studies were limited to the hepatocellular carcinoma

cell line Huh7.5, that displayed only partial CpG methylation of the L1 5’ UTR. Increased L1

mRNA expression as well as L1ORF1p expression were detected in several cancerous tissues
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and cell lines, including liver cancer [113,114], and the activity of functional L1 elements has

been reported to be responsible for driving mutations in tumorigenesis and tumor progression

[100]. As discussed above, we observed a reduced L1 retrotransposition frequency of engi-

neered L1 reporter elements in HCV-replicating cells while endogenous L1ORF1p levels were

stably elevated, indicating the expression of genomic protein-coding L1 loci. Interestingly,

L1ORF1p expression alone was described to stimulate tumor cell proliferation [115,116].

Therefore, it is conceivable that the observed HCV-induced increase of endogenous L1ORF1p

levels in HCV-infected cells might contribute to HCC progression in chronic HCV patients.

Material and methods

Reagents

The following antibodies, beads, and dyes were obtained commercially: HCV core (clone

7–50, sc-57800), HA (clone Y-11, sc-805-G), PABPC1 (clone 10E10, sc-32318), MOV10 (clone

B-3, sc-515722), calnexin (c-20, sc-6465), TIA1 (c-20, sc-1751) (all Santa Cruz Biotechnology),

G3BP1 (Clone 23/G3BP, 611127, BD Biosciences), PLIN2 (GP40, Progen; ab52356, abcam),

HCV NS3 (ab65407, abcam), HCV NS5A (HCM-131-5, IBT), FLAG (F7425), FLAG (F1804),

HA (H6908), tubulin (clone B5-1-2, T6074), anti-FLAG M2 affinity gel (A2220), anti-HA

affinity gel (HA-7, A2095), recombinant protein A (15918–014) and protein G (15920–010)

agarose beads (all Sigma), L1ORF1p (clone 4H1, MABC1152, Merck), YB-1 (ab12148, abcam),

HRP-labelled secondary antibodies (Jackson ImmunoResearch), HRP-labelled TrueBlot sec-

ondary antibodies (Rockland Immunochemicals), Alexa488-, Alexa555-, and Alexa647-conju-

gated secondary antibodies (all donkey, IgG (H+L)), BODIPY493/503 (D-3922), BODIPY

655/676 (B-3932) (all Life Technologies), Hoechst33342 (Thermo Fisher). L1ORF1p antibody

#984 was described previously [33]. Oligonucleotides and PCR primer were purchased from

Sigma. Restriction enzymes for molecular cloning were obtained from NEB, other enzymes

from Thermo Fisher. Unless stated otherwise, chemicals were purchased from Sigma or Appli-

chem and cell culture reagents from Gibco/Thermo Fisher.

Cell lines

Huh7 cells were provided by Ralf Bartenschlager, Huh7.5 cells [117] and Huh7.5.1 [118] cells

were obtained from Apath, LLC, and HEK293T cells from the American Type Culture Collec-

tion. All cell lines were grown in DMEM supplemented with 10% FBS (Biochrom Superior or

Gibco) under standard cell culture conditions. All plasmid transfection experiments were per-

formed using FuGENE 6 (Promega). In vitro transcribed HCV JFH1 3’ UTR RNA was trans-

fected using the TransIT-mRNA Transfection Kit (Mirus Bio LLC). For transfection of HCV

replicon RNA (Con1-SGR, JFH1-SGRtagBFP-NLS, JFH1-SGRBSD, or Jc1ΔE1E2NS5AB-EGFP-BSD)

or full-length HCV RNA, cells were electroporated with in vitro-transcribed RNA as described

[53]. Huh7.5-Con1-SGR cells were established by selection of Con1-SGR RNA-electroporated

Huh7.5 cells with 1 mg/ml G418. Huh7.5 cells electroporated with the JFH1-SGRBSD subge-

nomic replicon RNA were cultured in medium containing 10 μg/ml blasticidin.

Plasmids

Schemes of plasmids and constructs are presented in S1 Fig. The following plasmids were

described previously: HCV JFH1 wild-type [53,62], Jc1 wild-type (J6/JFH1 chimera) [60],

Con1 subgenomic replicon [65], full length or envelope-deleted HCV Jc1 reporter strains

encoding fluorescent proteins and selection markers between a duplicated NS5A-NS5B cleav-

age site (Jc1NS5AB-EGFP, Jc1NS5ABmKO2, Jc1ΔE1E2NS5AB-EGFP-BSD) [58], HCV Jc1FLAG-E2 [59],
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HCV Jc1p7-GLuc-2A-NS2 [53], lentiviral LeGO-iCer2 vectors encoding FLAG-tagged HCV JFH1

core or NS5A [53], LeGOCer2 [119], lentiviral vectors and expression plasmids encoding

HCV coreWT and coreSPMT (genotype 1b), the lentiviral vector encoding a FLAG-tagged HCV

core (genotype 1b) and the FLAG-tagged HCV core (genotype 2a) expression plasmid

[51,120], lentiviral HCV RFP-NLS-IPS expression construct [121], the L1RP-FLuc dual-lucifer-

ase reporter plasmid pYX017 [66], and the EGFP-based L1 reporter (pLRE3-EF1-mEGFPI and

pLRE3-EF1-mEGFP(Δintron)) [67].

The HCV JFH1 subgenomic replicon SGRtagBFP-NLS (gt 2a) was constructed by replacing

core-NS2 from pBR322 JFH1 [53] with a tagBFP-NLS marker generated through overlap

extension PCR using MXS_TagBFP [122] as a template (primers: JFH1-5’NTR fw ACCTGCC

CCTAATAGGGGCGA, core-tagBFP rev CTCCTTAATCAGCTCGCTCATGGCGCGCCG

GTTGGTGTTTCT, core-tagBFP fw AGAAACACCAACCGGCGCGCCATGAGCGAGCT

GATTAAGGAG, BFPtag-NLS-P2A rev GAAGTTTGTGGCGCCGCTGCCGCCAACTTTT

CTTTTCTTTTTTGGCATGTATCTGGCCACTGCCACCTC, P2A-NS3 fw GGCAGCGG

CGCCACAAACTTC, NS3 rev CCCAACGACGTGGCCCCTAGGGCAGAGCAC) and Age I

and Avr II restriction sites. For JFH1-SGRBSD (gt 2a), core–NS2 was replaced with a blasticidin

resistance gene generated through overlap extension PCR using Jc1NS5AB-mKO2-BSD [58] as a

template (primers: JFH1-5’NTR fw ACCTGCCCCTAATAGGGGCGA, core-BSD rev TTGA

GACAAAGGCTTGGCCATGGCGCGCCGGTTGGTGTTTCT, core-BSD fw AGAAACAC

CAACCGGCGCGCCATGGCCAAGCCTTTGTCTCAA, BSD-P2A rev GAAGTTTGTGGC

GCCGCTGCCGCCCTCCCACACATAACCAGA, P2A-NS3 fw GGCAGCGGCGCCACAAA

CTTC, NS3 rev CCCAACGACGTGGCCCCTAGGGCAGAGCAC) and Age I and Avr II

restriction sites.

For ectopic expression of the HCV JFH1 NS3-NS5B polyprotein, the MXS chaining Kit

[122] was used to construct an MXS EF1α::MCS-bGHpA pGK::NeoR-bGHpA vector, using

MluI, SalI and XhoI restriction sites (oligonucleotides: MCS sense CGCGTAACTCGAGACG

TATGCGGCCGCGGCAGTACAGGATCCGGATACCCATACGACGTACCAGATTACGC

TTGAG; MCS as TCGACTCAAGCGTAATCTGGTACGTCGTATGGGTATCCGGATCCT

GTACTGCCGCGGCCGCATACGTCTCGAGTTA). JFH1 NS3-NS5B was amplified from

pBR322 JFH1 [53] (primers: LIC NotI HCV NS3 fw CGCTGTCGAGACGTATGCGGCCATG

GCTCCCATCACTGCTTATG, LIC BamHI HCV_NS5B rev ACGTCGTATGGGTATCCG

GATC CTACCGAGCGGGGAGTAGG) and cloned into the MXS EF1α::MCS-bGHpA pGK::

NeoR -bGHpA vector by ligation independent cloning using BamHI and NotI restriction sites.

Lentiviral shRNA constructs were cloned into pSicoR-MS1 as described [51,67] using the

following target sequences: shL1 CCAGGCTTGCTTAGGTAAACA (endo 453 described in

[94,95]), shTIA1 TCCTGGCTCATCTCTTTATTC, shG3BP1 TTAGTCTTTCACTTCCAA

TTT, shNT GCGCGATAGCGCTAATAATT. For the pEF1α-HAL1ORF1p expression vector

L1ORF1 was cloned into pEBB [123] using CMV L1-RP [32] as a template and the BamHI

restriction site (primers: pEBBHAL1ORF1 fw GATAGGATCCGCTAGCATGTACCCATAC

GATGTTCCAGATTACGCTCTCGAGATGGGGAAAAAACAGAAC, pEBBHAL1ORF1 rev

GATAGGATCCTTACATTTTGGCATGATTTTG (gift from S. Wissing)). For stable expres-

sion, HAL1ORF1pWT and HAL1ORF1pMut were cloned into the lentiviral pSicoR-MS1 lacking

the U6 promoter (pSicoR-MS1 ΔU6) by overlap extension PCR using pEF1α-HAL1ORF1p and

pSicoR-MS1 as template and NheI and EcoRI restriction sites (primers: HAL1ORF1p fw

TGGATCCGCTAGCATGTACCCATACGAT, L1ORF1p AAA rev CTCTGCTGCGGCTT

GTAGGGTTTCTGCCGAGAG, AAA fw CAAGCCGCAGCAGAGTGGGGGCCAATATTC,
HAL1ORF1p-2A-rev TCGACGTCTCCCGCAAGCTTAAGAAGGTCAAAATTCATTTTGG

CATGATT, 2A-mCherry fw TGCGGGAGACGTCGAGTCCAACCCTGGGCCAGTGAGCA

AGGGCGAG, EcoRI-mCherry rev CTCGACGAATTCTTACTTGTACAG).
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Immunofluorescence and confocal microscopy

For immunofluorescence analysis, cells seeded on coverslips were fixed in 4% PFA, permeabi-

lized 5 min in 0.1% Triton-X-100/PBS and incubated in blocking solution (5% BSA, 1% fish

skin gelatin, 50 mM Tris in PBS). Following overnight incubation with primary antibodies in

blocking solution, cells were incubated with Alexa Fluor-coupled secondary antibodies, lipid

droplets were stained with BODIPY493/503 or BODIPY655/676, and coverslips were embed-

ded in Mowiol mounting media. Confocal microscopy was performed on a Nikon C2+ or on a

Leica TCS SP5 II confocal laser scanning microscope. For colocalization analysis, individual

cells were analyzed using the Coloc2 function of Fiji [124] to calculate the Manders’ colocaliza-

tion coefficient (MCC) and the Pearson’s correlation coefficient (PCC).

Immunoblot and co-immunoprecipitation

Cells were lysed in NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet-P40)

supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1x protease inhibitor

cocktail (Sigma) for 30–60 min. Nuclei and cell debris were removed by centrifugation. Clari-

fied lysates were subjected to SDS-PAGE followed by blotting onto a nitrocellulose membrane

(GE Healthcare). In general, samples were run on the same gel, transferred to one membrane

and probed with the respective antibodies. Bands were detected by chemiluminescence using

Lumi-Light substrate (Roche), SuperSignal West Femto (Thermo Fisher), and ECL hyperfilm

(Amersham) or Image Lab (BioRad). Band signal intensities were quantified using the quanti-

fication function of Image Lab or the densitometric quantification function of Fiji [124].

For immunoprecipitation, cells were lysed in NP-40 lysis buffer as described above. For

analysis of RNA-based interactions, lysates were pre-incubated with 100 μg/ml RNAse A

(Thermo Fisher) or 100 U/ml RNaseOUT (Invitrogen) for 45 min at 4˚C, rotating. Prior to

immunoprecipitation, successful RNAse A treatment was confirmed on an agarose gel after

RNA isolation using Tri Reagent (Sigma). To capture HA-tagged or FLAG-tagged proteins,

lysates were incubated with anti-HA or anti-FLAG M2 affinity gel (Sigma) for 1 h at 4˚C, rotat-

ing. Subsequently, beads were washed four times in cold NP-40 lysis buffer. Precipitated pro-

teins were eluted in Laemmli buffer and analyzed by immunoblotting.

For immunoprecipitation of endogenous proteins, cells were lysed as described above.

Prior to clarification, lysates were passed 8 x through a 23 G needle. Clarified lysates were pre-

cleared for 30 minutes at 4˚C, rotating, using protein A or protein G agarose beads (Sigma).

Incubation with the respective antibodies was performed overnight at 4˚C, rotating. Equili-

brated protein A (for rabbit antibodies) or protein G (for mouse antibodies) agarose beads

were added and immunoprecipitation was performed for ~6 hours at 4˚C, rotating. Samples

were processed as described above and analyzed by immunoblotting. All immunoprecipitation

steps for endogenous proteins were performed using 0.5% NP 40 lysis buffer (50 mM Tris, pH

7.4, 150 mM NaCl, 0.5% Nonidet-P40) in presence of 100 U/ml RNAseOUT (Invitrogen).

To quantify HCV RNA copy numbers in cellular and L1ORF1p-associated RNPs, immuno-

precipitation was performed in presence of 100 U/ml RNAseOUT, followed by RNA isolation

and quantitative RT-PCR, and immunoblotting of aliquots.

Lipid droplet isolation and subcellular fractionation

Lipid droplets were isolated as previously described with minor modifications [125]. In brief,

cells were harvested in cold PBS, resuspended in hypotonic sucrose buffer (0.25 M sucrose, 1

mM EDTA supplemented with 1 mM DTT, 1x protease inhibitor cocktail and 1 mM PMSF)

and lysed mechanically in a Dounce homogenizer. Post-nuclear supernatants (PNS) were over-

laid with isotonic potassium phosphate buffer (0.1 M potassium phosphate pH 7.4, 100 mM
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KCl, 1 mM EDTA, supplemented with 1 mM PMSF) and centrifugation was performed for 2 h

at 100 000 x g, 4˚C in an SW60 rotor (Beckman Coulter). Floating lipid droplets were harvested

using a bent canula, and PNS and lipid droplet fractions were analyzed by immunoblotting.

For subcellular fractionation, lipid droplets were separated from the microsomal fraction by

differential centrifugation as previously described with minor modifications [126,127]. Briefly,

cells were resuspended in hypotonic sucrose buffer, lysed mechanically in a Dounce homogenizer,

and the resulting cell homogenate was centrifuged twice for 5 min at 600 x g, 4˚C to separate the

nuclei. To separate the mitochondria, the post-nuclear supernatant (PNS fraction) was centri-

fuged twice for 10 min at 10 000 x g, 4˚C. The supernatant was transferred to an ultracentrifuga-

tion tube and overlaid with isotonic potassium phosphate buffer. Ultracentrifugation was

performed in an SW60 rotor (Beckman Coulter) for 1 h at 100 000 x g, 4˚C. The floating lipid

droplet fraction was harvested as described above. The pelleted microsomal fraction was resus-

pended in RIPA lysis buffer (50 mM Tris, pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5%

sodium deoxycholate, 0.1% SDS) supplemented with 1x protease inhibitor cocktail, 100 mM

PMSF, and 2% Triton-X-100 to ensure complete solubilization of the ER-retained HCV coreSPMT

protein. For each fraction, equal amounts of total protein were subjected to immunoblot analysis.

L1 retrotransposition reporter assays

L1 retrotransposition was analyzed by transient transfection of target cells with a functional L1

reporter element containing a retrotransposition reporter gene that is interrupted by an

intron. The reporter gene is only functional after splicing of the intron and integration of a

cDNA copy of the reporter gene–harboring L1 element into the genome, thus indicating a full

cycle of L1 retrotransposition [16,66,101].

The luciferase-based L1 retrotransposition reporter assay was performed using the dual-

luciferase reporter plasmid pYX017 [66]. The encoded L1RP element under the control of a

CAG promoter/enhancer element includes a firefly luciferase reporter cassette to quantify

marked L1 retrotransposition events, and the plasmid backbone additionally encodes a Renilla
luciferase for normalization of transfection rates. Huh7.5 cells were transfected with pYX017

and lysed 5–6 days post transfection (dpt) using 1x passive lysis buffer (Promega). Transfected

cells were selected with puromycin, except for experiments with Jc1NS5AB-EGFP-infected

Huh7.5 cells shown in Fig 3B that were performed without selection. Luciferase activity was

determined with the Dual-Luciferase Reporter Assay System (Promega) using a Centro LB 960

luminometer (Berthold Technologies). Inactive L1 control reporter elements (pYX015) [66]

yielded firefly luciferase values below the limit of detection thus validating the assay.

For flow cytometry-based retrotransposition analysis, Huh7.5 cells were transfected with

the L1 reporter plasmid pLRE3-EF1-mEGFPI or pLRE3-EF1-mEGFP(Δintron), a transfection

control plasmid lacking the intron in the EGFP reporter cassette [67]. At 6 dpt, cells were fixed

in 2% PFA and analyzed for EGFP expression via flow cytometry on a BD LSR Fortessa (BD

Bioscience). A Jc1NS5AB-mKO2 reporter virus was used to discriminate HCV-infected cells from

mock-infected cells by mKO2 expression. To confirm EGFP expression as marker for retro-

transposition, cells transfected with L1LRE3-EGFP were treated with 10 μM reverse transcrip-

tase inhibitor abacavir that inhibits L1 retrotransposition [128] or DMSO as vehicle control 1

dpt. Treatment was renewed every other day. Cells were fixed in 2% PFA at 6 dpt and analyzed

by flow cytometry. Flowjo (Treestar) was used for flow cytometry data analysis.

HCV infection assays

For generation of HCV viral stocks, in vitro-transcribed HCV RNA was prepared and electro-

porated into Huh7.5 or Huh7.5.1 cells as described previously [51,53]. Viral titers (TCID50)
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were determined by serial dilution on Huh7.5 cells stably expressing the RFP-NLS-IPS HCV

reporter [53,121]. To measure HCV spreading in HAL1ORF1p-overexpressing Huh7.5 cells,

lentiviral transduced cells were infected with Jc1NS5AB-EGFP and analyzed at the indicated time

points by flow cytometry with a BD LSR Fortessa (BD Bioscience). Data were analyzed with

Flowjo (Treestar). To determine HCV infection rates in L1 knockdown cells, shRNA-trans-

duced Huh7.5 cells were infected with Jc1p7-GLuc-2A-NS2 as described [127] and Gaussia lucifer-

ase activity in the supernatant was measured using the Renilla Luciferase Assay System

(Promega) and a Centro LB 960 luminometer (Berthold Technologies).

Lentivirus production

Lentiviral particles were produced using HEK293T cells as described before [53,129]. Lenti-

viral stocks were titrated on Huh7.5 cells. All lentiviral transductions were performed in

medium containing 4 μg/ml polybrene.

RNA isolation and quantitative RT-PCR

Total cellular RNA was isolated from cells, clarified cell lysates, or immunoprecipitation sam-

ples using Tri Reagent (Sigma). Glycogen (RNA grade, Thermo Fisher) was added as carrier to

samples in which low RNA yield was expected. RNA isolated from cells and clarified lysates

was treated with rDNAseI (DNA-free Kit, Invitrogen). RNA was reversely transcribed using

Superscript III reverse transcriptase (Invitrogen), random hexamer primers (Qiagen), and

RNAseOut (Invitrogen). Maxima SYBR Green Mastermix (Thermo Fisher) or the Luna Uni-

versal qPCR Master Mix (NEB) were used for qRT-PCR analysis on a 7500HT Fast Real-time

PCR System or a StepOne Plus Real time PCR System (both Applied Biosystems). The follow-

ing qRT-PCR primers were used: L1ORF1p fw TCAAAGGAAAGCCCATCAGACTA;

L1ORF1p rev TTGGCCCCCACTCTCTTCT [130]; L1ORF2p fw GAGAGGATGCGGAG

AAATAGGA; L1ORF2p rev GGATGGCTGGGTCAAATGGT [131]; HCV fw CGGGAGAG

CCATAGTGG; HCV rev AGTACCACAAGGCCTTTCG [51]; 18s rRNA fw GTAACCCGTT

GAACCCCATT; 18s rRNA rev CCATCCAATCGGTAGTAGCG; ADAR1 fw ATCAGCGG

GCTGTTAGAATATG; ADAR1 rev AAACTCTCGGCCATTGATGAC; APOBEC3A fw

TGGCATTGGAAGGCATAAGAC; APOBEC3A rev TTAGCCTGGTTGTGTAGAAAGC;

APOBEC3B fw CGCCAGACCTACTTGTGCTAT; APOBEC3B rev CATTTGCAGCGCCT

CCTTAT; APOBEC3C fw CTTGGTTCTGCGACGACATAC; APOBEC3C rev TCCTGGT

AACATGGATACTGGAA; APOBEC3D fw CTTTCGAGGCCCGGTACTAC; APOBEC3D

rev GTGATCTGGAAGCGCCTGTTA; APOBEC3F fw GGCCCGCGTGAAGATTATG;

APOBEC3F rev GAGTGGTGCTTTACAACTTCCA; APOBEC3G fw GCATCGTGACCAG

GAGTATGA; APOBEC3G rev GTCAGGGTAACCTTCGGGT [132]; TRIM5α fw CTGGA

GATGCTGAGGCAGAAGC; TRIM5α rev GTCCAGGATGTCTCTCAGTTGC (Origene #

HP2162777); APOBEC3H fw CCCGCCTGTACTACCACTGG; APOBEC3H rev GGGTTGA

AGGAAAGCGGTTT [133].

In vitro transcription of HCV JFH1 3’ UTR RNA

For in vitro transcription of the HCV JFH1 3’ UTR, PCR was performed using pBR322 JFH1

[53] as template (primers: T7 JFH1 3 UTR fw TAATACGACTCACTATAG AGCGGCACA-

CACTAGGTAC, JFH1 3 UTR rev ACATGATCTGCAGAGAGACCA), adding a T7 promoter

to the 3’ UTR sequence. The resulting PCR product served as template for in vitro transcrip-

tion using the MEGAscript T7 Transcription Kit (Thermo Fisher).
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Extraction of DNA and quantitative real time PCR

To quantify L1-Fluc de novo insertions in cells that were subjected to the L1 dual-luciferase

reporter assay, DNA was isolated using the QuickExtract DNA Extraction kit (Lucigen via Bio-

search Technologies) according to the manufacturer’s instructions. Briefly, cells were har-

vested, counted, and equal cell numbers were used for DNA isolation. Samples were analyzed

for the presence of marked L1-FLuc de novo insertions by quantitative real-time PCR

(qRT-PCR) using the Luna Universal Probe qPCR Master Mix (NEB) and the following prim-

ers and probes [66]: FLuc exon-exon junction probe CTTCCCACCTGCCACC; FLuc fw

GCAAAAGAAGCTACCGATCATACA; FLuc rev GAAGCTCTCGGGCACGAA. To com-

pare plasmid transfection efficiencies, we performed conventional SYBR green qPCR using

the Luna Universal qPCR Master Mix (NEB) and the following primers binding to the puro-

mycin resistance gene (PuroR) or Renilla luciferase gene encoded by the L1 dual-luciferase

reporter plasmid pYX017: RLuc fw GGCAAGAGCGGGAATGGCT; RLuc rev CAGTCGT

GGCCCACAAAGAT; PuroR fw AGCAACAGATGGAAGGCCTC; PuroR rev GGCGCTG

CCCAGACCCTT. Of note, the assay was validated using an inactive L1-FLuc dual reporter

pYX015 [66] that cannot retrotranspose and consequently was undetectable using the spliced

FLuc probe and primers.

L1 promoter methylation analysis

To compare L1 promoter methylation, genomic DNA was isolated from HCV Jc1NS5AB-EGFP-

infected and uninfected Huh7.5 cells at different time points using the Quick DNA Miniprep

Kit (Zymo Research) according to the manufacturer’s instructions. DNA methylation was ana-

lyzed by methylation-sensitive restriction enzyme digestion and PCR with gene-specific primers

(MSRE-PCR) using the OneStep qMethyl-PCR Kit (Zymo Research) according to the manufac-

turer’s protocol. The following primers were designed to amplify a 363 bp fragment previously

used for bisulfite sequencing analysis of a constellation of L1 loci, which included both young

Ta-1 and older subfamilies of the L1Hs/L1PA1 family such as Ta-0 due to the high degree of L1

sequence conservation [134]: CpG analysis fw AAGGGGTCAGGGAGTTCCCTT; CpG analy-

sis rev TGTCTGTGCCCTGCCCCCA.

Statistical analysis

For statistical analysis, we used R and RStudio [135,136]. Statistical analysis was performed

using an unpaired two tailed t-test with unequal variance (Welch t-test), as indicated in the

Figure legends. qRT-PCR data of HCV RNA copies in immunoprecipitated samples were

tested for significance using the Mann-Whitney U test. Samples size (n) represents indepen-

dent experiments if not stated otherwise in the Figure legends.

Supporting information

S1 Fig. Plasmids and viral reporter constructs used in this study. To generate the pEF1α-HA-

L1ORF1p expression vector, L1ORF1 was cloned into pEBB [123] using CMV L1-RP [32] as a

template (gift from S. Wissing, Gladstone Institute of Virology and Immunology, University of

California, San Francisco, CA, USA). HAL1ORF1pWT and HAL1ORF1pMut were cloned into

the lentiviral pSicoR-MS1 [137] lacking the U6 promoter (pSicoR-MS1 ΔU6) by overlap exten-

sion PCR using pEF1α-HAL1ORF1p and pSicoR-MS1 as template (this study). The following

plasmids and reporter constructs have been described previously: L1RP-FLuc dual-luciferase

reporter plasmid pYX017 [66], EGFP-based L1 reporter constructs (pLRE3-EF1-mEGFPI and

pLRE3-EF1-mEGFP(Δintron)) [67], full-length or envelope-deleted HCV Jc1 reporter strains
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encoding fluorescent proteins and selection markers between a duplicated NS5A-NS5B cleav-

age site (Jc1NS5AB-EGFP, Jc1NS5ABmKO2, Jc1ΔE1E2NS5AB-EGFP-BSD) [58], Jc1FLAG-E2 [59],

Jc1p7-GLuc-2A-NS2 [53], and the Con1 subgenomic replicon [65]. The JFH1 subgenomic replicon

SGRtagBFP-NLS (gt 2a) and the JFH1 subgenomic replicon SGRBSD were constructed by replac-

ing core-NS2 from pBR322 JFH1 (Rosch et al., 2016) with the tagBFP marker or a blasticidin

resistance gene (this study). Lentiviral vectors and expression plasmids encoding HCV coreWT

and coreSPMT (genotype 1b) [51], lentiviral LeGO-iCer2 vectors encoding FLAG-tagged HCV

JFH1 core or NS5A [53], LeGOCer2 [119], and the FLAG-tagged HCV core (genotype 1b and

2a) expression plasmids [51,120] have been described before. BSD, blasticidin-S deaminase;

CAG, CAG promoter; Cer, cerulean; CMV, cytomegalovirus promoter; EF1α, elongation fac-

tor 1-alpha promoter; EGFP, enhanced green fluorescent protein; FLuc, firefly luciferase;

GLuc, Gaussia luciferase; gt, genotype; IRES, internal ribosomal entry site; LTR, long terminal

repeat; NLS, nuclear localization sequence; NeoR, neomycin resistance; NS, non-structural;

ORF, open reading frame; PuroR, puromycin resistance; RLuc, Renilla luciferase; SA, splice

acceptor; SD, splice donor; SFFV, spleen focus-forming virus promoter; tagBFP, blue fluores-

cent protein; Ub, ubiquitin promoter; UTR, untranslated region; XFP, fluorescent protein.

(TIF)

S2 Fig. Colocalization analysis of L1ORF1p, lipid droplets and HCV core using Manders’

colocalization coefficients. (A) Colocalization analysis of endogenous L1ORF1p and lipid

droplets from Fig 1E using Manders’ colocalization coefficients (MCC) M1 and M2. (# of cells

from 2 independent experiments: mock = 119, Jc1FLAG-E2 = 109; mean ± SEM, ���p< 0.001,

Welch’s t-test). (B) Colocalization analysis of overexpressed HAL1ORF1p and lipid droplets

(upper panel) or HAL1ORF1p and HCV core (lower panel) from Fig 1F using Manders’ coloca-

lization coefficients (MCC) M1 and M2. (# of cells 2 independent experiments: mock = 42,

Jc1 = 26, JFH1 = 52; mean ± SEM, �p< 0.05, ��p< 0.01, ���p< 0.001, Welch’s t-test).

(TIF)

S3 Fig. HCV infection of hepatoma cells does not affect L1 promoter methylation. Time

course analysis of the methylation status of CpG islands in the 5’ UTR of intact members of

the L1 subfamily Ta-1 and of older subfamilies of the L1Hs/L1PA1 family in mock and

Jc1NS5AB-EGFP-infected Huh7.5 cells (MOI = 0.2). Genomic DNA was isolated at 3, 6, 9 and

more than 21 dpi. 5’ UTR CpG methylation levels were determined by real time PCR using

MSRE-PCR. Human methylated and non-methylated standards served as control. Shown is

the % of L1 5’ UTR CpG methylation (mean ± SEM, n 3–9 dpi = 3; n> 21 dpi = duplicate of one

single experiment).

(TIF)

S4 Fig. HCV infection suppresses L1 de novo integration. (A) Scheme of the experimental

setup. Mock or Jc1FLAG-E2-infected Huh7.5 cells were transfected with the dual-luciferase

L1RP reporter plasmid at 4 dpi. The following day, transfected cells were split equally and re-

seeded to perform genomic DNA extraction and luciferase assay analysis from the same trans-

fection. Cells were harvested at 6 days post transfection (10 dpi). (B) Genomic L1-FLuc de
novo insertions were quantified by qRT-PCR using an exon-exon junction-specific TaqMan

fluorogenic probe with flanking primers FLuc fw and FLuc rev. To compare plasmid transfec-

tion levels, conventional qRT-PCR using SYBR green was performed, using primers targeting

the puromycin resistance cassette (PuroR) or the Renilla luciferase gene (RLuc) encoded on

the plasmid backbone. (C) Relative L1 retrotransposition frequencies at 6 dpt of duplicate

transfections from 3 independent experiments (mean ± SEM, n = 6, ���p< 0.001, Welch’s t-
test). (D) Relative L1 integration frequency was calculated using the 2^-ΔΔCT method and
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normalization to RLuc (left panel) or PuroR (right panel) at 6 dpt of duplicate transfections

from 3 independent experiments (mean ± SEM, n = 6, ���p< 0.001, Welch’s t-test).

(TIF)

S5 Fig. HCV infection suppresses L1 retrotransposition of an engineered L1-EGFP

reporter element. (A) Scheme of the EGFP-based L1 retrotransposition reporter assay. In the

pLRE3-EF1-mEGFPI retrotransposition reporter, the EGFP gene is in antisense orientation

and interrupted by an intron in sense orientation flanked by splice donor (SD) and acceptor

(SA) sites ensuring that EGFP is expressed only after splicing, reverse transcription, and inte-

gration. Therefore, the percentage of EGFP-positive cells is proportional to the number of

L1-EGFP de novo retrotransposition events. As transfection control, the plasmid pLRE3-EF1--

mEGFP(Δintron) was used that lacks the EGFP-interrupting intron. (B) Scheme of the experi-

mental setup to investigate the effect of HCV infection on L1 retrotransposition. Following

infection with Jc1NS5AB-mKO2 (MOI 0.005), Huh 7.5 cells were transfected with the

pLRE3-EF1-mEGFPI reporter plasmid or pLRE3-EF1-mEGFP(Δintron) at 2 or 7 dpi. Cells

were fixed 6 days post transfection and analyzed for EGFP expression by flow cytometry. The

lower panel shows one representative flow cytometry plot for active retrotransposition at 8

dpi. (C) Quantification of (B). Shown are infected EGFP-positive cells as percent of mock-

infected control (mean ± SEM, n = 3, � p< 0.05, �� p< 0.01, Welch’s t-test). (D) In order to val-

idate EGFP expression as a measure for L1 retrotransposition, Huh7.5 cells transfected with

pLRE3-EF1-mEGFPI were treated with the reverse transcriptase inhibitor Abacavir, that has

been shown to inhibit L1 retrotransposition [128], and analyzed by flow cytometry at 6 days

post transfection (dpt). Depicted is one representative flow cytometry plot that indicates that

Abacavir reduces the percentage of EGFP-positive cells. (E) Quantification of flow cytometry

data presented in (D). Number of EGFP-positive cells is presented in percent relative to

DMSO control (mean ± SEM, n = 4, ��p< 0.01, Welch’s t-test).

(TIF)

S6 Fig. HCV replication does not induce L1-restricting ISGs such as APOBEC3 genes,

ADAR1, TRIM5α, and MOV10. mRNA expression levels of genes coding for APOBEC3 pro-

tein family members, ADAR1, TRIM5α, and MOV10 were determined by qRT-PCR using

specific primers in mock or Jc1 NS5AB-EGFP-infected cells (11 dpi, MOI 0.05; mean ± SEM,

n = 2) or Huh7.5-Con1-SGR cells (mean ± SEM, n = 2–3). Shown are mRNA expression levels

relative to 18S rRNA levels.

(TIF)

S7 Fig. L1ORF1p redistribution and interaction with HCV core is genotype-independent.

(A) Scheme of the experimental setup. Huh7.5 cells were either electroporated with Con1 sub-

genomic replicon (Con1-SGR, gt 1b) RNA encoding NS3–NS5B (see B), or transduced with a

lentiviral expression construct for HCV core (gt 1b, see C), and lipid droplets were isolated by

sucrose density centrifugation. (B–C) Immunoblot analysis of lipid droplet fractions isolated

from Huh7.5 cells electroporated with Con1-SGR (n = 3) (B), or transduced with lentiviral

expression constructs for core or the respective empty vector control (n = 3) (C). Shown are

representative experiments. Tubulin and PLIN2 served as loading controls for post-nuclear

supernatants (PNS) and lipid droplets (LDs), respectively. (D) Association of HCV core with

endogenous L1ORF1p is genotype-independent. Lysates of cells transduced with lentiviral
FLAGcore were incubated either with RNaseOUT or RNase A followed by FLAG-specific

immunoprecipitation and immunoblotting. Shown is one representative experiment (n = 2).

(TIF)
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S8 Fig. L1ORF1p localization to lipid droplets is coupled to HCV core trafficking. (A)

Scheme of core wild-type (coreWT) trafficking to lipid droplets (top panel) versus stalled traf-

ficking of the core signal peptide mutant (coreSPMT) (bottom panel). Trafficking to lipid drop-

lets requires cleavage of the core signal peptide by the cellular signal peptide peptidase.

Mutations in the cleavage site prevent processing and consequently coreSPMT is retained at the

ER. (B–D) L1ORF1p does not traffic to lipid droplets in absence of core trafficking. Subcellular

fractionation assay of coreWT and coreSPMT-expressing cells. Huh7 cells were transduced with

lentiviral expression constructs for HCV coreWT or coreSPMT. Two days post transduction,

cells were harvested and subcellular fractionation was performed. Fractions were analyzed for

the presence of endogenous L1ORF1p, coreWT, and coreSPMT by immunoblotting. Calnexin

(CANX) and PLIN2 served as marker proteins and loading controls for MMs and LDs. Shown

is one representative experiment (n = 3). PNS, post-nuclear supernatants; MMs, microsomal

membranes; LDs, lipid droplets (B). Confocal microscopy of Huh7 cells that were co-trans-

fected with plasmids expressing HAL1ORF1p and coreWT or coreSPMT, fixed 1 dpt, and stained

using core and HA antibodies and BODIPY655/676 to visualize lipid droplets (scale bar

10 μm) (C). Colocalization analysis of (C). Shown are Manders’ colocalization coefficients

(MCC) M1 and M2 and Pearson’s correlation coefficients (PCC) (# of cells from 2 indepen-

dent experiments: WT = 67, SPMT = 59; mean ± SEM, ��p< 0.01, ���p< 0.001, Welch’s t-test)

(D).

(TIF)

S9 Fig. Comparison of the lipid droplet proteome of HCV-infected cells with the L1ORF1p

interactome. (A) Euler diagram of the overlap between the lipid droplet proteome dataset of

HCV-infected cells from Rösch et al. [53] and the L1ORF1p interactome from Goodier et al.
[22]. Of note, the lipid droplet-proteome dataset was re-analyzed to include all proteins that

were identified via unique peptides in HCV-infected and uninfected cells in 3 out of 4 inde-

pendent experiments. (B) Heatmap depicting all proteins in the overlap ordered according to

enrichment in the lipid droplet fraction of HCV-infected vs. uninfected cells. Red indicates

enrichment, blue indicates depletion, gray indicates NA.

(TIF)

S10 Fig. HCV core redistributes L1ORF1p-associated RNPs to lipid droplets. (A) The

L1ORF1p-interacting proteins MOV10 and PABPC1 are enriched in lipid droplets fractions of

HCV core-expressing Huh7.5 cells. Lipid droplet fractions isolated from transduced Huh7.5

cells expressing FLAGcore or NS5AFLAG were subjected to immunoblot analysis for the pres-

ence of L1ORF1p-interacting proteins PABPC1 and MOV10 (n = 3 for FLAGcore, n = 2 for

NS5AFLAG). (B) Redistribution of L1ORF1p to lipid droplets requires an intact RNA-binding

function. Huh7.5 cells were first transduced with lentiviral constructs for HAL1ORF1pWT or its

RR261-262AA RNA-binding mutant (HAL1ORF1pMut) and subsequently transduced with a len-

tiviral construct expressing HCV core (gt 1b). Lipid droplets were isolated and analyzed for

the presence of HAL1ORF1p and HCV core by immunoblotting. PNS, post-nuclear superna-

tants; LDs, lipid droplets. Shown is one representative experiment (n = 3).

(TIF)

S11 Fig. L1ORF1p protein levels inversely correlate with the mobilization of L1 reporter

elements. (A) HCV core expression decreases endogenous L1ORFp levels. FLAGcore, NS5A-
FLAG, or control lentivirus-transduced Huh7.5 cells were lysed at 5 and 10 dpt and endogenous

L1ORF1p levels were analyzed by immunoblotting. Tubulin served as loading control. (B)

Quantification of protein bands detected in (A) depicts the relative L1ORF1p levels normal-

ized to tubulin (mean ± SEM, n = 4). (C) L1 mRNA levels were determined by qRT-PCR of
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FLAGcore, NS5AFLAG, or control lentivirus-transduced cells (mean ± SEM, nFLAGcore5 dpt = 4,

nFLAGcore10 dpt = 3, nNS5AFLAG
5 dpt = 3, nNS5AFLAG

10 dpt = 2, �p< 0.05, Welch’s t-test). (D)

Immunoblot analysis of Huh7.5 cells transduced with lentiviral constructs for the expression

of HAL1ORF1p and FLAGcore. Tubulin served as loading control. Shown is one representative

experiment (n = 3).

(TIF)

S12 Fig. Comparison of the lipid droplet proteome of HCV-infected cells with annotated

stress granule and P-body proteins. (A) Euler diagram of the overlap between the lipid drop-

let proteome dataset of HCV-infected cells from Rösch et al. [53] and annotated stress granule

and P-body proteins (Downloaded from g:Profiler) [93]. (B) Heatmap depicting all proteins in

the overlap with the lipid droplet proteome ordered according to enrichment in the lipid drop-

let fraction of HCV-infected vs. uninfected cells. Red, blue and gray coloring indicates enrich-

ment, depletion, and ‘not applicable’, respectively. Right panel denotes if proteins are classified

as P-body or stress granule protein. PB, P-body; SG, stress granule.

(TIF)

S13 Fig. HCV infection increases G3BP1 expression. (A) Time course of TIA1 and G3BP1

protein levels during HCV infection. Huh7.5 cells were infected with Jc1NS5AB-EGFP

(MOI = 0.2) or mock-infected, cells were lysed at the indicated time points and analyzed by

immunoblotting using TIA1- and G3BP1-specific antibodies. HCV core expression was ana-

lyzed to confirm successful infection and tubulin served as loading control, respectively. For

TIA1, the prominent upper band was quantified. Bar graph shows protein levels normalized to

tubulin as fold over mock (mean ± SEM, n = 3–6). (B) Expression of HCV core and NS5A

does not increase stress granule marker levels. Huh7.5 cells were transduced with lentiviral

expression constructs for FLAGcore or NS5AFLAG and stress granule protein levels were ana-

lyzed by immunoblotting using TIA1- and G3BP1-specific antibodies. Tubulin served as load-

ing control. Shown is one representative experiment (n = 5). (C) HCV infection counteracts

shRNA-mediated TIA1 and G3BP1 knockdowns. Huh7.5 cells were transduced with lentiviral

shRNA constructs targeting TIA1, G3BP1, or a non-targeting control (shNT). Cells were

infected with Jc1NS5AB-EGFP or mock-infected and analyzed by immunoblot 13 dpi using

TIA1- and G3BP1-specific antibodies. HCV core expression was analyzed to confirm success-

ful infection and tubulin served as loading control (n = 3). (D) HCV 3‘ UTR RNA triggers

stress granule formation. Huh7.5 cells were transfected with in vitro transcribed HCV JFH1

3‘ UTR RNA or mock-transfected and stained with G3BP1- and TIA1-specific antibodies and

Hoechst. Shown are representative images (scale bar 10 μm). For quantification, fields were

randomly selected and cells with TIA1/G3BP1-positive granules were counted as SG positive

(# of cells from 2 independent experiments: n3’ UTR = 96; nMock = 103).

(TIF)
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Writing – review & editing: Anja Schöbel, Van Nguyen-Dinh, Gerald G. Schumann, Eva

Herker.

References
1. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing and analy-

sis of the human genome. Nature. 2001; 409(6822):860–921. https://doi.org/10.1038/35057062

PMID: 11237011.

2. Sassaman DM, Dombroski BA, Moran JV, Kimberland ML, Naas TP, DeBerardinis RJ, et al. Many

human L1 elements are capable of retrotransposition. Nat Genet. 1997; 16(1):37–43. https://doi.org/

10.1038/ng0597-37 PMID: 9140393.

3. Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran JV, et al. Hot L1s account for the

bulk of retrotransposition in the human population. Proc Natl Acad Sci U S A. 2003; 100(9):5280–5.

https://doi.org/10.1073/pnas.0831042100 PMID: 12682288; PubMed Central PMCID: PMC154336.

4. Beck CR, Collier P, Macfarlane C, Malig M, Kidd JM, Eichler EE, et al. LINE-1 retrotransposition activ-

ity in human genomes. Cell. 2010; 141(7):1159–70. https://doi.org/10.1016/j.cell.2010.05.021 PMID:

20602998; PubMed Central PMCID: PMC3013285.

5. Beck CR, Garcia-Perez JL, Badge RM, Moran JV. LINE-1 elements in structural variation and disease.

Annu Rev Genomics Hum Genet. 2011; 12:187–215. https://doi.org/10.1146/annurev-genom-

082509-141802 PMID: 21801021; PubMed Central PMCID: PMC4124830.

6. Denli AM, Narvaiza I, Kerman BE, Pena M, Benner C, Marchetto MC, et al. Primate-specific ORF0

contributes to retrotransposon-mediated diversity. Cell. 2015; 163(3):583–93. https://doi.org/10.1016/

j.cell.2015.09.025 PMID: 26496605.

7. Hohjoh H, Singer MF. Cytoplasmic ribonucleoprotein complexes containing human LINE-1 protein

and RNA. EMBO J. 1996; 15(3):630–9. PMID: 8599946; PubMed Central PMCID: PMC449981.

8. Khazina E, Weichenrieder O. Non-LTR retrotransposons encode noncanonical RRM domains in their

first open reading frame. Proc Natl Acad Sci U S A. 2009; 106(3):731–6. https://doi.org/10.1073/pnas.

0809964106 PMID: 19139409; PubMed Central PMCID: PMC2630067.

9. Khazina E, Truffault V, Buttner R, Schmidt S, Coles M, Weichenrieder O. Trimeric structure and flexi-

bility of the L1ORF1 protein in human L1 retrotransposition. Nat Struct Mol Biol. 2011; 18(9):1006–14.

https://doi.org/10.1038/nsmb.2097 PMID: 21822284.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 31 / 38

https://doi.org/10.1038/35057062
http://www.ncbi.nlm.nih.gov/pubmed/11237011
https://doi.org/10.1038/ng0597-37
https://doi.org/10.1038/ng0597-37
http://www.ncbi.nlm.nih.gov/pubmed/9140393
https://doi.org/10.1073/pnas.0831042100
http://www.ncbi.nlm.nih.gov/pubmed/12682288
https://doi.org/10.1016/j.cell.2010.05.021
http://www.ncbi.nlm.nih.gov/pubmed/20602998
https://doi.org/10.1146/annurev-genom-082509-141802
https://doi.org/10.1146/annurev-genom-082509-141802
http://www.ncbi.nlm.nih.gov/pubmed/21801021
https://doi.org/10.1016/j.cell.2015.09.025
https://doi.org/10.1016/j.cell.2015.09.025
http://www.ncbi.nlm.nih.gov/pubmed/26496605
http://www.ncbi.nlm.nih.gov/pubmed/8599946
https://doi.org/10.1073/pnas.0809964106
https://doi.org/10.1073/pnas.0809964106
http://www.ncbi.nlm.nih.gov/pubmed/19139409
https://doi.org/10.1038/nsmb.2097
http://www.ncbi.nlm.nih.gov/pubmed/21822284
https://doi.org/10.1371/journal.ppat.1009496


10. Dombroski BA, Feng Q, Mathias SL, Sassaman DM, Scott AF, Kazazian HH Jr., et al. An in vivo assay

for the reverse transcriptase of human retrotransposon L1 in Saccharomyces cerevisiae. Mol Cell Biol.

1994; 14(7):4485–92. https://doi.org/10.1128/mcb.14.7.4485 PMID: 7516468; PubMed Central

PMCID: PMC358820.

11. Feng Q, Moran JV, Kazazian HH Jr., Boeke JD. Human L1 retrotransposon encodes a conserved

endonuclease required for retrotransposition. Cell. 1996; 87(5):905–16. https://doi.org/10.1016/

s0092-8674(00)81997-2 PMID: 8945517.

12. Mathias SL, Scott AF, Kazazian HH Jr., Boeke JD, Gabriel A. Reverse transcriptase encoded by a

human transposable element. Science. 1991; 254(5039):1808–10. https://doi.org/10.1126/science.

1722352 PMID: 1722352.

13. Kulpa DA, Moran JV. Cis-preferential LINE-1 reverse transcriptase activity in ribonucleoprotein parti-

cles. Nat Struct Mol Biol. 2006; 13(7):655–60. https://doi.org/10.1038/nsmb1107 PMID: 16783376.

14. Esnault C, Maestre J, Heidmann T. Human LINE retrotransposons generate processed pseudogenes.

Nat Genet. 2000; 24(4):363–7. https://doi.org/10.1038/74184 PMID: 10742098.

15. Wei W, Gilbert N, Ooi SL, Lawler JF, Ostertag EM, Kazazian HH, et al. Human L1 retrotransposition:

cis preference versus trans complementation. Mol Cell Biol. 2001; 21(4):1429–39. https://doi.org/10.

1128/MCB.21.4.1429-1439.2001 PMID: 11158327; PubMed Central PMCID: PMC99594.

16. Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD, Kazazian HH Jr. High frequency retro-

transposition in cultured mammalian cells. Cell. 1996; 87(5):917–27. https://doi.org/10.1016/s0092-

8674(00)81998-4 PMID: 8945518.

17. Kulpa DA, Moran JV. Ribonucleoprotein particle formation is necessary but not sufficient for LINE-1

retrotransposition. Hum Mol Genet. 2005; 14(21):3237–48. https://doi.org/10.1093/hmg/ddi354 PMID:

16183655.

18. Doucet AJ, Hulme AE, Sahinovic E, Kulpa DA, Moldovan JB, Kopera HC, et al. Characterization of

LINE-1 ribonucleoprotein particles. PLoS Genet. 2010; 6(10). https://doi.org/10.1371/journal.pgen.

1001150 PMID: 20949108; PubMed Central PMCID: PMC2951350 methods of use of human retro-

transposons: Application No. 60/006,831, Issued November, 2000." Moran has received no money

from the patent and the patent does not influence any of the results/interpretations in the paper. This

should not represent a conflict of interest, but is being voluntarily disclosed.

19. Goodier JL, Zhang L, Vetter MR, Kazazian HH Jr. LINE-1 ORF1 protein localizes in stress granules

with other RNA-binding proteins, including components of RNA interference RNA-induced silencing

complex. Mol Cell Biol. 2007; 27(18):6469–83. https://doi.org/10.1128/MCB.00332-07 PMID:

17562864; PubMed Central PMCID: PMC2099616.

20. Hu S, Li J, Xu F, Mei S, Le Duff Y, Yin L, et al. SAMHD1 Inhibits LINE-1 Retrotransposition by Promot-

ing Stress Granule Formation. PLoS Genet. 2015; 11(7):e1005367. https://doi.org/10.1371/journal.

pgen.1005367 PMID: 26134849; PubMed Central PMCID: PMC4489885.

21. Briggs EM, McKerrow W, Mita P, Boeke JD, Logan SK, Fenyo D. RIP-seq reveals LINE-1 ORF1p

association with p-body enriched mRNAs. Mob DNA. 2021; 12(1):5. https://doi.org/10.1186/s13100-

021-00233-3 PMID: 33563338; PubMed Central PMCID: PMC7874467.

22. Goodier JL, Cheung LE, Kazazian HH Jr. Mapping the LINE1 ORF1 protein interactome reveals asso-

ciated inhibitors of human retrotransposition. Nucleic Acids Res. 2013; 41(15):7401–19. https://doi.

org/10.1093/nar/gkt512 PMID: 23749060; PubMed Central PMCID: PMC3753637.

23. Moldovan JB, Moran JV. The Zinc-Finger Antiviral Protein ZAP Inhibits LINE and Alu Retrotransposi-

tion. PLoS Genet. 2015; 11(5):e1005121. https://doi.org/10.1371/journal.pgen.1005121 PMID:

25951186; PubMed Central PMCID: PMC4423928.

24. Goodier JL, Pereira GC, Cheung LE, Rose RJ, Kazazian HH Jr. The Broad-Spectrum Antiviral Protein

ZAP Restricts Human Retrotransposition. PLoS Genet. 2015; 11(5):e1005252. https://doi.org/10.

1371/journal.pgen.1005252 PMID: 26001115; PubMed Central PMCID: PMC4441479.

25. Goodier JL, Mandal PK, Zhang L, Kazazian HH Jr. Discrete subcellular partitioning of human retrotran-

sposon RNAs despite a common mechanism of genome insertion. Hum Mol Genet. 2010; 19

(9):1712–25. https://doi.org/10.1093/hmg/ddq048 PMID: 20147320; PubMed Central PMCID:

PMC2850619.

26. Horn AV, Klawitter S, Held U, Berger A, Vasudevan AA, Bock A, et al. Human LINE-1 restriction by

APOBEC3C is deaminase independent and mediated by an ORF1p interaction that affects LINE

reverse transcriptase activity. Nucleic Acids Res. 2014; 42(1):396–416. https://doi.org/10.1093/nar/

gkt898 PMID: 24101588; PubMed Central PMCID: PMC3874205.

27. Horn AV, Celic I, Dong C, Martirosyan I, Han JS. A conserved role for the ESCRT membrane budding

complex in LINE retrotransposition. PLoS Genet. 2017; 13(6):e1006837. https://doi.org/10.1371/

journal.pgen.1006837 PMID: 28586350; PubMed Central PMCID: PMC5478143.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 32 / 38

https://doi.org/10.1128/mcb.14.7.4485
http://www.ncbi.nlm.nih.gov/pubmed/7516468
https://doi.org/10.1016/s0092-8674%2800%2981997-2
https://doi.org/10.1016/s0092-8674%2800%2981997-2
http://www.ncbi.nlm.nih.gov/pubmed/8945517
https://doi.org/10.1126/science.1722352
https://doi.org/10.1126/science.1722352
http://www.ncbi.nlm.nih.gov/pubmed/1722352
https://doi.org/10.1038/nsmb1107
http://www.ncbi.nlm.nih.gov/pubmed/16783376
https://doi.org/10.1038/74184
http://www.ncbi.nlm.nih.gov/pubmed/10742098
https://doi.org/10.1128/MCB.21.4.1429-1439.2001
https://doi.org/10.1128/MCB.21.4.1429-1439.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158327
https://doi.org/10.1016/s0092-8674%2800%2981998-4
https://doi.org/10.1016/s0092-8674%2800%2981998-4
http://www.ncbi.nlm.nih.gov/pubmed/8945518
https://doi.org/10.1093/hmg/ddi354
http://www.ncbi.nlm.nih.gov/pubmed/16183655
https://doi.org/10.1371/journal.pgen.1001150
https://doi.org/10.1371/journal.pgen.1001150
http://www.ncbi.nlm.nih.gov/pubmed/20949108
https://doi.org/10.1128/MCB.00332-07
http://www.ncbi.nlm.nih.gov/pubmed/17562864
https://doi.org/10.1371/journal.pgen.1005367
https://doi.org/10.1371/journal.pgen.1005367
http://www.ncbi.nlm.nih.gov/pubmed/26134849
https://doi.org/10.1186/s13100-021-00233-3
https://doi.org/10.1186/s13100-021-00233-3
http://www.ncbi.nlm.nih.gov/pubmed/33563338
https://doi.org/10.1093/nar/gkt512
https://doi.org/10.1093/nar/gkt512
http://www.ncbi.nlm.nih.gov/pubmed/23749060
https://doi.org/10.1371/journal.pgen.1005121
http://www.ncbi.nlm.nih.gov/pubmed/25951186
https://doi.org/10.1371/journal.pgen.1005252
https://doi.org/10.1371/journal.pgen.1005252
http://www.ncbi.nlm.nih.gov/pubmed/26001115
https://doi.org/10.1093/hmg/ddq048
http://www.ncbi.nlm.nih.gov/pubmed/20147320
https://doi.org/10.1093/nar/gkt898
https://doi.org/10.1093/nar/gkt898
http://www.ncbi.nlm.nih.gov/pubmed/24101588
https://doi.org/10.1371/journal.pgen.1006837
https://doi.org/10.1371/journal.pgen.1006837
http://www.ncbi.nlm.nih.gov/pubmed/28586350
https://doi.org/10.1371/journal.ppat.1009496


28. Gilbert N, Lutz-Prigge S, Moran JV. Genomic deletions created upon LINE-1 retrotransposition. Cell.

2002; 110(3):315–25. https://doi.org/10.1016/s0092-8674(02)00828-0 PMID: 12176319.

29. Symer DE, Connelly C, Szak ST, Caputo EM, Cost GJ, Parmigiani G, et al. Human l1 retrotransposi-

tion is associated with genetic instability in vivo. Cell. 2002; 110(3):327–38. https://doi.org/10.1016/

s0092-8674(02)00839-5 PMID: 12176320.

30. Luan DD, Korman MH, Jakubczak JL, Eickbush TH. Reverse transcription of R2Bm RNA is primed by

a nick at the chromosomal target site: a mechanism for non-LTR retrotransposition. Cell. 1993; 72

(4):595–605. https://doi.org/10.1016/0092-8674(93)90078-5 PMID: 7679954.

31. Cost GJ, Feng Q, Jacquier A, Boeke JD. Human L1 element target-primed reverse transcription in

vitro. EMBO J. 2002; 21(21):5899–910. https://doi.org/10.1093/emboj/cdf592 PMID: 12411507;

PubMed Central PMCID: PMC131089.

32. Dewannieux M, Esnault C, Heidmann T. LINE-mediated retrotransposition of marked Alu sequences.

Nat Genet. 2003; 35(1):41–8. https://doi.org/10.1038/ng1223 PMID: 12897783.

33. Raiz J, Damert A, Chira S, Held U, Klawitter S, Hamdorf M, et al. The non-autonomous retrotranspo-

son SVA is trans-mobilized by the human LINE-1 protein machinery. Nucleic Acids Res. 2012; 40

(4):1666–83. https://doi.org/10.1093/nar/gkr863 PMID: 22053090; PubMed Central PMCID:

PMC3287187.

34. Hancks DC, Kazazian HH Jr. Roles for retrotransposon insertions in human disease. Mob DNA. 2016;

7:9. https://doi.org/10.1186/s13100-016-0065-9 PMID: 27158268; PubMed Central PMCID:

PMC4859970.

35. Ariumi Y. Guardian of the Human Genome: Host Defense Mechanisms against LINE-1 Retrotranspo-

sition. Front Chem. 2016; 4:28. https://doi.org/10.3389/fchem.2016.00028 PMID: 27446907; PubMed

Central PMCID: PMC4924340.

36. Bourc’his D, Bestor TH. Meiotic catastrophe and retrotransposon reactivation in male germ cells lack-

ing Dnmt3L. Nature. 2004; 431(7004):96–9. https://doi.org/10.1038/nature02886 PMID: 15318244.

37. Bestor TH, Bourc’his D. Transposon silencing and imprint establishment in mammalian germ cells.

Cold Spring Harb Symp Quant Biol. 2004; 69:381–7. https://doi.org/10.1101/sqb.2004.69.381 PMID:

16117671.

38. Yu F, Zingler N, Schumann G, Stratling WH. Methyl-CpG-binding protein 2 represses LINE-1 expres-

sion and retrotransposition but not Alu transcription. Nucleic Acids Res. 2001; 29(21):4493–501.

https://doi.org/10.1093/nar/29.21.4493 PMID: 11691937; PubMed Central PMCID: PMC60185.

39. Thayer RE, Singer MF, Fanning TG. Undermethylation of specific LINE-1 sequences in human cells

producing a LINE-1-encoded protein. Gene. 1993; 133(2):273–7. https://doi.org/10.1016/0378-1119

(93)90651-i PMID: 7693554.

40. Shukla R, Upton KR, Munoz-Lopez M, Gerhardt DJ, Fisher ME, Nguyen T, et al. Endogenous retro-

transposition activates oncogenic pathways in hepatocellular carcinoma. Cell. 2013; 153(1):101–11.

https://doi.org/10.1016/j.cell.2013.02.032 PMID: 23540693; PubMed Central PMCID: PMC3898742.

41. Iskow RC, McCabe MT, Mills RE, Torene S, Pittard WS, Neuwald AF, et al. Natural mutagenesis of

human genomes by endogenous retrotransposons. Cell. 2010; 141(7):1253–61. https://doi.org/10.

1016/j.cell.2010.05.020 PMID: 20603005; PubMed Central PMCID: PMC2943760.

42. Gao XD, Qu JH, Chang XJ, Lu YY, Bai WL, Wang H, et al. Hypomethylation of long interspersed

nuclear element-1 promoter is associated with poor outcomes for curative resected hepatocellular car-

cinoma. Liver Int. 2014; 34(1):136–46. https://doi.org/10.1111/liv.12264 PMID: 23875825; PubMed

Central PMCID: PMC4238827.

43. Miyata T, Yamashita YI, Baba Y, Harada K, Yamao T, Umezaki N, et al. Prognostic value of LINE-1

methylation level in 321 patients with primary liver cancer including hepatocellular carcinoma and intra-

hepatic cholangiocarcinoma. Oncotarget. 2018; 9(29):20795–806. https://doi.org/10.18632/

oncotarget.25124 PMID: 29755690; PubMed Central PMCID: PMC5945516.

44. Zheng Y, Hlady RA, Joyce BT, Robertson KD, He C, Nannini DR, et al. DNA methylation of individual

repetitive elements in hepatitis C virus infection-induced hepatocellular carcinoma. Clin Epigenetics.

2019; 11(1):145. https://doi.org/10.1186/s13148-019-0733-y PMID: 31639042; PubMed Central

PMCID: PMC6802191.

45. de Martel C, Maucort-Boulch D, Plummer M, Franceschi S. World-wide relative contribution of hepati-

tis B and C viruses in hepatocellular carcinoma. Hepatology. 2015; 62(4):1190–200. https://doi.org/10.

1002/hep.27969 PMID: 26146815; PubMed Central PMCID: PMC5019261.

46. Romero-Brey I, Merz A, Chiramel A, Lee JY, Chlanda P, Haselman U, et al. Three-dimensional archi-

tecture and biogenesis of membrane structures associated with hepatitis C virus replication. PLoS

Pathog. 2012; 8(12):e1003056. https://doi.org/10.1371/journal.ppat.1003056 PMID: 23236278;

PubMed Central PMCID: PMC3516559.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 33 / 38

https://doi.org/10.1016/s0092-8674%2802%2900828-0
http://www.ncbi.nlm.nih.gov/pubmed/12176319
https://doi.org/10.1016/s0092-8674%2802%2900839-5
https://doi.org/10.1016/s0092-8674%2802%2900839-5
http://www.ncbi.nlm.nih.gov/pubmed/12176320
https://doi.org/10.1016/0092-8674%2893%2990078-5
http://www.ncbi.nlm.nih.gov/pubmed/7679954
https://doi.org/10.1093/emboj/cdf592
http://www.ncbi.nlm.nih.gov/pubmed/12411507
https://doi.org/10.1038/ng1223
http://www.ncbi.nlm.nih.gov/pubmed/12897783
https://doi.org/10.1093/nar/gkr863
http://www.ncbi.nlm.nih.gov/pubmed/22053090
https://doi.org/10.1186/s13100-016-0065-9
http://www.ncbi.nlm.nih.gov/pubmed/27158268
https://doi.org/10.3389/fchem.2016.00028
http://www.ncbi.nlm.nih.gov/pubmed/27446907
https://doi.org/10.1038/nature02886
http://www.ncbi.nlm.nih.gov/pubmed/15318244
https://doi.org/10.1101/sqb.2004.69.381
http://www.ncbi.nlm.nih.gov/pubmed/16117671
https://doi.org/10.1093/nar/29.21.4493
http://www.ncbi.nlm.nih.gov/pubmed/11691937
https://doi.org/10.1016/0378-1119%2893%2990651-i
https://doi.org/10.1016/0378-1119%2893%2990651-i
http://www.ncbi.nlm.nih.gov/pubmed/7693554
https://doi.org/10.1016/j.cell.2013.02.032
http://www.ncbi.nlm.nih.gov/pubmed/23540693
https://doi.org/10.1016/j.cell.2010.05.020
https://doi.org/10.1016/j.cell.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20603005
https://doi.org/10.1111/liv.12264
http://www.ncbi.nlm.nih.gov/pubmed/23875825
https://doi.org/10.18632/oncotarget.25124
https://doi.org/10.18632/oncotarget.25124
http://www.ncbi.nlm.nih.gov/pubmed/29755690
https://doi.org/10.1186/s13148-019-0733-y
http://www.ncbi.nlm.nih.gov/pubmed/31639042
https://doi.org/10.1002/hep.27969
https://doi.org/10.1002/hep.27969
http://www.ncbi.nlm.nih.gov/pubmed/26146815
https://doi.org/10.1371/journal.ppat.1003056
http://www.ncbi.nlm.nih.gov/pubmed/23236278
https://doi.org/10.1371/journal.ppat.1009496


47. Paul D, Hoppe S, Saher G, Krijnse-Locker J, Bartenschlager R. Morphological and biochemical char-

acterization of the membranous hepatitis C virus replication compartment. J Virol. 2013; 87

(19):10612–27. https://doi.org/10.1128/JVI.01370-13 PMID: 23885072; PubMed Central PMCID:

PMC3807400.

48. Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M, et al. The lipid droplet is an impor-

tant organelle for hepatitis C virus production. Nat Cell Biol. 2007; 9(9):1089–97. https://doi.org/10.

1038/ncb1631 PMID: 17721513.

49. Lee JY, Cortese M, Haselmann U, Tabata K, Romero-Brey I, Funaya C, et al. Spatiotemporal Coupling

of the Hepatitis C Virus Replication Cycle by Creating a Lipid Droplet- Proximal Membranous Replica-

tion Compartment. Cell Rep. 2019; 27(12):3602–17 e5. https://doi.org/10.1016/j.celrep.2019.05.063

PMID: 31216478.

50. Boulant S, Targett-Adams P, McLauchlan J. Disrupting the association of hepatitis C virus core protein

with lipid droplets correlates with a loss in production of infectious virus. J Gen Virol. 2007; 88(Pt

8):2204–13. https://doi.org/10.1099/vir.0.82898-0 PMID: 17622624.

51. Herker E, Harris C, Hernandez C, Carpentier A, Kaehlcke K, Rosenberg AR, et al. Efficient hepatitis C

virus particle formation requires diacylglycerol acyltransferase-1. Nat Med. 2010; 16(11):1295–8.

Epub 2010/10/12. https://doi.org/10.1038/nm.2238 PMID: 20935628; PubMed Central PMCID:

PMC3431199.

52. Camus G, Herker E, Modi AA, Haas JT, Ramage HR, Farese RV Jr, et al. Diacylglycerol acyltransfer-

ase-1 localizes hepatitis C virus NS5A protein to lipid droplets and enhances NS5A interaction with the

viral capsid core. J Biol Chem. 2013; 288(14):9915–23. Epub 2013/02/20. https://doi.org/10.1074/jbc.

M112.434910 PMID: 23420847; PubMed Central PMCID: PMC3617291.

53. Rosch K, Kwiatkowski M, Hofmann S, Schobel A, Gruttner C, Wurlitzer M, et al. Quantitative Lipid

Droplet Proteome Analysis Identifies Annexin A3 as a Cofactor for HCV Particle Production. Cell Rep.

2016; 16(12):3219–31. https://doi.org/10.1016/j.celrep.2016.08.052 PMID: 27653686.

54. 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. https://doi.org/

10.1128/JVI.02418-10 PMID: 21543503; PubMed Central PMCID: PMC3126564.

55. Chatel-Chaix L, Germain MA, Motorina A, Bonneil E, Thibault P, Baril M, et al. A host YB-1 ribonucleo-

protein complex is hijacked by hepatitis C virus for the control of NS3-dependent particle production. J

Virol. 2013; 87(21):11704–20. https://doi.org/10.1128/JVI.01474-13 PMID: 23986595; PubMed Cen-

tral PMCID: PMC3807372.

56. Chatel-Chaix L, Melancon P, Racine ME, Baril M, Lamarre D. Y-box-binding protein 1 interacts with

hepatitis C virus NS3/4A and influences the equilibrium between viral RNA replication and infectious

particle production. J Virol. 2011; 85(21):11022–37. https://doi.org/10.1128/JVI.00719-11 PMID:

21849455; PubMed Central PMCID: PMC3194978.

57. Pene V, Li Q, Sodroski C, Hsu CS, Liang TJ. Dynamic Interaction of Stress Granules, DDX3X, and

IKK-alpha Mediates Multiple Functions in Hepatitis C Virus Infection. J Virol. 2015; 89(10):5462–77.

https://doi.org/10.1128/JVI.03197-14 PMID: 25740981; PubMed Central PMCID: PMC4442532.

58. Webster B, Wissing S, Herker E, Ott M, Greene WC. Rapid intracellular competition between hepatitis

C viral genomes as a result of mitosis. J Virol. 2013; 87(1):581–96. Epub 2012/10/26. https://doi.org/

10.1128/JVI.01047-12 PMID: 23097449; PubMed Central PMCID: PMC3536371.

59. Eggert D, Rosch K, Reimer R, Herker E. Visualization and analysis of hepatitis C virus structural pro-

teins at lipid droplets by super-resolution microscopy. PLoS One. 2014; 9(7):e102511. Epub 2014/07/

16. https://doi.org/10.1371/journal.pone.0102511 PMID: 25019511; PubMed Central PMCID:

PMC4094509.

60. 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. https://doi.org/10.1073/pnas.0504877103 PMID:

16651538; PubMed Central PMCID: PMC1455439.

61. Kato T, Furusaka A, Miyamoto M, Date T, Yasui K, Hiramoto J, et al. Sequence analysis of hepatitis C

virus isolated from a fulminant hepatitis patient. J Med Virol. 2001; 64(3):334–9. https://doi.org/10.

1002/jmv.1055 PMID: 11424123.

62. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et al. Production of infectious hepatitis

C virus in tissue culture from a cloned viral genome. Nat Med. 2005; 11(7):791–6. https://doi.org/10.

1038/nm1268 PMID: 15951748; PubMed Central PMCID: PMC2918402.

63. Shavinskaya A, Boulant S, Penin F, McLauchlan J, Bartenschlager R. The lipid droplet binding domain

of hepatitis C virus core protein is a major determinant for efficient virus assembly. J Biol Chem. 2007;

282(51):37158–69. https://doi.org/10.1074/jbc.M707329200 PMID: 17942391.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 34 / 38

https://doi.org/10.1128/JVI.01370-13
http://www.ncbi.nlm.nih.gov/pubmed/23885072
https://doi.org/10.1038/ncb1631
https://doi.org/10.1038/ncb1631
http://www.ncbi.nlm.nih.gov/pubmed/17721513
https://doi.org/10.1016/j.celrep.2019.05.063
http://www.ncbi.nlm.nih.gov/pubmed/31216478
https://doi.org/10.1099/vir.0.82898-0
http://www.ncbi.nlm.nih.gov/pubmed/17622624
https://doi.org/10.1038/nm.2238
http://www.ncbi.nlm.nih.gov/pubmed/20935628
https://doi.org/10.1074/jbc.M112.434910
https://doi.org/10.1074/jbc.M112.434910
http://www.ncbi.nlm.nih.gov/pubmed/23420847
https://doi.org/10.1016/j.celrep.2016.08.052
http://www.ncbi.nlm.nih.gov/pubmed/27653686
https://doi.org/10.1128/JVI.02418-10
https://doi.org/10.1128/JVI.02418-10
http://www.ncbi.nlm.nih.gov/pubmed/21543503
https://doi.org/10.1128/JVI.01474-13
http://www.ncbi.nlm.nih.gov/pubmed/23986595
https://doi.org/10.1128/JVI.00719-11
http://www.ncbi.nlm.nih.gov/pubmed/21849455
https://doi.org/10.1128/JVI.03197-14
http://www.ncbi.nlm.nih.gov/pubmed/25740981
https://doi.org/10.1128/JVI.01047-12
https://doi.org/10.1128/JVI.01047-12
http://www.ncbi.nlm.nih.gov/pubmed/23097449
https://doi.org/10.1371/journal.pone.0102511
http://www.ncbi.nlm.nih.gov/pubmed/25019511
https://doi.org/10.1073/pnas.0504877103
http://www.ncbi.nlm.nih.gov/pubmed/16651538
https://doi.org/10.1002/jmv.1055
https://doi.org/10.1002/jmv.1055
http://www.ncbi.nlm.nih.gov/pubmed/11424123
https://doi.org/10.1038/nm1268
https://doi.org/10.1038/nm1268
http://www.ncbi.nlm.nih.gov/pubmed/15951748
https://doi.org/10.1074/jbc.M707329200
http://www.ncbi.nlm.nih.gov/pubmed/17942391
https://doi.org/10.1371/journal.ppat.1009496


64. Hamdane N, Juhling F, Crouchet E, El Saghire H, Thumann C, Oudot MA, et al. HCV-Induced Epige-

netic Changes Associated With Liver Cancer Risk Persist After Sustained Virologic Response. Gastro-

enterology. 2019; 156(8):2313–29 e7. https://doi.org/10.1053/j.gastro.2019.02.038 PMID: 30836093.

65. Choi J, Lee KJ, Zheng Y, Yamaga AK, Lai MM, Ou JH. Reactive oxygen species suppress hepatitis C

virus RNA replication in human hepatoma cells. Hepatology. 2004; 39(1):81–9. https://doi.org/10.

1002/hep.20001 PMID: 14752826.

66. Xie Y, Rosser JM, Thompson TL, Boeke JD, An W. Characterization of L1 retrotransposition with high-

throughput dual-luciferase assays. Nucleic Acids Res. 2011; 39(3):e16. https://doi.org/10.1093/nar/

gkq1076 PMID: 21071410; PubMed Central PMCID: PMC3035435.

67. Wissing S, Montano M, Garcia-Perez JL, Moran JV, Greene WC. Endogenous APOBEC3B restricts

LINE-1 retrotransposition in transformed cells and human embryonic stem cells. J Biol Chem. 2011;

286(42):36427–37. Epub 2011/09/01. https://doi.org/10.1074/jbc.M111.251058 PMID: 21878639;

PubMed Central PMCID: PMC3196128.

68. Goodier JL. Restricting retrotransposons: a review. Mob DNA. 2016; 7:16. https://doi.org/10.1186/

s13100-016-0070-z PMID: 27525044; PubMed Central PMCID: PMC4982230.

69. Goodier JL, Cheung LE, Kazazian HH Jr. MOV10 RNA helicase is a potent inhibitor of retrotransposi-

tion in cells. PLoS Genet. 2012; 8(10):e1002941. https://doi.org/10.1371/journal.pgen.1002941 PMID:

23093941; PubMed Central PMCID: PMC3475670.

70. Esnault C, Heidmann O, Delebecque F, Dewannieux M, Ribet D, Hance AJ, et al. APOBEC3G cytidine

deaminase inhibits retrotransposition of endogenous retroviruses. Nature. 2005; 433(7024):430–3.

https://doi.org/10.1038/nature03238 PMID: 15674295.

71. Schumann GG. APOBEC3 proteins: major players in intracellular defence against LINE-1-mediated

retrotransposition. Biochem Soc Trans. 2007; 35(Pt 3):637–42. https://doi.org/10.1042/BST0350637

PMID: 17511669.

72. Schobel A, Rosch K, Herker E. Functional innate immunity restricts Hepatitis C Virus infection in

induced pluripotent stem cell-derived hepatocytes. Sci Rep. 2018; 8(1):3893. https://doi.org/10.1038/

s41598-018-22243-7 PMID: 29497123; PubMed Central PMCID: PMC5832748.

73. Thomas E, Gonzalez VD, Li Q, Modi AA, Chen W, Noureddin M, et al. HCV infection induces a unique

hepatic innate immune response associated with robust production of type III interferons. Gastroenter-

ology. 2012; 142(4):978–88. Epub 2012/01/18. https://doi.org/10.1053/j.gastro.2011.12.055 PMID:

22248663; PubMed Central PMCID: PMC3435150.

74. Orecchini E, Doria M, Antonioni A, Galardi S, Ciafre SA, Frassinelli L, et al. ADAR1 restricts LINE-1

retrotransposition. Nucleic Acids Res. 2017; 45(1):155–68. https://doi.org/10.1093/nar/gkw834 PMID:

27658966; PubMed Central PMCID: PMC5224506.

75. Warkocki Z, Krawczyk PS, Adamska D, Bijata K, Garcia-Perez JL, Dziembowski A. Uridylation by

TUT4/7 Restricts Retrotransposition of Human LINE-1s. Cell. 2018; 174(6):1537–48 e29. https://doi.

org/10.1016/j.cell.2018.07.022 PMID: 30122351; PubMed Central PMCID: PMC6191937.

76. Li X, Zhang J, Jia R, Cheng V, Xu X, Qiao W, et al. The MOV10 helicase inhibits LINE-1 mobility. J Biol

Chem. 2013; 288(29):21148–60. https://doi.org/10.1074/jbc.M113.465856 PMID: 23754279; PubMed

Central PMCID: PMC3774381.

77. Volkmann B, Wittmann S, Lagisquet J, Deutschmann J, Eissmann K, Ross JJ, et al. Human TRIM5al-

pha senses and restricts LINE-1 elements. Proc Natl Acad Sci U S A. 2020; 117(30):17965–76.

https://doi.org/10.1073/pnas.1922366117 PMID: 32651277; PubMed Central PMCID: PMC7395565.

78. McLauchlan J, Lemberg MK, Hope G, Martoglio B. Intramembrane proteolysis promotes trafficking of

hepatitis C virus core protein to lipid droplets. EMBO J. 2002; 21(15):3980–8. https://doi.org/10.1093/

emboj/cdf414 PMID: 12145199; PubMed Central PMCID: PMC126158.

79. Shimoike T, Mimori S, Tani H, Matsuura Y, Miyamura T. Interaction of hepatitis C virus core protein

with viral sense RNA and suppression of its translation. J Virol. 1999; 73(12):9718–25. https://doi.org/

10.1128/JVI.73.12.9718-9725.1999 PMID: 10559281; PubMed Central PMCID: PMC113018.

80. Fan Z, Yang QR, Twu JS, Sherker AH. Specific in vitro association between the hepatitis C viral

genome and core protein. J Med Virol. 1999; 59(2):131–4. PMID: 10459145.

81. Santolini E, Migliaccio G, La Monica N. Biosynthesis and biochemical properties of the hepatitis C

virus core protein. J Virol. 1994; 68(6):3631–41. https://doi.org/10.1128/JVI.68.6.3631-3641.1994

PMID: 8189501; PubMed Central PMCID: PMC236867.

82. Ariumi Y, Kuroki M, Maki M, Ikeda M, Dansako H, Wakita T, et al. The ESCRT system is required for

hepatitis C virus production. PLoS One. 2011; 6(1):e14517. https://doi.org/10.1371/journal.pone.

0014517 PMID: 21264300; PubMed Central PMCID: PMC3019154.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 35 / 38

https://doi.org/10.1053/j.gastro.2019.02.038
http://www.ncbi.nlm.nih.gov/pubmed/30836093
https://doi.org/10.1002/hep.20001
https://doi.org/10.1002/hep.20001
http://www.ncbi.nlm.nih.gov/pubmed/14752826
https://doi.org/10.1093/nar/gkq1076
https://doi.org/10.1093/nar/gkq1076
http://www.ncbi.nlm.nih.gov/pubmed/21071410
https://doi.org/10.1074/jbc.M111.251058
http://www.ncbi.nlm.nih.gov/pubmed/21878639
https://doi.org/10.1186/s13100-016-0070-z
https://doi.org/10.1186/s13100-016-0070-z
http://www.ncbi.nlm.nih.gov/pubmed/27525044
https://doi.org/10.1371/journal.pgen.1002941
http://www.ncbi.nlm.nih.gov/pubmed/23093941
https://doi.org/10.1038/nature03238
http://www.ncbi.nlm.nih.gov/pubmed/15674295
https://doi.org/10.1042/BST0350637
http://www.ncbi.nlm.nih.gov/pubmed/17511669
https://doi.org/10.1038/s41598-018-22243-7
https://doi.org/10.1038/s41598-018-22243-7
http://www.ncbi.nlm.nih.gov/pubmed/29497123
https://doi.org/10.1053/j.gastro.2011.12.055
http://www.ncbi.nlm.nih.gov/pubmed/22248663
https://doi.org/10.1093/nar/gkw834
http://www.ncbi.nlm.nih.gov/pubmed/27658966
https://doi.org/10.1016/j.cell.2018.07.022
https://doi.org/10.1016/j.cell.2018.07.022
http://www.ncbi.nlm.nih.gov/pubmed/30122351
https://doi.org/10.1074/jbc.M113.465856
http://www.ncbi.nlm.nih.gov/pubmed/23754279
https://doi.org/10.1073/pnas.1922366117
http://www.ncbi.nlm.nih.gov/pubmed/32651277
https://doi.org/10.1093/emboj/cdf414
https://doi.org/10.1093/emboj/cdf414
http://www.ncbi.nlm.nih.gov/pubmed/12145199
https://doi.org/10.1128/JVI.73.12.9718-9725.1999
https://doi.org/10.1128/JVI.73.12.9718-9725.1999
http://www.ncbi.nlm.nih.gov/pubmed/10559281
http://www.ncbi.nlm.nih.gov/pubmed/10459145
https://doi.org/10.1128/JVI.68.6.3631-3641.1994
http://www.ncbi.nlm.nih.gov/pubmed/8189501
https://doi.org/10.1371/journal.pone.0014517
https://doi.org/10.1371/journal.pone.0014517
http://www.ncbi.nlm.nih.gov/pubmed/21264300
https://doi.org/10.1371/journal.ppat.1009496


83. Ergun S, Buschmann C, Heukeshoven J, Dammann K, Schnieders F, Lauke H, et al. Cell type-specific

expression of LINE-1 open reading frames 1 and 2 in fetal and adult human tissues. J Biol Chem.

2004; 279(26):27753–63. https://doi.org/10.1074/jbc.M312985200 PMID: 15056671.

84. Taylor MS, LaCava J, Mita P, Molloy KR, Huang CR, Li D, et al. Affinity proteomics reveals human

host factors implicated in discrete stages of LINE-1 retrotransposition. Cell. 2013; 155(5):1034–48.

https://doi.org/10.1016/j.cell.2013.10.021 PMID: 24267889; PubMed Central PMCID: PMC3904357.

85. Taylor MS, Altukhov I, Molloy KR, Mita P, Jiang H, Adney EM, et al. Dissection of affinity captured

LINE-1 macromolecular complexes. Elife. 2018; 7. https://doi.org/10.7554/eLife.30094 PMID:

29309035; PubMed Central PMCID: PMC5821459.

86. Mita P, Wudzinska A, Sun X, Andrade J, Nayak S, Kahler DJ, et al. LINE-1 protein localization and

functional dynamics during the cell cycle. Elife. 2018; 7. https://doi.org/10.7554/eLife.30058 PMID:

29309036; PubMed Central PMCID: PMC5821460.

87. Harris D, Zhang Z, Chaubey B, Pandey VN. Identification of cellular factors associated with the 3’-non-

translated region of the hepatitis C virus genome. Mol Cell Proteomics. 2006; 5(6):1006–18. https://

doi.org/10.1074/mcp.M500429-MCP200 PMID: 16500930.

88. Li Q, Pene V, Krishnamurthy S, Cha H, Liang TJ. Hepatitis C virus infection activates an innate path-

way involving IKK-alpha in lipogenesis and viral assembly. Nat Med. 2013; 19(6):722–9. Epub 2013/

05/28. https://doi.org/10.1038/nm.3190 PMID: 23708292; PubMed Central PMCID: PMC3676727.

89. Saito T, Owen DM, Jiang F, Marcotrigiano J, Gale M Jr, Innate immunity induced by composition-

dependent RIG-I recognition of hepatitis C virus RNA. Nature. 2008; 454(7203):523–7. https://doi.org/

10.1038/nature07106 PMID: 18548002; PubMed Central PMCID: PMC2856441.

90. Sokolowski M, Chynces M, deHaro D, Christian CM, Belancio VP. Truncated ORF1 proteins can sup-

press LINE-1 retrotransposition in trans. Nucleic Acids Res. 2017; 45(9):5294–308. https://doi.org/10.

1093/nar/gkx211 PMID: 28431148; PubMed Central PMCID: PMC5605252.

91. 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. https://doi.org/10.1016/j.virol.2012.10.027 PMID: 23141719; PubMed Central

PMCID: PMC3534916.

92. 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. https://doi.org/10.1128/JVI.07101-11 PMID: 22855484; PubMed Central

PMCID: PMC3457181.

93. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al. g:Profiler: a web server for func-

tional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019; 47

(W1):W191–W8. https://doi.org/10.1093/nar/gkz369 PMID: 31066453; PubMed Central PMCID:

PMC6602461.

94. Chen L, Dahlstrom JE, Lee SH, Rangasamy D. Naturally occurring endo-siRNA silences LINE-1 retro-

transposons in human cells through DNA methylation. Epigenetics. 2012; 7(7):758–71. https://doi.org/

10.4161/epi.20706 PMID: 22647391.

95. Ohms S, Rangasamy D. Silencing of LINE-1 retrotransposons contributes to variation in small noncod-

ing RNA expression in human cancer cells. Oncotarget. 2014; 5(12):4103–17. https://doi.org/10.

18632/oncotarget.1822 PMID: 24980824; PubMed Central PMCID: PMC4147309.

96. Marukian S, Jones CT, Andrus L, Evans MJ, Ritola KD, Charles ED, et al. Cell culture-produced hepa-

titis C virus does not infect peripheral blood mononuclear cells. Hepatology. 2008; 48(6):1843–50.

https://doi.org/10.1002/hep.22550 PMID: 19003912; PubMed Central PMCID: PMC2592497.

97. Ruggieri A, Dazert E, Metz P, Hofmann S, Bergeest JP, Mazur J, et al. Dynamic oscillation of transla-

tion and stress granule formation mark the cellular response to virus infection. Cell Host Microbe.

2012; 12(1):71–85. https://doi.org/10.1016/j.chom.2012.05.013 PMID: 22817989; PubMed Central

PMCID: PMC3873964.

98. Huang L, Hwang J, Sharma SD, Hargittai MR, Chen Y, Arnold JJ, et al. Hepatitis C virus nonstructural

protein 5A (NS5A) is an RNA-binding protein. J Biol Chem. 2005; 280(43):36417–28. https://doi.org/

10.1074/jbc.M508175200 PMID: 16126720.

99. Friedli M, Trono D. The developmental control of transposable elements and the evolution of higher

species. Annu Rev Cell Dev Biol. 2015; 31:429–51. https://doi.org/10.1146/annurev-cellbio-100814-

125514 PMID: 26393776.

100. Burns KH. Transposable elements in cancer. Nat Rev Cancer. 2017; 17(7):415–24. https://doi.org/10.

1038/nrc.2017.35 PMID: 28642606.

101. Ostertag EM, Prak ET, DeBerardinis RJ, Moran JV, Kazazian HH Jr, Determination of L1 retrotranspo-

sition kinetics in cultured cells. Nucleic Acids Res. 2000; 28(6):1418–23. https://doi.org/10.1093/nar/

28.6.1418 PMID: 10684937; PubMed Central PMCID: PMC111040.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 36 / 38

https://doi.org/10.1074/jbc.M312985200
http://www.ncbi.nlm.nih.gov/pubmed/15056671
https://doi.org/10.1016/j.cell.2013.10.021
http://www.ncbi.nlm.nih.gov/pubmed/24267889
https://doi.org/10.7554/eLife.30094
http://www.ncbi.nlm.nih.gov/pubmed/29309035
https://doi.org/10.7554/eLife.30058
http://www.ncbi.nlm.nih.gov/pubmed/29309036
https://doi.org/10.1074/mcp.M500429-MCP200
https://doi.org/10.1074/mcp.M500429-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16500930
https://doi.org/10.1038/nm.3190
http://www.ncbi.nlm.nih.gov/pubmed/23708292
https://doi.org/10.1038/nature07106
https://doi.org/10.1038/nature07106
http://www.ncbi.nlm.nih.gov/pubmed/18548002
https://doi.org/10.1093/nar/gkx211
https://doi.org/10.1093/nar/gkx211
http://www.ncbi.nlm.nih.gov/pubmed/28431148
https://doi.org/10.1016/j.virol.2012.10.027
http://www.ncbi.nlm.nih.gov/pubmed/23141719
https://doi.org/10.1128/JVI.07101-11
http://www.ncbi.nlm.nih.gov/pubmed/22855484
https://doi.org/10.1093/nar/gkz369
http://www.ncbi.nlm.nih.gov/pubmed/31066453
https://doi.org/10.4161/epi.20706
https://doi.org/10.4161/epi.20706
http://www.ncbi.nlm.nih.gov/pubmed/22647391
https://doi.org/10.18632/oncotarget.1822
https://doi.org/10.18632/oncotarget.1822
http://www.ncbi.nlm.nih.gov/pubmed/24980824
https://doi.org/10.1002/hep.22550
http://www.ncbi.nlm.nih.gov/pubmed/19003912
https://doi.org/10.1016/j.chom.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22817989
https://doi.org/10.1074/jbc.M508175200
https://doi.org/10.1074/jbc.M508175200
http://www.ncbi.nlm.nih.gov/pubmed/16126720
https://doi.org/10.1146/annurev-cellbio-100814-125514
https://doi.org/10.1146/annurev-cellbio-100814-125514
http://www.ncbi.nlm.nih.gov/pubmed/26393776
https://doi.org/10.1038/nrc.2017.35
https://doi.org/10.1038/nrc.2017.35
http://www.ncbi.nlm.nih.gov/pubmed/28642606
https://doi.org/10.1093/nar/28.6.1418
https://doi.org/10.1093/nar/28.6.1418
http://www.ncbi.nlm.nih.gov/pubmed/10684937
https://doi.org/10.1371/journal.ppat.1009496


102. Kawano K, Doucet AJ, Ueno M, Kariya R, An W, Marzetta F, et al. HIV-1 Vpr and p21 restrict LINE-1

mobility. Nucleic Acids Res. 2018; 46(16):8454–70. https://doi.org/10.1093/nar/gky688 PMID:

30085096; PubMed Central PMCID: PMC6144823.

103. Jones RB, Song H, Xu Y, Garrison KE, Buzdin AA, Anwar N, et al. LINE-1 retrotransposable element

DNA accumulates in HIV-1-infected cells. J Virol. 2013; 87(24):13307–20. https://doi.org/10.1128/JVI.

02257-13 PMID: 24089548; PubMed Central PMCID: PMC3838212.

104. Pereira GC, Sanchez L, Schaughency PM, Rubio-Roldan A, Choi JA, Planet E, et al. Properties of

LINE-1 proteins and repeat element expression in the context of amyotrophic lateral sclerosis. Mob

DNA. 2018; 9:35. https://doi.org/10.1186/s13100-018-0138-z PMID: 30564290; PubMed Central

PMCID: PMC6295051 Review Boards of the UCSD School of Medicine (to JR) and the JHU School of

Medicine (IRB00066246 to JLG).Not applicable.The authors declare that they have no competing

interests.Springer Nature remains neutral with regard to jurisdictional claims in published maps and

institutional affiliations.

105. Ostertag EM, Goodier JL, Zhang Y, Kazazian HH Jr. SVA elements are nonautonomous retrotranspo-

sons that cause disease in humans. Am J Hum Genet. 2003; 73(6):1444–51. https://doi.org/10.1086/

380207 PMID: 14628287; PubMed Central PMCID: PMC1180407.

106. Garcia-Perez JL, Marchetto MC, Muotri AR, Coufal NG, Gage FH, O’Shea KS, et al. LINE-1 retrotran-

sposition in human embryonic stem cells. Hum Mol Genet. 2007; 16(13):1569–77. https://doi.org/10.

1093/hmg/ddm105 PMID: 17468180.

107. Hancks DC, Goodier JL, Mandal PK, Cheung LE, Kazazian HH Jr, Retrotransposition of marked SVA

elements by human L1s in cultured cells. Hum Mol Genet. 2011; 20(17):3386–400. https://doi.org/10.

1093/hmg/ddr245 PMID: 21636526; PubMed Central PMCID: PMC3153304.

108. Horie M, Honda T, Suzuki Y, Kobayashi Y, Daito T, Oshida T, et al. Endogenous non-retroviral RNA

virus elements in mammalian genomes. Nature. 2010; 463(7277):84–7. https://doi.org/10.1038/

nature08695 PMID: 20054395; PubMed Central PMCID: PMC2818285.

109. Shimizu A, Nakatani Y, Nakamura T, Jinno-Oue A, Ishikawa O, Boeke JD, et al. Characterisation of

cytoplasmic DNA complementary to non-retroviral RNA viruses in human cells. Sci Rep. 2014;

4:5074. https://doi.org/10.1038/srep05074 PMID: 24875540; PubMed Central PMCID: PMC4038843.

110. Geuking MB, Weber J, Dewannieux M, Gorelik E, Heidmann T, Hengartner H, et al. Recombination of

retrotransposon and exogenous RNA virus results in nonretroviral cDNA integration. Science. 2009;

323(5912):393–6. https://doi.org/10.1126/science.1167375 PMID: 19150848.

111. Zemer R, Kitay Cohen Y, Naftaly T, Klein A. Presence of hepatitis C virus DNA sequences in the DNA

of infected patients. Eur J Clin Invest. 2008; 38(11):845–8. https://doi.org/10.1111/j.1365-2362.2008.

02029.x PMID: 19021702.

112. Doucet AJ, Wilusz JE, Miyoshi T, Liu Y, Moran JV. A 3’ Poly(A) Tract Is Required for LINE-1 Retrotran-

sposition. Mol Cell. 2015; 60(5):728–41. https://doi.org/10.1016/j.molcel.2015.10.012 PMID:

26585388; PubMed Central PMCID: PMC4671821.

113. Rodic N, Sharma R, Sharma R, Zampella J, Dai L, Taylor MS, et al. Long interspersed element-1 pro-

tein expression is a hallmark of many human cancers. Am J Pathol. 2014; 184(5):1280–6. https://doi.

org/10.1016/j.ajpath.2014.01.007 PMID: 24607009; PubMed Central PMCID: PMC4005969.

114. Ardeljan D, Taylor MS, Ting DT, Burns KH. The Human Long Interspersed Element-1 Retrotranspo-

son: An Emerging Biomarker of Neoplasia. Clin Chem. 2017; 63(4):816–22. https://doi.org/10.1373/

clinchem.2016.257444 PMID: 28188229; PubMed Central PMCID: PMC6177209.

115. Lu Y, Feng F, Yang Y, Gao X, Cui J, Zhang C, et al. LINE-1 ORF-1p functions as a novel androgen

receptor co-activator and promotes the growth of human prostatic carcinoma cells. Cell Signal. 2013;

25(2):479–89. https://doi.org/10.1016/j.cellsig.2012.11.004 PMID: 23153584.

116. Yang Q, Feng F, Zhang F, Wang C, Lu Y, Gao X, et al. LINE-1 ORF-1p functions as a novel HGF/

ETS-1 signaling pathway co-activator and promotes the growth of MDA-MB-231 cell. Cell Signal.

2013; 25(12):2652–60. https://doi.org/10.1016/j.cellsig.2013.08.029 PMID: 24012497.

117. Blight KJ, McKeating JA, Rice CM. Highly permissive cell lines for subgenomic and genomic hepatitis

C virus RNA replication. J Virol. 2002; 76(24):13001–14. https://doi.org/10.1128/jvi.76.24.13001-

13014.2002 PMID: 12438626; PubMed Central PMCID: PMC136668.

118. Zhong J, Gastaminza P, Cheng G, Kapadia S, Kato T, Burton DR, et al. Robust hepatitis C virus infec-

tion in vitro. Proc Natl Acad Sci U S A. 2005; 102(26):9294–9. https://doi.org/10.1073/pnas.

0503596102 PMID: 15939869; PubMed Central PMCID: PMC1166622.

119. Weber K, Bartsch U, Stocking C, Fehse B. A multicolor panel of novel lentiviral "gene ontology"

(LeGO) vectors for functional gene analysis. Mol Ther. 2008; 16(4):698–706. https://doi.org/10.1038/

mt.2008.6 PMID: 18362927.

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

proteomics/genomics approach links hepatitis C virus infection with nonsense-mediated mRNA

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 37 / 38

https://doi.org/10.1093/nar/gky688
http://www.ncbi.nlm.nih.gov/pubmed/30085096
https://doi.org/10.1128/JVI.02257-13
https://doi.org/10.1128/JVI.02257-13
http://www.ncbi.nlm.nih.gov/pubmed/24089548
https://doi.org/10.1186/s13100-018-0138-z
http://www.ncbi.nlm.nih.gov/pubmed/30564290
https://doi.org/10.1086/380207
https://doi.org/10.1086/380207
http://www.ncbi.nlm.nih.gov/pubmed/14628287
https://doi.org/10.1093/hmg/ddm105
https://doi.org/10.1093/hmg/ddm105
http://www.ncbi.nlm.nih.gov/pubmed/17468180
https://doi.org/10.1093/hmg/ddr245
https://doi.org/10.1093/hmg/ddr245
http://www.ncbi.nlm.nih.gov/pubmed/21636526
https://doi.org/10.1038/nature08695
https://doi.org/10.1038/nature08695
http://www.ncbi.nlm.nih.gov/pubmed/20054395
https://doi.org/10.1038/srep05074
http://www.ncbi.nlm.nih.gov/pubmed/24875540
https://doi.org/10.1126/science.1167375
http://www.ncbi.nlm.nih.gov/pubmed/19150848
https://doi.org/10.1111/j.1365-2362.2008.02029.x
https://doi.org/10.1111/j.1365-2362.2008.02029.x
http://www.ncbi.nlm.nih.gov/pubmed/19021702
https://doi.org/10.1016/j.molcel.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26585388
https://doi.org/10.1016/j.ajpath.2014.01.007
https://doi.org/10.1016/j.ajpath.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24607009
https://doi.org/10.1373/clinchem.2016.257444
https://doi.org/10.1373/clinchem.2016.257444
http://www.ncbi.nlm.nih.gov/pubmed/28188229
https://doi.org/10.1016/j.cellsig.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23153584
https://doi.org/10.1016/j.cellsig.2013.08.029
http://www.ncbi.nlm.nih.gov/pubmed/24012497
https://doi.org/10.1128/jvi.76.24.13001-13014.2002
https://doi.org/10.1128/jvi.76.24.13001-13014.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438626
https://doi.org/10.1073/pnas.0503596102
https://doi.org/10.1073/pnas.0503596102
http://www.ncbi.nlm.nih.gov/pubmed/15939869
https://doi.org/10.1038/mt.2008.6
https://doi.org/10.1038/mt.2008.6
http://www.ncbi.nlm.nih.gov/pubmed/18362927
https://doi.org/10.1371/journal.ppat.1009496


decay. Mol Cell. 2015; 57(2):329–40. https://doi.org/10.1016/j.molcel.2014.12.028 PMID: 25616068;

PubMed Central PMCID: PMC4305532.

121. Jones CT, Catanese MT, Law LM, Khetani SR, Syder AJ, Ploss A, et al. Real-time imaging of hepatitis

C virus infection using a fluorescent cell-based reporter system. Nat Biotechnol. 2010; 28(2):167–71.

Epub 2010/02/02. https://doi.org/10.1038/nbt.1604 PMID: 20118917; PubMed Central PMCID:

PMC2828266.

122. Sladitschek HL, Neveu PA. MXS-Chaining: A Highly Efficient Cloning Platform for Imaging and Flow

Cytometry Approaches in Mammalian Systems. PLoS One. 2015; 10(4):e0124958. https://doi.org/10.

1371/journal.pone.0124958 PMID: 25909630; PubMed Central PMCID: PMC4409215.

123. Tanaka M, Gupta R, Mayer BJ. Differential inhibition of signaling pathways by dominant-negative

SH2/SH3 adapter proteins. Mol Cell Biol. 1995; 15(12):6829–37. https://doi.org/10.1128/mcb.15.12.

6829 PMID: 8524249; PubMed Central PMCID: PMC230937.

124. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9(7):676–82. https://doi.org/10.1038/

nmeth.2019 PMID: 22743772; PubMed Central PMCID: PMC3855844.

125. Rosch K, Kwiatkowski M, Schluter H, Herker E. Lipid Droplet Isolation for Quantitative Mass Spec-

trometry Analysis. J Vis Exp. 2017;(122). https://doi.org/10.3791/55585 PMID: 28448054; PubMed

Central PMCID: PMC5564943.

126. Horner SM, Wilkins C, Badil S, Iskarpatyoti J, Gale M Jr. Proteomic analysis of mitochondrial-associ-

ated ER membranes (MAM) during RNA virus infection reveals dynamic changes in protein and organ-

elle trafficking. PLoS One. 2015; 10(3):e0117963. https://doi.org/10.1371/journal.pone.0117963

PMID: 25734423; PubMed Central PMCID: PMC4348417.

127. Hofmann S, Krajewski M, Scherer C, Scholz V, Mordhorst V, Truschow P, et al. Complex lipid meta-

bolic remodeling is required for efficient hepatitis C virus replication. Biochim Biophys Acta Mol Cell

Biol Lipids. 2018; 1863(9):1041–56. https://doi.org/10.1016/j.bbalip.2018.06.002 PMID: 29885363.

128. Banuelos-Sanchez G, Sanchez L, Benitez-Guijarro M, Sanchez-Carnerero V, Salvador-Palomeque

C, Tristan-Ramos P, et al. Synthesis and Characterization of Specific Reverse Transcriptase Inhibitors

for Mammalian LINE-1 Retrotransposons. Cell Chem Biol. 2019; 26(8):1095–109 e14. https://doi.org/

10.1016/j.chembiol.2019.04.010 PMID: 31155508.

129. Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, et al. In vivo gene delivery and stable

transduction of nondividing cells by a lentiviral vector. Science. 1996; 272(5259):263–7. https://doi.

org/10.1126/science.272.5259.263 PMID: 8602510.

130. Wissing S, Munoz-Lopez M, Macia A, Yang Z, Montano M, Collins W, et al. Reprogramming somatic

cells into iPS cells activates LINE-1 retroelement mobility. Hum Mol Genet. 2012; 21(1):208–18. Epub

2011/10/13. https://doi.org/10.1093/hmg/ddr455 PMID: 21989055; PubMed Central PMCID:

PMC3235014.

131. Daskalos A, Nikolaidis G, Xinarianos G, Savvari P, Cassidy A, Zakopoulou R, et al. Hypomethylation

of retrotransposable elements correlates with genomic instability in non-small cell lung cancer. Int J

Cancer. 2009; 124(1):81–7. https://doi.org/10.1002/ijc.23849 PMID: 18823011.

132. Spandidos A, Wang X, Wang H, Seed B. PrimerBank: a resource of human and mouse PCR primer

pairs for gene expression detection and quantification. Nucleic Acids Res. 2010; 38(Database issue):

D792–9. https://doi.org/10.1093/nar/gkp1005 PMID: 19906719; PubMed Central PMCID:

PMC2808898.

133. Liang G, Liu G, Kitamura K, Wang Z, Chowdhury S, Monjurul AM, et al. TGF-beta suppression of HBV

RNA through AID-dependent recruitment of an RNA exosome complex. PLoS Pathog. 2015; 11(4):

e1004780. https://doi.org/10.1371/journal.ppat.1004780 PMID: 25836330; PubMed Central PMCID:

PMC4383551.

134. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT, et al. L1 retrotransposition in

human neural progenitor cells. Nature. 2009; 460(7259):1127–31. https://doi.org/10.1038/

nature08248 PMID: 19657334; PubMed Central PMCID: PMC2909034.

135. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical

Computing; 2020.

136. RStudio Team. RStudio: Integrated Development Environment for R.: RStudio, PBC.; 2020.

137. Salomonis N, Schlieve CR, Pereira L, Wahlquist C, Colas A, Zambon AC, et al. Alternative splicing

regulates mouse embryonic stem cell pluripotency and differentiation. Proc Natl Acad Sci U S A. 2010;

107(23):10514–9. https://doi.org/10.1073/pnas.0912260107 PMID: 20498046; PubMed Central

PMCID: PMC2890851.

PLOS PATHOGENS LINE-1 retrotransposition in Hepatitis C virus infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009496 April 19, 2021 38 / 38

https://doi.org/10.1016/j.molcel.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25616068
https://doi.org/10.1038/nbt.1604
http://www.ncbi.nlm.nih.gov/pubmed/20118917
https://doi.org/10.1371/journal.pone.0124958
https://doi.org/10.1371/journal.pone.0124958
http://www.ncbi.nlm.nih.gov/pubmed/25909630
https://doi.org/10.1128/mcb.15.12.6829
https://doi.org/10.1128/mcb.15.12.6829
http://www.ncbi.nlm.nih.gov/pubmed/8524249
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.3791/55585
http://www.ncbi.nlm.nih.gov/pubmed/28448054
https://doi.org/10.1371/journal.pone.0117963
http://www.ncbi.nlm.nih.gov/pubmed/25734423
https://doi.org/10.1016/j.bbalip.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29885363
https://doi.org/10.1016/j.chembiol.2019.04.010
https://doi.org/10.1016/j.chembiol.2019.04.010
http://www.ncbi.nlm.nih.gov/pubmed/31155508
https://doi.org/10.1126/science.272.5259.263
https://doi.org/10.1126/science.272.5259.263
http://www.ncbi.nlm.nih.gov/pubmed/8602510
https://doi.org/10.1093/hmg/ddr455
http://www.ncbi.nlm.nih.gov/pubmed/21989055
https://doi.org/10.1002/ijc.23849
http://www.ncbi.nlm.nih.gov/pubmed/18823011
https://doi.org/10.1093/nar/gkp1005
http://www.ncbi.nlm.nih.gov/pubmed/19906719
https://doi.org/10.1371/journal.ppat.1004780
http://www.ncbi.nlm.nih.gov/pubmed/25836330
https://doi.org/10.1038/nature08248
https://doi.org/10.1038/nature08248
http://www.ncbi.nlm.nih.gov/pubmed/19657334
https://doi.org/10.1073/pnas.0912260107
http://www.ncbi.nlm.nih.gov/pubmed/20498046
https://doi.org/10.1371/journal.ppat.1009496

