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� C19orf66 is upregulated in vivo upon HCV infection and IFN
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� C19orf66 alters the morphology of the viral replication
organelle.

� The zinc finger motif of C19orf66 is crucial for its restriction
capacity.
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Background & Aims: HCV is a positive-strand RNA virus
that primarily infects human hepatocytes. Recent studies
have reported that C19orf66 is expressed as an interferon
(IFN)-stimulated gene; however, the intrinsic regulation of this
gene within the liver as well as its antiviral effects against HCV
remain elusive.
Methods: Expression of C19orf66 was quantified in both liver
biopsies and primary human hepatocytes, with or without HCV
infection. Mechanistic studies of the potent anti-HCV phenotype
mediated by C19orf66 were conducted using state-of-the-art
virological, biochemical and genetic approaches, as well as
correlative light and electron microscopy and transcriptome and
proteome analysis.
Results: Upregulation of C19orf66 mRNA was observed in both
primary human hepatocytes upon HCV infection and in the livers
of patients with chronic hepatitis C (CHC). In addition, pegIFNa/
ribavirin therapy induced C19orf66 expression in patients with
CHC. Transcriptomic profiling and whole cell proteomics of hepa-
toma cells ectopically expressing C19orf66 revealed no induction
of other antiviral genes. Expression of C19orf66 restricted HCV
infection, whereas CRIPSPR/Cas9 mediated knockout of C19orf66
attenuated IFN-mediated suppression of HCV replication. Co-
immunoprecipitation followed by mass spectrometry identified a

stress granuleprotein-dominated interactomeof C19orf66. Studies
with subgenomic HCV replicons and an expression system
revealed that C19orf66 expression impairs HCV-induced elevation
of phosphatidylinositol-4-phosphate, alters themorphology of the
viral replication organelle (termed the membranous web) and
thereby targets viral RNA replication.
Conclusion: C19orf66 is an IFN-stimulated gene, which is
upregulated in hepatocytes within the first hours post IFN
treatment or HCV infection in vivo. The encoded protein
possesses specific antiviral activity against HCV and targets the
formation of the membranous web. Our study identifies
C19orf66 as an IFN-inducible restriction factor with a novel
antiviral mechanism that specifically targets HCV replication.
Lay summary: Interferon-stimulated genes are thought to be
important to for antiviral immune responses to HCV. Herein, we
analysed C19orf66, an interferon-stimulated gene, which
appears to inhibit HCV replication. It prevents the HCV-induced
elevation of phosphatidylinositol-4-phosphate and alters the
morphology of HCV's replication organelle.
© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
The World Health Organization estimates 71 million people are
chronically infected with HCV, emphasizing that HCV still
represents a global health problem with significant socio-
economic burden.1 Despite the success of direct-acting antivirals
(DAAs), a combination of poor access to these treatments in
developing countries, emerging DAA resistance and the high
number of new infections (~1.7 million in 2015) continue to
impede global eradication efforts.
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HCV is an enveloped, positive-strand RNA virus, classified as a
member of the family Flaviviridae. This pathogen is transmitted
via blood-blood contact and, in up to 85% of cases, the infection
cannot be cleared by the host immune system and becomes
chronic, frequently leading to liver cirrhosis and hepatocellular
carcinoma.2,3 Innate immunity is key during the entire natural
course of the disease, highlighted by the presence of viral
immune evasion strategies that attenuate the innate immune
response.4 In addition, transcriptomic analysis of liver biopsies
from HCV-infected patients revealed the induction of hundreds
of interferon (IFN)-stimulated genes (ISGs),5 suggesting a pivotal
role of ISGs in the intrinsic antiviral immune response against
HCV. However, only a small number of HCV-triggered ISGs
(e.g. CH25H6) have been characterized with respect to their
antiviral activity and their mode of action.

In contrast, C19orf66 (also called SHFL) represents one of
many under-investigated, potentially antiviral, genes which
might play a role in the context of HCV infection. In 2011, the so
far uncharacterized C19orf66 was detected in a screening
approach, where Schoggins and colleagues aimed to identify
novel ISGs.7 The C19orf66 gene encodes a protein of 291 amino
acids, which has no homology with any known protein family
and no predicted enzymatic activity. Initial studies with
immortalized cell lines suggested that C19orf66 expression is
induced in an IFN-dependent manner and that the protein
exhibits an antiviral activity against dengue virus.8,9 Recently,
C19orf66 was reported to be a HIV-1 restriction factor by
inhibiting programmed-1 ribosomal frameshifting (-1PRF).10 In
addition, C19orf66 restricts Kaposi's sarcoma-associated
herpesvirus (KSHV) while the C19orf66 RNA is able to escape
the cleavage of KSHV.11 These findings imply that C19orf66 is a
multifunctional ISG with potential antiviral activities against
several viruses. Despite C19orf66 garnering increasing attention,
there remain several unknowns: i) the level of C19orf66
expression in primary cells; ii) how C19orf66 is regulated in vivo
in response to IFN and HCV infection; iii) its potential antiviral
activity and mode of action against HCV.

In this study, we evaluated the expression of C19orf66 in vivo
in response to HCV infection and IFN therapy. We validated these
findings via ex vivo experiments with primary human
hepatocytes (PHHs). Further, we generated C19orf66 knockout
and C19orf66-expressing cells and used them to determine the
antiviral activity of C19orf66 against different HCV strains
representing multiple viral genotypes. In addition, we used a
variety of molecular tools, determined the C19orf66-specific
proteome and dissected the mode of action of this particular re-
striction factor. Collectively, our data suggest that C19orf66 con-
tributes to the innate immune response against HCV in the liver.

Materials and methods
Liver biopsies and informed consent
Liver biopsies from patients with CHC (n = 25) and HCV negative
liver biopsies (n = 26) were obtained in the outpatient clinic of
the Division of Gastroenterology and Hepatology, University
Hospital Basel (Table S1). METAVIR classification was used to
assess grade and stage of CHC. All patients gave written informed
consent in accord with local ethical committees.

HCV infection assays
Huh-7.5 cells were seeded at a density of 1 × 104/well in a
96-well plate or 3 × 104/well in a 24-well plate 24 h before

inoculation. Cells were inoculated for 4 h at 37�C with the
respective virus particles and viral inoculum was replaced by
fresh culture medium afterwards. PHHs were infected with HCV
Jc1 at 37�C for 6 h. Afterwards, the inoculum was removed, cells
were washed 3 times with PBS, and 1 ml of fresh Hepatocyte
Basal Medium from (HBM) (Lonza) was added.

For further details regarding the materials and methods used,
please refer to the CTAT table and supplementary information.

Results
C19orf66 is upregulated in vivo in the liver of patients with
CHC and upon pegIFNa/ribavirin therapy
To determine the in vivo regulation of C19orf66 in the context of
HCV infection, we compared mRNA levels in liver biopsies from
patients with CHC (n = 25) with those from patients with
non-HCV-related chronic liver disease (n = 26). We detected
significantly higher C19orf66 mRNA levels in liver biopsies from
patients with CHC than in biopsies from the control group
(Fig. 1A). Similar results were observed forMx1 (Fig. 1B, Fig. S1A).
Elevated C19orf66 expression levels did not correlate with viral
loads, METAVIR scores or HCV genotype (Fig. S1B–E).

For more than 25 years, pegylated interferon alfa-2 (pegIFNa)
was an integral part of anti-HCV therapy, activating endogenous
innate immunity to help combat this viral infection.
Consequently, we analyzed samples from HCV-infected patients
treated with pegIFNa/ribavirin by transcriptomics as reported
previously.5 C19orf66 was significantly upregulated in pegIFNa/
ribavirin treated patients at 4 h and 16 h post treatment (Fig. 1C),
whereas Mx1 was significantly upregulated at all tested time
points (Fig. 1D).

C19orf66 is upregulated ex vivo in PHHs upon HCV challenge
and IFN treatment
To further validate our in vivo findings, we evaluated C19orf66
expression in PHHs upon HCV infection. PHHs were infected
with cell culture-derived Jc1 virus and mock-treated or treated
with the HCV replication inhibitor 2�C-methyl-adenosine (2�CMA)
as a control. C19orf66 mRNA expression levels were significantly
increased in HCV-infected PHHs, but not in 2�CMA-treated cells
(Fig. 1E, F). The control ISG Mx1 was expressed at a higher level
(Fig. 1G), consistent with the in vivo data (Fig. 1B). Additional
infection assays with both replication-competent HCV and
replication-deficient (UV-inactivated) HCV and PHHs, as well as
publicly available transcriptomic gene expression data of
HCV-infected PHHs (GSE132548) and hepatocyte-like cells
(GSE132606), confirmed our observations that expression of
C19orf66 is induced by HCV replication (Fig. S2A–C).

To confirm C19orf66 is upregulated upon pegIFNa/ribavirin
treatment, we next treated PHHs with IFNa, IFNc and IFNk1 for 4,
8 and 24 h. C19orf66 mRNA expression was strongly induced and
significantly higher during the first 8 h of IFNa treatment. The
response to IFNc and IFNk treatment was modest in comparison
to IFNa (Fig. 1H). Like C19orf66 mRNA levels, Mx1 mRNA levels
were more strongly induced by IFNa treatment (Fig. 1I).
However, direct comparison may be affected by the different
doses of interferon used in the case of type III IFN (IFNk).
Additionally, gene expression analysis of IFN-treated peripheral
blood mononuclear cell-derived macrophages, as well as publicly
available transcriptomic gene expression data of IFN-treated
PHHs and IFN regulatory factor (IRF)1-expressing Huh-7.5 cells,
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supported that C19orf66 is induced in an IFN- and
IRF1-dependent manner (Fig. S2D–E).

Taken together, these data indicate that C19orf66 expression is
induced in vivo in the human liver and ex vivo in PHHs in the
context of HCV infection and IFN treatment.

Knockout of endogenous C19orf66 attenuates IFN-induced
suppression of HCV replication
To dissect a potential antiviral effect of endogenous C19orf66
against HCV, we generated 3 independent CRISPR/
Cas9-mediated knockout (KO) cell lines of C19orf66. To validate
the loss of C19orf66, we treated the cell pools with IFNa and
monitored the levels of C19orf66 protein by immunoblotting,
demonstrating the lack of a C19orf66-specific band in the
designated C19orf66 KO Huh-7.5 cells (Fig. 2A, Fig. S3A). Next, we
evaluated if the missing C19orf66 expression could restore HCV
replication in IFN-treated cells by pulse-treating the cells with
IFNa 1 day prior to infection with the Jc1 Renilla-reporter virus or
transfection with the HCV subgenomic replicon. Increased
luciferase counts could be observed in the C19orf66 KO Huh-7.5
cell lines, indicating that endogenous IFN-induced C19orf66 in
Huh-7.5 cells restricts HCV infection and replication (Fig. 2B,
Fig. S3B, Fig. S3C).

Ectopically expressed C19orf66 restricts HCV irrespective of
genotype
To further evaluate the antiviral effect of C19orf66, we generated
Huh-7.5 cells expressing empty vector or 3xFLAG-C19orf66
(C19orf66 Huh-7.5). After validating the expression of C19orf66
protein by immunoblotting (Fig. 2C), the transcriptomes of the
empty vector and C19orf66 Huh-7.5 cells revealed comparable
levels of C19orf66 mRNA in the C19orf66 Huh-7.5 cells relative to
IFNa-treated or HCV-challenged PHHs (Fig. 2D). In addition, we
observed, that ectopic expression of C19orf66 did not affect the
expression of other gene subsets (Fig. 2E). By utilizing whole cell
proteomic analysis of empty vector and C19orf66 Huh-7.5 cells,
we detected similar expression levels of all identified (3,243
protein groups) proteins, except a significant higher abundance
of C19orf66 in the C19orf66 Huh-7.5 cells (Fig. 2F). In summary,
the ectopic expression of C19orf66 did not affect the expression
levels of other genes and their related proteins.

Next, we explored the subcellular localization of C19orf66
upon HCV infection of human hepatoma cells. In uninfected cells,
the C19orf66 signal was homogenously distributed in the
cytosol. Importantly, in HCV-infected cells, we observed
clustering of the C19orf66 signal in punctae (Fig. 2G) and
increased colocalization with lipid droplets, which are host
organelles integral for the HCV life cycle (Fig. 2H, Fig. S3D).
Furthermore, we detected partial colocalization of C19orf66 with
HCV-Core, NS3 and NS5A (Fig. 2I, J). Collectively, these results
demonstrate the re-localization of C19orf66 in HCV-infected cells
to the cellular compartments where the HCV replicase complex
is located.

To further investigate the antiviral capacity of C19orf66
against HCV, we performed infection assays with the HCV
genotype 2a/2a chimera Jc1 wild-type (WT) and the genotype 1a
TNcc strain. We detected a reduced HCV antigen signal (Fig. 3A)
as well as significantly decreased de novo progeny virus for both
genotypes in the HCV-infected C19orf66 Huh-7.5 cells (Fig. 3B).
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Fig. 1. Induction of C19orf66 expression in CHC liver biopsies and upon
pegIFNa/ribavirin treatment. Comparison of C19orf66 (A) and Mx1 (B) relative
mRNA levels in liver biopsies from patients with non-HCV chronic liver dis-
eases (n = 26) or CHC (n = 25). (unpaired 2-tailed Student's t test). Comparison
of C19orf66 (C) and Mx1 (D) expression of pre-treatment and post-treatment
biopsies at indicated time points after pegIFNa/ribavirin treatment. Raw data
were obtained from Boldanova et al. (2017). (E) Comparison of virus production
in mock-, HCV-infected (MOI 10) and 20CMA [10 lM]-treated PHHs 48 hpi.
Comparison of C19orf66 (F) and Mx1 (G) relative mRNA levels in mock-, HCV-
infected (MOI 10) and 20CMA [10 lM] -treated PHHs, 48 hpi. Comparison of
C19orf66 (H) and Mx1 (I) relative mRNA levels in PHHs upon treatment with
IFNa (1,000 IU/ml), IFNc (1,000 IU/ml), and IFNk1 (1,000 ng/ml). (E–I) Shown
are means ± SD from 4 independent donors. (one-way ANOVA adjusted with
Dunnett multiple comparison test). (A, B, F–I) mRNA levels were normalized
to GAPDH as determined by RT-qPCR. 20CMA, 20C-methyl-adenosine; CHC,
chronic hepatitis C; MOI, multiplicity of infection; pegIFNa, pegylated inter-
feron alfa-2; PHHs, primary human hepatocytes; RT-qPCR, quantitative reverse
transcription PCR.
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To test the effect of C19orf66 on different HCV genotypes, we
performed infection assays using JFH1-based Renilla-reporter
chimeras, in which the structural proteins, Core and NS2
correspond to genotypes 1 to 7 (Fig. 3C). In agreement with
infection data from non-reporter strains, a 10-fold decrease in
luciferase activity for all 7 tested chimeras in the presence of
stably expressed C19orf66 was observed (Fig. 3D). Thus,
C19orf66 demonstrated potent anti-HCV activity against
infection with all tested HCV intergenotypic chimeras.

C19orf66 targets HCV RNA replication
Since the entry process was not significantly affected by
C19orf66 expression (Fig. 4A), we next made use of subgenomic
replicons, bypassing virus entry and focusing on viral RNA
translation and replication. To this end, we transfected
subgenomic reporter replicons of Con1 (genotype 1b) or JFH1
(genotype 2a) (Fig. S4A) and detected significantly decreased
luciferase activity for both genotypes with almost completely
abolished reporter activity for Con1 (Fig. 4B, Fig. S4B).

To explore whether the magnitude of restriction by C19orf66
is dependent on the replication fitness, we transfected
intergenotypic JFH1-based replicon chimeras containing
replication-suppressing mutations in the 5�NTR (50Con), the 30 X
tail (xCon) or both of them of Con1 (50xCon) (Fig. S4A). Here, we
detected reduced luciferase activity of all 3 tested replicon
chimeras compared with the JFH1 replicon in the empty vector
cells (Fig. 4B). Furthermore, we observed decreased luciferase
activity in the presence of C19orf66 for all 3 tested replicon
chimeras, but especially for the 5�xCon chimera, indicating that
the magnitude of replication inhibition by C19orf66 correlates
with the replication fitness.

To further dissect the antiviral mechanism of C19orf66, we
evaluated whether C19orf66 affects HCV internal ribosome entry
site (IRES)-dependent translation. To this end, we used
replication-deficient GND mutants of JFH1 and Con1 replicons to
exclusively study the impact of C19orf66 on HCV RNA translation
(Fig. S4A). These reporters exhibited no altered luciferase activity
in the C19orf66 Huh-7.5 cells, compared with empty vector cells
(Fig. 4C). We devised an additional approach with a bi-cistronic
reporter construct, which enabled the simultaneous analysis of
both, cap- and HCV IRES-dependent translation (Fig. 4D). In line
with previously obtained results, the presence of C19orf66 did
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post treatment) or challenged with HCV (72 hpi) (GSE132548). For PHHs,
shown are means from 3 independent donors. RPKM values were deter-
mined via RNA-seq. (E) Scatter dot blot of RNA-seq expression analysis of
empty vector- and C19orf66 Huh-7.5 cells. The dotted lines indicate a 2-fold
difference of the RPKM values between empty vector- and C19orf66 Huh-7.5
cells. (F) Volcano blot representing whole cell proteome analysis of C19orf66

=
Huh-7.5 cells normalized to empty vector Huh-7.5 cells. White areas show the
significant altered proteins (q-value <0.05, log2 fold change <−2 or q-value
<0.05, log2 fold change >2) Shown are means of 6 experimental replicates. (G)
Subcellular localization of C19orf66 in C19orf66 expressing Huh-7.5 cells upon
mock or HCV infection. Staining: FLAG-tagged C19orf66 (green), HCV-NS5A
(red), nuclear DNA (blue). Scale bar, 10 lm. (H) Colocalization coefficient of
C19orf66 and lipid droplets in C19orf66 expressing Huh-7.5 cells after mock or
HCV infection. Colocalization was determined by Pearson's R value with Costes
threshold regression. 30 ROI were analyzed (n = 3). (I) Subcellular localization
of C19orf66 and HCV proteins in C19orf66 expressing Huh-7.5 cells upon mock
or HCV infection, 48 hpi. Staining: FLAG-tagged C19orf66 (green), HCV-Core,
NS3 or NS5A (all red), nuclear DNA (blue). Scale bar, 10 lm. (J) Colocalization
coefficients of C19orf66 and HCV proteins in C19orf66 expressing Huh-7.5 cells
after mock or HCV infection. Colocalization was determined by Pearson's R
value with Costes threshold regression. 30 ROI were analyzed (n = 3). FC, fold
change; FDR, false discovery rate; IFN, interferon; KO, knockout; MOI,
multiplicity of infection; pegIFNa, pegylated interferon alfa-2; PHH, primary
human hepatocyte; RLU, relative light units; RNA-Seq, RNA sequencing; ROI,
regions of interest. (This figure appears in color on the web.)
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not suppress HCV IRES-dependent RNA translation, nor
cap-dependent translation (Fig. 4E). Taken together, these data
provide evidence that C19orf66 targets an HCV life cycle step,
which is independent of translation, but reduces HCV RNA
replication of different genotypes.

The Zinc-finger motif of C19orf66 is crucial for its restriction
capacity and ability to accumulate during viral infection and
stress
To identify the interactome of C19orf66, we performed
co-immunoprecipitation of the 3xFLAG peptide in empty vector
and C19orf66-expressing Huh-7.5 cells in the presence or
absence of HCV followed by liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) analysis. In addition to
C19orf66, the stress granule (SG)-associated ribonucleoproteins
RO60,12 RBPMS13 and CELF114 were exclusively identified in
C19orf66 samples, but not in empty vector samples (Fig. 5A).
Furthermore, SG- and P-body-associated components also
dominated the proteins, which were significantly enriched in
C19orf66 samples (Fig. S5).

To determine the C19orf66 protein domains that are crucial
for its antiviral activity, we generated Huh-7.5 cells, which
ectopically express mutated versions of C19orf66 (Fig. 5B,
Fig. S6A). Intriguingly, we observed no inhibition of replication
for C19orf66-Zincmut (Fig. 5C). In addition, we detected no
prominent re-localization of C19orf66-Zincmut upon HCV
infection and hence less colocalization with viral proteins,
compared with C19orf66 WT (Fig. 5D, Fig. S6B–E). Considering,
that especially SG-associated proteins co-immunoprecipitated

with C19orf66 (Fig. 5A, Fig. S5) the questions arose whether
other forms of stress elicit the formation of C19orf66-WT but not
C19orf66-Zincmut accumulations. Both, arsenite, which induces
oxidative stress, and pI:C, which mimics double-stranded RNA,
induced the re-localization of C19orf66-WT, but not of
C19orf66-Zincmut, into punctae (Fig. 5E–G). Importantly, the
SG-associated protein RBPMS not only co-immunoprecipitated
with C19orf66 (Fig. 5A), but also colocalized with it during
arsenite treatment (Fig. 5G).

Taken together, the ability of C19orf66 to form punctae in
response to stress may be crucial for its capacity to restrict HCV,
as suggested by the C19orf66-Zincmut, which has an impaired
restriction ability and fails to form punctae during stress.
C19orf66 was reported to restrict HIV-1 via inhibition of -1PRF,
but ribosomal frameshifting is not reported to be crucial for HCV
replication. Therefore, we analyzed the restriction capacity of the
splice variants including C19orf66-209, which failed to restrict
HIV-1 via inhibition of -1PRF10 (Fig. S7A, B). Importantly,
ectopically expressed C19orf66-209 significantly restricted HCV
replication in Huh-7.5 cells (Fig. S7C, D), suggesting that HCV
inhibition by C19orf66 was independent of -1PRF.

C19orf66 alters formation of the HCV-induced membranous
web
HCV is known to remodel endoplasmic reticulum-derived
membranes by the induction of exvaginations that appear as
single-, double-, and multi-membrane vesicles (SMVs, DMVs and
MMVs, respectively). These accumulate within the cytosol,
forming a structure designated the membranous web (MW),
which is the site of HCV replication.15 It is thought that
remodeled membranes serve as scaffold for the assembly of the
viral replicase machinery. Therefore, we explored whether
C19orf66 interferes with the formation of a proper HCV-induced
MW. Huh7-Lunet cells stably expressing the T7 RNA polymerase
and C19orf66-WT, C19orf66-Zincmut or the empty vector were
transfected with constructs encoding the HCV replicase of the
JFH1 or the Con1 strain (Fig. 6A). This expression-based system
does not rely on HCV replication, thus enabling the analysis of a
potential influence of C19orf66 on MW formation. Similar levels
of NS5A protein were detected in cells expressing or not
expressing C19orf66-WT and C19orf66-Zincmut (Fig. 6B).
HCV-induced MWs were quantified using correlative light and
electron microscopy, where we observed an altered morphology
with apparently smaller, more homogenous and clustered
vesicles as well as an altered composition of DMVs and MMVs in
the presence of stably expressed C19orf66-WT, but not
C19orf66-Zincmut (Fig. 6C–F, Fig. S8A,B). In addition, the diameter
of DMVs was reduced in cells expressing C19orf66-WT (Fig. 6G)
and we observed a slight increase in the numbers of DMVs per
lm2 in these cells relative to the empty vector control cells
(Fig. 6H). Collectively, these data suggest that C19orf66 affects
the formation and/or integrity of the HCV-induced MW.

Expression of C19orf66 diminishes the HCV-induced elevation
of PI(4)P
The formation of the MW is driven by HCV non-structural
proteins, most notably NS5A.16 In addition, multiple host cell
factors are involved in changing the lipid composition of DMVs,
one of them being phosphatidylinositol 4-kinase IIIa (PI4KA),
which converts phosphatidylinositol to phosphatidylinositol
4-phosphate [PI(4)P]. The interaction of NS5A with PI4KA is
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assumed to activate the kinase, leading to elevated levels of PI(4)
P in HCV-infected cells.17 Importantly, knockdown of PI4KA
dampens HCV-induced elevation of PI(4)P,18 correlating with an
aberrant morphology of MWs with decreased DMV size, DMV
clustering and a rather homogenous vesicle appearance.19

Since ectopic expression of C19orf66 caused a phenotype
similar to PI4KA knockdown, we assumed that C19orf66
expression might reduce HCV-induced elevation of PI(4)P. To put
this hypothesis to the test, we performed immunofluorescence
studies with empty vector, C19orf66-WT and C19orf66-Zincmut

Huh7-Lunet/T7 cells expressing the HCV NS3-5B viral replicase
proteins of the JFH1 and Con1 strains. As reported earlier, an
~4-fold elevation of PI(4)P was found in control cells expressing
HCV NS3-5B, whereas PI(4)P levels in HCV-negative cells were
unaltered. In contrast, accumulation of PI(4)P was markedly
reduced in C19orf66-WT-expressing cells (Fig. 7A–C; Fig. S9).
Taken together, these data indicate that C19orf66 expression
impairs HCV-induced elevation of PI(4)P, which interferes with
the formation of a fully functional HCV-induced MW.

Discussion
IFN was an integral part of anti-HCV therapy for more than 25
years, highlighting the sensitivity of HCV to the IFN-mediated
immune response.4 However, the mechanism(s) by which IFNs
achieve an antiviral state within the cell are incompletely
defined.20 In this study, we identified C19orf66 as an
IFN-induced restriction factor in the human liver, which reduced
HCV infection by interfering with the formation of the
HCV-induced MW. Gene expression analysis revealed that
C19orf66 was upregulated in the livers of patients with CHC
compared to control liver biopsies (Fig. 1A) and in PHHs upon
HCV infection and upon IFN therapy (Fig. 1F, H), thus classifying
C19orf66 as an early induced ISG. In addition, multiple published
studies, using microarrays to quantify the host transcriptomic
response to RNA and DNA virus infections, identified C19orf66
dysregulation,21–23 underlining a pathogen-triggered induction
of this gene.

Importantly, we observed that C19orf66 suppressed HCV
replication (Figs. 3, 4C), while knockout of the gene attenuated
IFN-induced suppression of HCV replication (Fig. 2B). These data
indicate C19orf66 contributes to the IFN-mediated control of
HCV replication in the human liver.

Transcriptomic analysis and whole cell proteomics revealed
that the ectopic expression of C19orf66 did not induce the
dysregulation of additional antiviral genes (Fig. 2D, E), suggesting
a potential effector function of C19orf66 rather than being
modulatory. The re-localization of C19orf66 to the HCV
replication compartment and its aggregation (Fig. 2G–J) support
the hypothesis that C19orf66 directly interferes with the HCV life
cycle. Consistently, we observed a restriction of HCV subgenomic
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replicons, with the magnitude of restriction correlating with
viral replication fitness (Fig. 4V).

By utilizing co-immunoprecipitation followedby LC-MS/MS,we
identified a SG and P-body protein-dominated interactome of
C19orf66 (Fig. 5A). Accordingly, C19orf66 is reported to co-localize

with markers of SGs and P-bodies upon dengue virus infection.8,9

SG and P-body components play an important role in turnover
and degradation of RNA. They are known to be recruited to
replication sites of different Flaviviridae, but also support viral
replication, indicating a paradoxical relationship between viruses
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and these proteins.24–26 Importantly, experimentswith replication-
deficient subgenomic replicons and a translation reporter system
demonstrated that the C19orf66-mediated anti-HCV effect is not
based on increased degradation of viral RNA or the inhibition of
RNA translation (Fig. 4C–E). However, the ability of C19orf66 to
accumulate in response to stress may be crucial for its antiviral

capacity, as suggested by C19orf66-Zincmut, which has impaired
restrictionabilityand fails to formpunctaeduring stress (Fig. 5C–G).

Recently, Wang and colleagues observed that C19orf66 is a
host HIV-1 restriction factor that causes premature termination
of translation.10 In contrast, the current knowledge about HCV
virology in combination with our obtained data suggests that

n.s.

T7 El 3
4A

/B 5A 5B
HV

R
x-

ta
il

T7
 te

rm

NS3-5B JFH1 GFP 

NS3-5B Con1 mCherry 

GFP 

mCherry 

Seed the
cells 

Transfection
with pTM NS3-3’

JFH1 GFP/Con1 mCherry 

Fix the
cells 

Correlative light
and electron
microscopy (CLEM) 

24 h 24 h 
A

NS5A

Empty vector
C19orf66-WT

Zincmut

JFH1
Con1

C19orf66

Tubulin

+
-
-
+
-

-
+
-
+
-

-
-
+
+
-

-
-
+
-
+

+
-
-
-
+

-
+
-
-
+

B

C

100 μm 10 μm

Area 1 

Area 2 

10 μm

D

100 μm 10 μm

Area 1 Area 2 

10 μm

E
Empty vector C19orf66-WT Zincmut

NS3-5B JFH1 GFP

500 nm 500 nm 500 nm

200 nm200 nm200 nm

F
Empty vector C19orf66-WT Zincmut

NS3-5B Con1 mCherry

500 nm 500 nm 500 nm

200 nm200 nm200 nm

G

0.00

0.05

0.10

0.15

0.20

0.25

JFH1 Con1

Empty vector
C19orf66-WT

-+ -
-- +

Zincmut +- -

-+ -
-- +
+- -

*** ***
*** ***

Si
ze

 o
f D

M
Vs

 (μ
m

)

H

0.0

0.2

0.4

0.6

0.8

JFH1 Con1

Empty vector
C19orf66-WT

-+ -
-- +

Zincmut +- -

-+ -
-- +
+- -

n.s. * n.s.
n.s.

D
M

Vs
 p

er
 μ

m
2

Fig. 6. Aberrant formation of the HCV-induced membranous web by C19orf66. (A) Schematic illustration of the experimental setup. (B) Abundance of NS5A
was determined by western blotting in Huh7-Lunet/T7 cells transfected with non-tagged constructs encoding HCV NS3–NS5B of JFH1 or Con1 WT. (C and D)
Fluorescence images of C19orf66 expressing Huh7-Lunet/T7 cells grown on gridded dishes overlapped with the matching bright field image (left). Higher
magnification fluorescence image of the boxed cell (middle). Merged electron microscopy and fluorescence image (right). (E and F) Representative electron
micrographs of empty vector Huh7-Lunet/T7 cells expressing NS3-5B proteins of HCV JFH1 (E) or HCV Con1 WT (F). Lower panels show enlarged image of the
membranous web enriched area highlighted with a white square in the upper panels. (G) Quantification of DMV diameters in empty vector, C19orf66-WT and
C19orf66-Zincmut expressing Huh7-Lunet/T7 cells. (H) Quantification of DMVs per square micrometer in empty vector, C19orf66-WT and C19orf66-Zincmut

expressing Huh7-Lunet/T7 cells. (G and H) The surface of 7 cell profiles was measured, and the size and number of DMVs within every cell profile was
determined. Shown are the results from 2 independent experiments. (One-way ANOVA adjusted with Dunnett multiple comparison test). DMV, double-
membrane vesicle; WT, wild-type. (This figure appears in color on the web.)

556 Journal of Hepatology 2020 vol. 73 j 549–558

Research Article Viral Hepatitis



C19orf66 restricts HCV via a different mode of action: ribosomal
frameshifting is not reported to be crucial for HCV replication
and we did not observe an inhibitory effect on HCV
IRES-dependent translation (Fig. 4C–E). In addition, the splice
variant C19orf66-209 failed to restrict HIV-1 via inhibition of
-1PRF, but restricted HCV replication (Fig. S7C, D), arguing for an
additional mechanism by which C19orf66 targets viruses.

A hallmark of a HCV infection is the formation of the MW, the
presumed site of viral RNA replication.15,27 Importantly, the
formation of MWs can be induced by sole expression of the
replicase proteins of HCV.15 Thus, this experimental setting
allows MW formation to be uncoupled from viral RNA
replication. Using this technique, we observed an altered
morphology of the MW with clustering of smaller and rather
homogenous DMVs in cells expressing C19orf66, whereas in
control cells DMVs are scattered throughout the cell and have a
highly heterogenous morphology (Fig. 6E–H). This phenotype is
reminiscent of earlier observations in cells deficient in the lipid
kinase PI4KA.17–19 Consistently, we observed that C19orf66
expression impairs HCV-induced elevation of PI(4)P (Fig. 7A–C).

These results suggest that C19orf66 might interfere with PI4KA
activation by HCV. In summary, C19orf66 restricts HCV
replication, by perturbing the formation of the viral replication
organelle.
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Fig. 7. Expression of C19orf66 reduces HCV-induced elevation of PI(4)P. (A) HCV-induced accumulation of PI(4)P in empty vector, C19orf66-WT and C19orf66-
Zincmut expressing Huh7-Lunet/T7 cells. Empty vector, C19orf66-WT and C19orf66-Zincmut expressing Huh7-Lunet/T7 cells were transfected with HCV NS3-
3'constructs. Staining: PI(4)P (green), NS5A (red) nuclear DNA (blue). Representative images of mock-transfected cells and cells transfected with HCV variants of
JFH1 or Con1 are shown. White lines in the merged images were selected for the intensity line profiles shown in Fig. S9A. Scale bars, 10 lm. (B) Quantification of
immunofluorescence signals of NS5A in HCV-positive cells, n = 3 (One-way ANOVA adjusted with Dunnett multiple comparison test). For each condition, z-stacks
from 30 cells were analyzed and the results are displayed as integrated density in arbitrary units. (C) Quantification of immunofluorescence signals of PI(4)P in
HCV-positive cells, n = 3 (One-way ANOVA adjusted with Dunnett multiple comparison test). For each condition, z-stacks from 30 cells were analyzed and the
results are displayed as integrated density in arbitrary units. PI4P, phosphatidylinositol 4-phosphate; WT, wild-type. (This figure appears in color on the web.)
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