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Abstract: Chronic hepatitis C carries a high risk of development of hepatocellular carcinoma (HCC),

triggered by both direct and indirect effects of the virus. We examined cell-autonomous alterations in

gene expression profiles associated with hepatitis C viral presence. Highly sensitive single molecule

fluorescent in situ hybridization applied to frozen tissue sections of a hepatitis C patient allowed the

delineation of clusters of infected hepatocytes. Laser microdissection followed by RNAseq analysis

of hepatitis C virus (HCV)-positive and -negative regions from the tumoral and non-tumoral tissues

from the same patient revealed HCV-related deregulation of expression of genes in the tumor and in

the non-tumoral tissue. However, there was little overlap between both gene sets. Our interest in

alterations that increase the probability of tumorigenesis prompted the examination of genes whose

expression was increased by the virus in the non-transformed cells and whose level remained high in

the tumor. This strategy led to the identification of a novel HCV target gene: GOLT1B, which encodes

a protein involved in ER-Golgi trafficking. We further show that GOLT1B expression is induced

during the unfolded protein response, that its presence is essential for efficient viral replication, and

that its expression is correlated with poor outcome in HCC.

Keywords: hepatitis C; transcriptomic profiling; hepatocellular carcinoma; smiFISH

1. Introduction

Chronic hepatitis C predisposes patients to life-threatening pathologies, including
hepatocellular carcinoma (HCC) [1]. The persistence of the virus and the accompanying
inflammation-driven liver disease are major contributors to the progression from steatosis
to fibrosis, cirrhosis, and ultimately HCC. In addition, cell-autonomous effects of the
virus that disturb cellular homeostasis and generate a pro-oncogenic environment via
deregulation of hepatic metabolism and signal transduction further increase the risk of
tumorigenesis (for review see [2–4]).

In the case of hepatitis C virus (HCV), the distinction between direct and indirect
effects of the virus on the host cell is not clear-cut. Indeed, HCV-infected hepatocytes secrete
a number of active molecules that impact the liver physiopathology through both autocrine
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and paracrine signaling. In addition to the well-studied cases of class I interferon [5], TGFβ
and VEGF [6,7], lymphotoxin β, and wnt-mediated signaling that originate from the HCV-
harboring cells also belong to this group [8,9]. An unbiased genome-wide proteogenomic
approach highlighted major HCC hallmarks that are induced by HCV infection, includ-
ing EGFR, STAT3, epithelial–mesenchymal transition (EMT), and perturbations in liver
metabolism and DNA repair [10,11]. Interestingly, key HCV-dysregulated signaling path-
ways are also major players in the tight regulation of liver regeneration [12]. Importantly,
even when viral infection is cleared, an epigenetic imprinting prevents a full recovery and
contributes to the elevated HCC risk observed in HCV cured patients [13–15]. Despite
recent progress in our understanding of the virus–host interactions, much remains to be
learned about subtle virus-driven cell-autonomous alterations that may escape detection in
a bulk analysis of the “omics” landscape.

In order to identify HCV-positive and HCV-negative hepatocytes, we used an im-
proved version of single molecule fluorescent in situ hybridization methodology (smi-
FISH) [16] for frozen tissue sections from a chronic hepatitis C patient. Mapping of virus-
infected cells was followed by tissue microdissection and transcriptomic profiling, leading
to the identification of candidate gene products deregulated by HCV. One such deregulated
gene discovered in our study is GOLT1B, encoding a so far poorly-studied protein involved
in endoplasmic reticulum (ER)-Golgi trafficking [17,18]. We further show that GOLT1B is
involved in the unfolded protein response (UPR) and is essential for HCV replication.

2. Results

2.1. HCV RNA Detection by Single Molecule In Situ Hybridization

Single molecule fluorescent in situ hybridization (smFISH) has previously been used
to detect and quantify HCV viral RNA within infected hepatocytes in frozen liver sections
of patients with hepatitis C [19]. However, the initial procedure is both time-consuming
and expensive; indeed, the technique requires the use of long (~50 bp) specific probes
covering about 1 kb of the target RNA sequence [20]. Given the high sequence divergence
in different HCV subtypes [21], each patient’s viral isolate needs to be sequenced prior to
probe design. Patient-specific sets of fluorescent probes are then synthesized and used for
FISH experiments. In contrast, in the recently developed highly sensitive and versatile
version of single molecule FISH, the smiFISH [16], the target-specific sequence of each
probe is shorter (26–32 nucleotides) and a single secondary detection probe is used, thus
considerably lowering the cost of the experiment and allowing the use of a large number of
probes for the targeted RNA (reviewed in [22]). We reasoned that it should be possible to
design a set of probes with a broader specificity, recognizing, if not all HCV isolates, then at
least all viral RNAs within a given genotype. In this work, we used a consensus sequence
derived from 20,000 genotype 1b sequences deposited in the euHCVdb database (http:
//euhcvdb.lyon.inserm.fr/euHCVdb/; accessed on 26 March 2016) to design 61 probes,
the locations of which are shown in Figure 1A (and Supplementary Materials Table S1). We
predict that every viral genome should be recognized by a minimum of 40 probes.

The sensitivity and specificity of the pan-genotype 1b HCV probes were first tested on
Huh7 Nneo/c-5B cells that harbor the full-length genotype 1b replicon [23]. As shown in
Figure 1B, a strong signal was detected in the replicon cells, but not in the parental Huh7
line. The Nneo/c-5B replicon cells contain a high concentration of HCV RNA, visualized
by hundreds of dots upon smiFISH analysis (Figure 1B). The control probe set, specific for
the Firefly luciferase mRNA, gave no signal in either cell line (Figure 1C).

In order to further test the sensitivity of our detection procedure, we next explored
detection of the signal in frozen liver sections from a HCV transgenic FL-N/35 mouse
model, expressing very low levels of viral RNA [24] and thus reminiscent of the clinically
relevant situation found in livers of chronically infected hepatitis C patients. Cytoplasmic
HCV RNA was clearly detectable in transgenic mouse livers and absent from the control
wild type livers (Figure 1D).
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Figure 1. Detection of HCV RNA by smiFISH. (A) Principle of smiFISH. Localization of the 61 probes

along viral RNA is indicated. (B) HCV RNA detection by smiFISH performed on Huh7-Nneo/c-

5B replicon and Huh7 control cells. Arrows indicate single RNA molecules, arrowheads point to

aggregates likely to correspond to replication sites (C) SmiFISH with luciferase control probe set on

Huh7 Nneo/c-5B replicon cells (D) SmiFISH detection of HCV RNA on liver sections from HCV

FLN-35 transgenic and control WT mice.

2.2. Detection of HCV-Infected Cells in Human Liver Sections

High variability of the viral load and of the fraction of infected hepatocytes in livers of
hepatitis C patients has been reported [19,25]. Tumors arising in the context of hepatitis
C have been described to have low viral levels [26–28], in coherence with the diminished
expression of miR-122, an essential co-factor of viral replication (reviewed in [29]). To
further investigate this point, we designed pan-genotype HCV primers to compare the
abundance of viral RNA in tumoral and peritumoral samples of a small cohort of 20 patients
(Figure 2A). As expected, our data show important inter-patient variation and confirm a
lower viral load in the majority of tumors, as compared to corresponding non-tumoral
tissue. Interestingly however, in at least four out of 20 tumors, the viral load was higher
than in the surrounding tissue. We have chosen to concentrate further analysis on patient
#8, who displayed high viral abundance (genotype 1b) both within the tumor and in the
non-tumoral tissue.
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Figure 2. Detection of HCV RNA by smiFISH in a patient with HCC. (A) Quantification of HCV RNA

by RT-qPCR in non-tumoral and tumoral tissues of HCC patients. Patients #1 and #2 were negative

for HCV and were used as controls. Means +/-SD of technical triplicates are shown. (B) smiFISH on

patient#8 non tumoral and tumoral regions. Arrows indicate examples of single viral RNA molecules;

arrowheads point to aggregates that may correspond to active viral replication sites.

Pan-HCV genotype 1b smiFISH probes were used on OCT-frozen liver tissue from
patient #8, a 62-year-old male patient who had undergone HCC resection on cirrhotic liver
with signs of chronic hepatitis C. Confirming the RT-qPCR analysis (Figure 2A), a clear HCV-
specific signal was observed in both the tumoral and peri-tumoral tissue (Figure 2B). Many
tumor cells gave a very strong HCV-specific signal, visualized as cytoplasmic aggregated
dots (arrowheads), considerably larger than the size expected from a single RNA molecule
detection (arrows). These may represent sites of intense RNA replication, further arguing
for a strong productive infection of the tumoral tissue. As previously reported, the HCV-
infected cells were mainly visible as clusters (see e.g., [19]), allowing laser microdissection
and capture of HCV-positive and HCV-negative regions from the frozen liver specimen.

2.3. Gene Expression Profiling of HCV-Positive and HCV-Negative Cell Clusters

We used smiFISH-labelled tissue sections from patient #8 to delineate HCV-positive
and negative regions. For this, we examined confocal tile scan images combining the
smiFISH data for the tissue sections representing average areas of 2.5 cm2, corresponding
to circa 10,000 cells. Clusters of infected and HCV-free hepatocytes were identified by
visual examination (Figure 3A). A total of 11 HCV-positive and 7 HCV-negative regions,
each composed of 100–300 cells, were used as the dissection guide on serial tissue sections
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surrounding these tile scan images for laser microdissection, RNA extraction, and RNAseq
analyses. Indeed, since the smiFISH procedure is not compatible with good quality RNA
preparation, the microdissection was performed on the adjacent cuts of serial sections used
for the smiFISH imaging. We used 10-μm-thick sections. Because hepatocytes are large
cells of about 40 μm diameter, we reasoned that adjacent serial sections will largely have
the same pattern of HCV+ and HCV− cell clusters. Transcriptomic profiling confirmed
the correct identification of HCV presence or absence in 70% of these samples. All of the
discordant results were false positives, i.e., they concerned samples initially identified as
HCV+; these were omitted from further analysis. The normalized HCV read values in the
confirmed positive samples varied between 0.3–4.2 for the peritumoral and between 1.1
and 24.2 for the tumoral clusters (Figure 3B).

A total of eight samples from the tumor and four from the peri-tumoral tissues
were thus subjected to further analysis by RNAseq. We identified 202 genes that were
differentially expressed in peritumoral tissue as a function of viral presence (137 up and
65 down, p < 0.05, log2 fold change > 2) (Figure 3C). In the tumor, the total number of
dysregulated genes was 257 (98 up, 159 down) (Figure 3D) (listed in Table S2). For the
upregulated genes, GO analysis indicated strongest enrichment of the “Golgi membrane”
category for the non-tumoral samples (fold enrichment = 3.1, p = 1.5 × 10−3) and “metal
ion binding” and “DNA binding” for the tumoral part (fold enrichment = 2.2 for both,
p-value = 1.1 × 10−3 and 6.2 × 10−3, respectively) (Table S3).

Somewhat unexpectedly, we found very little overlap between genes that appeared
dysregulated by HCV in the peritumoral and in the tumoral tissues. This negative result
made us question the initial assumption that HCV-driven transcriptional changes would
be apparent independently of the cellular context, in this case either the tumoral or the
peritumoral tissue.

2.4. Expression of a Subset of HCV Dysregulated Genes Is Increased during Tumorigenesis

We reasoned that some alterations in gene expression caused by the virus are likely
to play a role in tumor development [30,31] and their expression might be maintained in
the tumor even if the initial stimulus, i.e., the virus, is no longer present. Of note, there is
a precedent for such phenomena, both in the “hit-and-run” strategy of some oncogenic
viruses and in the case of stable epigenetic changes following HCV eradication [14,32–34].
As a consequence, we sought to identify genes that are dysregulated in the HCV+ non-
tumoral samples and whose expression remains dysregulated in the tumor, independently
of the HCV status of the analyzed region. Twenty-five genes that were upregulated in
the HCV+ areas and ten whose expression was decreased in the presence of the virus fell
into this new category (Figure 3E). Our data reveal the presence of several cancer-related
pathways in this small gene set, namely, ECM interactions and cytoskeleton dynamics
(ARHGAP5, CADM1, CHI3L1, ITGA6, TMOD3, ATXN1L, MYO19), metabolism and
oxidative stress (SUCLA2, ME1, OSER1, SLC35B1, TTC19, SLC5A9, HCCS), proliferation
signaling (CCND2, STK38, RASSF4), circadian clock (METTL14, CLOCK, KDM8), and
vesicle trafficking (SNX2, GOLT1B, AP4E1). We were particularly interested in this latter
category since it is related to the most highly enriched gene set (Golgi membrane) detected
by the GO analysis of peri-tumoral samples. In order to pinpoint the genes most likely to
correspond to bona fide downstream transcriptional targets of HCV, we next concentrated
on the upregulated genes and sought to correlate the level of expression of these putative
targets with the level of HCV RNA present in the tissue. To do so, we performed RT-qPCR
analysis on 10 candidates on peri-tumoral and corresponding tumoral regions in the 10
patients of the original cohort for whom we detected viral RNA (Figure 2A). For two out of
10 candidates, we could indeed detect a strong correlation between the viral presence and
the gene’s expression in the non-tumoral tissues (Figures 4A and S1). In contrast, in the
tumors, the expression remained high, but was no longer correlated with the viral load. One
such gene was CLOCK, a central component of the circadian clock, which regulates several
steps in the HCV life cycle, including particle entry into hepatocytes and RNA genome
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replication [35]. Another gene in this category was GOLT1B, an evolutionary conserved
gene encoding a protein involved in vesicular Golgi trafficking [17,36]. Interestingly,
analysis of an independent cohort of HCV-infected patients without liver tumors [37]
revealed a correlation between CLOCK and GOLT1B expression as well as a correlation
between both genes with ER stress and UPR gene sets (Figures 4B and S2).

Figure 3. Transcriptomic analysis of HCV+ and HCV- clusters in tumoral and non-tumoral parts

of a HCC patient. (A) An example of a tile scan image used to identify HCV-positive (red) and

-negative (blue) regions detected by smiFISH that was used as guide for laser microdissection on

serial tissue sections. Arrowheads on zoomed insert show examples of smiFISH-HCV positive cells.

(B) HCV reads in RNAseq transcriptomes of HCV+ and HCV- regions used for further analysis.

HCV reads were normalized to the total number of reads and number of cells in dissected regions.

(C) Volcano plot presentation of genes deregulated in non-tumoral HCV+ vs. HCV- cells. (D) Volcano

plot presentation of genes deregulated in tumoral HCV+ vs. HCV- cells. (E) Heatmap of genes

deregulated in HCV+ non-tumoral samples that remained deregulated in the tumor.
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Figure 4. Correlation of CLOCK and GOLT1B expression with HCV RNA levels in non-tumoral liver

in HCC patients. (A) mRNA levels of CLOCK/GOLT1B were quantified by qPCR in non-tumoral

and tumoral samples from ten patients with HCC of HCV etiology. The R-squared and p-values from

Pearson correlation tests (two-tailed) are indicated. (B) ER/UPR signaling pathways are associated

with the circadian rhythm in the liver. The association of GOLT1B with CLOCK mRNA levels and the

association of ER/UPR with the circadian rhythm signaling pathway were assessed in liver samples

from HCV-infected non-treated patients (GSE84346, n = 22; [37]). Reactome and KEGG gene sets

were obtained from the Molecular Signature Database (MSigDB) [38,39] are blotted as enrichment

scores (ES); mRNA expression is plotted as normalized reads per kilo base per million mapped reads

(RPKM). R-squared and p-values from Pearson correlation tests (two-tailed) are indicated. * p < 0.05,

** p < 0.01.

2.5. GOLT1B Is Required for Efficient HCV Replication

Because deficiencies in GOLT1B homologues in yeast and in rice (Got1p and Glup2
genes, respectively) disturb redistribution of proteins from the ER to the Golgi [17,18], we
asked if GOLT1B might be associated with ER stress and a subsequent UPR in hepatocytes.
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This proved to be the case, since pharmacological induction of ER stress and UPR by
thapsigargin in Huh7.5.1 cells gave rise to a significant increase of GOLT1B expression
(Figure 5A).

Figure 5. GOLT1B is an essential factor in HCV replication. (A) The Unfolded Protein Response (UPR)

significantly increases GOLT1B expression in Huh7.5 cells treated for 8 h with 1 μM thapsigargin

(Thabs). Results are displayed as average GOLT1B mRNA expression relative to GAPDH +/− SD

(three biological replicates in technical duplicates). The p-value from the Mann–Whitney U-test test is

indicated. (B) GOLT1B silencing efficacy in Huh7.5.1. (left panel). Measurement of cell viability in an

HCVpp-infected cell using PrestoBlue (right panel). Means +/− SEM are shown. The Mann–Whitney

U-test statistical significance is indicated. (C) Assessment of viral entry and replication via HCV

pseudoparticles (HCVpp) and HCV viral construct (HCVcc). siGOLT1B impairs viral replication

but not viral entry (mean +/− SEM, Mann–Whitney, U-test). (D) Kaplan–Meier analysis of TCGA

data indicates that a high GOLT1B expression is correlated with poor overall survival probability

in patients with HCC associated with viral hepatitis. Analysis conducted using Kaplan–Meier

Plotter [40] (E) GOLT1B mRNA expression is significantly higher in HBV patients with severe fibrosis

than in patients with mild fibrosis, according to the histological staging of fibrosis (Scheuer score “S”).

In total, 124 liver biopsy samples were retrieved (GEO accession number: GSE84044) and used for the

bioanalysis (S0 = 43 patients, S1 = 20 patients, S2 = 33 patients, S3 = 18 patients, S4 = 10 patients). For

statistical analysis, the Kruskal–Wallis test (non-parametric ANOVA) was performed and GP p-values

calculated: 0.0021 (**), GOLT1B expression in whole liver tissue was analyzed from 39 samples from

HBV-associated HCC patients “Non tumor area (HBV)” and 81 samples from HBV-associated HCC

patients “Tumor area (HBV)”. The samples derived from 11 HBV-associated HCC patients who

underwent liver transplantation for tumor (GEO accession number: GSE107170). GOLT1B expression

in whole liver tissue was analyzed from 31 samples from HCV-associated HCC patients “Non

tumor region (HCV)” and 44 samples from HCV-associated HCC patients “Tumor region (HCV)”.

The samples derived from 11 HCV-associated HCC patients who underwent liver transplantation

for tumor (GEO accession number: GSE107170). For statistical analysis, the Mann–Whitney test

was performed and GP p-values were calculated: >0.05 (not significant, n.s.), <0.05 (*), <0.01 (**),

<0.001 (***), <0.0001 (****).
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We next asked if increased GOLT1B expression in HCV-infected cells was a mere
reflection of an overall ER stress or whether this protein had a functional importance in the
viral life cycle. Efficient GOLT1B silencing by siRNA in Huh7.5.1 cells gave rise to only a
minor effect on cell viability (Figure 5B). Control and GOLT1B KD cells were then infected
with reporter viruses encoding Firefly luciferase. We tested viral entry by using HCV
pseudoparticles (HCVpp) that display the HCV envelope glycoproteins on the backbone
of a retroviral vector, as well as the entry and the replication of the bona fide HCV viral
construct (HCVcc). While GOLT1B deficiency had no effect on viral entry, replication
efficiency was significantly compromised in GOLT1B KD cells (Figure 5C). Thus, GOLT1B
plays a role in the HCV life cycle.

We next questioned GOLT1B involvement in hepatic tumorigenesis. Kaplan–Meier
analysis of TCGA data indicated that a high level of GOLT1B expression was associated with
poor overall survival for virus-related HCC (Figure 5D) but had no significant impact on the
survival of patients with many other tumor types, such as colorectal carcinoma, invasive
breast cancer or glioblastoma. Moreover, GOLT1B hepatic expression was significantly
higher in patients with severe fibrosis score compared to low fibrosis. Finally, in support of
our conclusions regarding the role of GOLT1B in hepatic tumorigenesis, its expression was
significantly higher in the tumor compared with non-tumoral tissues of both hepatitis B
and hepatitis C patients (Figure 5E).

3. Discussion

Despite remarkable progress in prevention and treatment, chronic infections with HBV
or HCV remain the major risk factors for HCC [41]. In addition to necro-inflammatory liver
damage, characteristic of chronic viral hepatitis and responsible for creating a favorable
environment for tumor development, direct effects of the virus on the host cell have been
incriminated as HBV-induced pro-oncogenic events. These events include insertional mu-
tagenesis, transcriptional deregulation or inactivation of the p53 tumor suppressor by a
viral protein [42]. The case is less clear for HCV, although several transgenic mouse models
expressing all or a subset of the HCV proteins are tumor-prone, strongly arguing for their
oncogenic activity in the absence of any immune-mediated hepatic lesions [24,43]. More-
over, transcriptional and post-transcriptional activation of oncogenic signaling pathways,
as well as inhibition of apoptosis, has been described for several viral proteins [9,10,44,45].
Importantly, both viruses trigger long-lasting alterations of the epigenome of their host
cells [15], which may account for a proportion of HCC cases developing after the efficient
clearance of HCV infection [44,45].

The lack of animal models recapitulating the events leading from chronic hepatitis C
to tumorigenesis is a major hurdle for a full understanding of the underlying mechanisms.
However, recent technological developments render a feasible in-depth analysis of surgical
samples from liver resection of patients suffering from HCC that developed on the HCV
infected liver. Here, we report such an effort that has led to the characterization of virus-
mediated changes in the transcriptomic profile occurring in the true physiopathological
context of naturally occurring hepatitis C infection.

There are two options for comparing the transcriptional profiles of patient-derived
cells that either harbor the virus or are free of it. Single cell RNA sequencing is one of them.
While extremely powerful, this technique has two major disadvantages: its high cost and
the fact that it provides no positional information on the cells in the sample. In contrast,
RNAseq analysis of microdissected regions, classified as infected or virus-free by single
molecule FISH imaging, allows the study of infected cell clusters and their comparison with
cells that are not in their immediate vicinity. This last point may be of importance because
of the documented effects of infected cells on their non-infected counterparts, likely to
primarily operate over short distance. Moreover, in situ hybridization and microdissection
can be performed on frozen tissue samples allowing a retrospective study of appropriately
preserved samples.
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Driven by these considerations, we employed an improved version of smFISH: the
single molecule inexpensive (smi)FISH [16]. Importantly, while smiFISH retains the high
sensitivity of the classical smFISH, it is more versatile and considerably cheaper. This is due
to the use of short unlabeled primary oligonucleotide probes that are tagged by a common
sequence. Thus, a single fluorescent-labelled oligonucleotide, which is complementary to
the common tag, is needed for in situ hybridization. An additional improvement came from
designing a set of oligonucleotide probes that are expected to recognize all of the known
sequences of the genotype 1b HCV. Of note, although we have not employed smiFISH for
detection of any other low-abundance RNA viruses, there are no theoretical obstacles for
doing so.

The RNAseq analysis of samples microdissected from clinical specimens remains
technically challenging, and the quantity and quality of the recovered RNA did not allow
high-depth analysis. It is therefore very likely that our dataset represents only a subset of
alterations in gene expression triggered by the viral presence. Indeed, the number of genes
dysregulated in the course of in vitro viral infection is 5 to10-fold higher than that detected
in our work [10]. Noteworthy, however, our methodology is expected to strongly enrich the
identification of cell-autonomously regulated genes and it has been performed on clinical
samples from a chronic hepatitis C patient. Further analyses of additional patient samples
will be required to better define the sets of genes commonly deregulated by HCV in a
clinically relevant setting.

There are several common selective pressures that must be dealt with in a persistent
viral infection and in a growing tumor, such as novel metabolic requirements and escape
from elimination. This is presumably why some mechanisms used by viruses to pervert
cellular functions constitute a risk factor for transformation [30,31]. Following this line
of thought, we have discovered genes whose expression is dysregulated in infected, non-
transformed cells as well as in tumor cells, independently of their infection status. These
genes seem specifically related to an environment of advanced liver disease and HCC
since they do not overlap with previous transcriptomics from HCV infection models [10].
This analysis led to the identification of GOLT1B, an ER protein involved in ER-Golgi
protein trafficking [17,18]. GOLT1B has not previously been reported in the context of
HCV infection, and we confirm that it is not directly induced by HCV, in accordance with
previous omics studies on Huh7.5.1 cells and human liver chimeric mice [10]. We show,
however, that the basal GOLT1B expression greatly facilitates HCV replication, presumably
in relation to the major role played by ER in the viral life cycle. Indeed, HCV infection
gives rise to major expansion and reorganization of the ER, leading to the creation of a
membranous web, which is the site of viral replication and assembly (reviewed in [46]).
This is achieved through the action of non-structural proteins NS4B and NS5A and is
accompanied by the activation of the cellular response to stress, the unfolded protein
response (UPR). The UPR is a common cellular adaptation to numerous stresses, originally
described as a survival mechanism allowing cells to deal with an overload of protein
processing in the ER (reviewed in [47]). Because viral or bacterial infection as well as cancer
leads to an increased demand on protein synthesis and processing, these conditions are
often associated with the UPR [48,49]. Interestingly, the UPR has also been described for
other pathological conditions, including hepatic pathologies, such as NAFLD, fibrosis, and
cirrhosis [50,51], which constitute independent risk factors for HCC.

Importantly, the UPR is not only a consequence of a strong protein synthetic activity
in rapidly growing cells, it is also a necessary adaptation for cancer cell survival and
growth [52]. Similar to many other cellular stress responses, overwhelming UPR can also
trigger cell death, and novel anti-tumor therapies currently under investigation aim either
at inhibiting or augmenting UPR processes.

While the general mechanism of the UPR is shared by many cell types and many types
of stress, the response is fine-tuned by the preferential use of its three main sensors and
many partners engaged in complex signaling networks [53]. It remains to be investigated if
GOLT1B is involved in the generic UPR or rather remains specific to hepatic physiopathol-
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ogy. Similarly, further work is necessary to establish whether the requirement for GOLT1B
during HCV infection reflects a need for UPR-mediated ER reorganization or if this new
HCV target gene plays a novel distinct role in the viral life cycle.

4. Material and Methods

4.1. Cells

Huh7 cells were cultured in DMEM supplemented with 10% fetal bovine serum,
100 μg/mL streptomycin, and 100 U/mL penicillin; 400 μg/mL of G418 was added to
Huh7 Nneo/C-5B cells that harbored the full-length HCV genotype 1b replicon [23].

4.2. Mice

Three-month-old FL-N/35 males [24], transgenic for the entire HCV genotype 1b open
reading frame and wild type controls, both in the C57Bl/6J genetic background, were used.
Mice were housed and bred according to French Institutional guidelines. The protocols
were approved (ID of approval for this study N◦ F 34-172-16) by the Languedoc-Roussillon
ethics committee (CEEA-LR1013).

4.3. Patients

Freshly frozen tumoral and peritumoral tissue from 20 cases of HCC surgical resection
on hepatitis C background were collected from Montpellier University Hospital. Two addi-
tional patients had HCC unrelated to HCV. The samples were anonymized and used after
obtaining written informed consent from patients, in accordance with French legislation.

4.4. HCV Infection

Huh 7.5.1 cells [54] were infected with HCV-derived pseudoparticles (H77; genotype
1a) or cell culture-derived infectious HCV (HCVcc; strain Luc-jc1) harboring a luciferase
reporter gene, as previously described [55]. Virus entry and infection were assessed two
days after infection by measuring reporter gene luciferase activity in cell lysates using
the Bright Glo Luciferase assay system (Promega, Charbonnières-les-Bains, France) and a
Mithras LB 940 luminometer (Berthold Technologies, Bad Wildbad, Germany).

4.5. HCV Pan-Genotype 1b smiFISH Probe Design

More than 20,000 HCV genotype 1b sequences >9.5 Kb in length from the NCBI
database were aligned using Galaxy [56]. A consensus HCV genotype 1b sequence was
generated in Aliview (the Open Source Software License ‘GNU General Public License,
version 3.0 (GPLv3)). In the event of missing sequence information, the non-identified nu-
cleotides were arbitrarily designated as C. Probes were designed by R-script Oligostan [16],
which automatically eliminates C-stacks and thus excludes any artificially created C-blocks.
Sixty-one primary probes corresponding to the HCV genotype 1b consensus sequence were
designed. The same software was used to design primary probe sets for negative controls,
the Firefly luciferase and Hygromycin resistance genes, as well as the positive controls, i.e.,
mouse and human GAPDH.

4.6. smiFISH Applied to Fixed Cells

The reagents used, primary probe preparations, FLAP probe sequence, and prepara-
tions, as well as the smiFISH protocol were carried out according to the detailed description
found in [16]. Briefly, a set of target-specific probes was synthesized, each carrying an addi-
tional 28-nt long sequence (“FLAP”), which is not represented in either mouse or human
genomes. Cy-3 labelled fluorescent probe complementary to FLAP was also synthesized
and pre-annealed to primary probes prior to in situ hybridization.

4.7. smiFISH Applied to Frozen Tissue

Freshly dissected human or mouse liver tissue fragments were frozen in OCT in
liquid nitrogen-cooled isopentane and stored at −80 ◦C. Ten-μM-thick tissue sections were
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mounted on SuperfrostTM Plus Gold slides (Thermo Fisher Scientific, Waltham, MA, USA),
fixed in 4% paraformaldehyde pH 9 for 30 min at room temperature, and permeabilized
for 30 min in 1% Triton/PBS at room temperature. SmiFISH was performed as above using
RNAse-free glass coverslips. Nuclei were counterstained by ProlongGold DAPI (Thermo
Fisher Scientific, Waltham, MA, USA).

4.8. RNA Extraction and RT-qPCR

RNA was extracted from frozen samples of either tumoral or matched non-tumoral
parts of HCC patient biopsies using the RNeasy mini kit (Qiagen, Hilden, Germany);
0.25 μg of total RNA was reverse-transcribed with the QuantiTect Reverse Transcription
kit (Qiagen), and cDNA was quantified using LC Fast start DNA Master SYBR Green I
Mix (Roche, Basel, Switzerland). Primers for RT-qPCR were designed using LightCycler
probe design 2 software (Roche), targeting the pan-genotype small (i.e., 300 bp) con-
served region in the 5′UTR of HCV viral sequence: forward: 5′- CAGGAGATGGGCG-
GAAAC -3′, reverse: 5′- GCCGCAATGGATATTTCATTCTCA-3′. Results were normalized
to SRSF4 housekeeping gene expression; forward: 5′- CGGAGTCCTAGCAGGCATA-
3′, reverse: 5′-TTCCTGCCCTTCCTCTTGT-3′. GOLT1B expression was quantified us-
ing qPCR primers GOLT1B-fw (5′-CGGCTTCATTTCTCCCGACT-3′) and GOLT1B-rv (5′-
TCCAATTTTCTGCGTGTCCG-3′) using the SYBR green method using a CFX96 Touch
Thermal Cycler (Bio-Rad, Hercules, CA, USA). PCR products were validated by melting
curve analysis and Sanger sequencing.

4.9. Microscopy and Imaging

In vitro smiFISH microscopy was performed using a widefield Zeiss Axioimager
Z1 to capture Z-stacks using an X63 1.4 NA oil objective equipped with a CCD camera
(Axiocam) and controlled with Metamorph (Molecular Devices). Tissue smiFISH imaging
was performed using an inverse SP8-UV confocal microscope (Leica) for Z-stack capturing
with a X63 1.4 NA oil objective and HyD detectors. Z-stacks and confocal tile scans
were compiled using LAS software (Leica Application Suite). Signals were detected after
adjustment of the negative control probe to zero (considered background noise). The
remaining non-specific signal, likely due to spectral bleed-through, was calculated by
image overlying upon excitement of the Cy3 and GFP channels. For the HCV signal the
non-specific component was estimated to be 1.8% of the total signal and was therefore
considered negligible. Estimation of the fraction of HCV-positive cells in tissue sections
was performed by manual counting of HCV-positive cells relative to the total number of
detected DAPI-stained nuclei in five randomly chosen fields (>100 cells/field).

4.10. Laser Microdissection and RNA Extraction

Serial 10 μM sections of human liver tissue were mounted on PET-membrane steel
frame slides (Leica) and stored at −80 ◦C until use. For laser dissection, slides were fixed
for 20 min in 70% ethanol at +4 ◦C followed by dissection using a PALM MicroBeam
laser UV dissector (Zeiss, Oberkochen, Germany). Serial section alignment of the smiFISH
and unstained slides was carried out at the Laser Microdissection platform at Bordeaux
Neurocampus using an automated serial section alignment and microdissection (PALM 4
technology, Zeiss). RNA was extracted and purified from each sample (circa 100–200 cells)
using the RNeasy® Micro kit (Qiagen, Hilden, Germany) with on-column DNAse I diges-
tion. RIN values were calculated using the Agilent Bioanalyzer with RNA pico chips.

4.11. RNAseq

RNA samples containing a minimum of 1 ng RNA and a RIN > 4 were used for
further RNAseq analysis. First, RNA was amplified using the Ovation® SoLo RNA-seq
library preparation kit (NuGEN) used for low input or single-cell sequencing according to
manufacturer’s instructions, including a ribosomal RNA depletion step (Insert Dependent
Adaptor Cleavage). Libraries were then monitored for concentration and fragment sizes
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using a Fragment Analyzer (kit Standard Sensitivity NGS) and by qPCR (ROCHE Light
Cycler 480) prior sequencing on Illumina HiSeq2000 platform (single end 50 bp length).

4.12. Single Sample Gene Set Enrichment Analysis

Transcriptomic data from HCV-infected non-treated human liver samples (GSE84346,
n = 22) were preprocessed with the CollapseDataset tool available at GenePattern. Single
sample gene set enrichment analysis (ssGSEA) was performed using gene sets belonging
to the Molecular Signatures Database (MSigDB) version 7.4 [38,39]. The correlations of
GOLT1B with CLOCK mRNA levels and ER/UPR with circadian rhythm signaling pathway
scores were assessed with Pearson’s correlation coefficient.

4.13. Statistical Analysis

• Read quality assessment

The first five bases of each read were trimmed using cutadapt v. 1.13 (option -u 5). The
trimmed reads were aligned to the human genome (Hg38) using TopHat2 v2.1.1 [57]. The
read quality was controlled using FastQC and FastQ Screen tools.

• Identification of viral reads

In order to confirm the presence of the hepatitis C virus in HCV-positive samples,
we aligned the RNA reads on the HCV sequences using the BWA mapper tool (using
BWA-backtrack algorithm). The results confirmed the presence of HCV in seven samples.
Based on this result, we removed five HCV-positive samples for which no reads mapped
on the HCV reference genome. We also removed one sample considered HCV-negative but
that mapped reads to the HCV reference.

• Differential Gene Expression analysis

Differential Gene Expression analysis was performed using the DESeq package [58]
from Bioconductor. First, the featureCounts program (version 1.6.2) was used to count
the reads that mapped to gene annotations with the option ‘-s 1’. Then these counts
were analyzed using the DESeq package to identify genes that were at least 1-fold (log2)
differentially expressed relative to the reference sample using a p-value threshold of 0.05.

Statistical analysis of GOLT1B experiments was performed using GraphPad prism
software (GraphPad Software, San Diego, CA, USA).
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Abstract: Chronic viral hepatitis is a main cause of liver disease and hepatocellular carcinoma. There

are striking similarities in the pathological impact of hepatitis B, C, and D, although these diseases

are caused by very different viruses. Paired with the conventional study of protein–host interactions,

the rapid technological development of -omics and bioinformatics has allowed highlighting the

important role of signaling networks in viral pathogenesis. In this review, we provide an integrated

look on the three major viruses associated with chronic viral hepatitis in patients, summarizing

similarities and differences in virus-induced cellular signaling relevant to the viral life cycles and

liver disease progression.

Keywords: HBV; HCV; HDV; liver; inflammation; oxidative stress; metabolic disease; fibrosis; cancer

1. Introduction

Viral hepatitis predominantly affects and damages the liver by commonly causing the
progression from chronic inflammation to fibrosis, cirrhosis, and ultimately cancer. It is
estimated that approximatively 350 million people worldwide are chronically infected with
hepatitis viruses [1]. During a chronic infection of the liver, hepatic viruses persistently
tweak and attenuate the host antiviral defenses and modulate cellular pathways that
impact liver homeostasis and disease progression. Viral hepatitis is a major risk factor
for liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC), which is the second
leading and fastest rising cause of cancer death worldwide [2,3]. Although caused by
very different viruses, virus-induced liver disease displays similar features, suggesting
common molecular drivers. Moreover, chronic viral hepatitis may serve also as a model
to understand the mechanism of non-viral etiologies like non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steato-hepatitis (NASH).

Although replication strategies of hepatotropic viruses are very diverse, we can high-
light common molecular mechanisms that occur during chronic viral hepatitis: (1) induc-
tion of intrahepatic oxidative stress damage by viral proteins, (2) dysregulation of cellular
metabolic pathways, (3) persistence of liver inflammation, (4) activation of pro-fibrotic, pro-
oncogenic processes that can lead to the accumulation of genetic alterations and genomic
instability. Therefore, the common denominator of these events comprises a virus-induced
dysregulation of signaling events that holds the potential for the identification of novel
host-targeting and chemo-preventive strategies targeting the viral life cycle and/or liver
disease progression. In this review, we summarize similarities and differences in virus-
induced cellular signaling associated with the three major viruses that cause chronic viral
hepatitis in patients.

Int. J. Mol. Sci. 2022, 23, 2787. https://doi.org/10.3390/ijms23052787 https://www.mdpi.com/journal/ijms
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2. Hepatitis B, C, D Viruses

The three hepatotropic viruses causing chronic liver infection are Hepatitis B virus
(HBV), Hepatitis C virus (HCV), and Hepatitis Delta virus (HDV). HBV is a DNA virus of
the Hepadnaviridae family whose partially double-stranded genome is translocated into the
host nucleus. Here, a covalently closed circular DNA (cccDNA) is formed and serves as a
template for transcription. cccDNA is highly persistent and epigenetically regulated as a
host chromosome, a critical feature that makes it difficult to achieve a complete cure for HBV
infection [4,5]. HBV is the only hepatotropic virus that causes integration of the viral DNA
into the host genome. It thus contributes directly to an elevated liver cancer risk even in non-
cirrhotic patients by cis-mediated insertional mutagenesis, chromosomal instability, and
expression of aberrant viral proteins [6]. HDV is a single-stranded RNA virus and the only
virus of the genus Deltavirus. It is a satellite virus of HBV, which requires the HBV surface
antigen (HBsAg) for its lifecycle [7,8]. Importantly, HBV/HDV coinfection causes the most
severe form of chronic viral hepatitis, with accelerated liver disease progression to cirrhosis
and HCC and increased liver-related and overall mortality [9]. However, little is known
about the HBV/HDV–host interactions driving these complications. HCV, a member of
the Flaviviridae family, is a positive-sensed single-stranded RNA virus that depends on
and interacts with hepatocyte lipid metabolism during its lifecycle [10]. HCV triggers
phenotypic changes closely resembling metabolic liver disease, including hepatic steatosis
and insulin resistance [11], and profoundly influences the proteogenomic landscape of the
host cell [12].

Challenges in the treatment of these viruses differ very much. While an efficient HBV
vaccine is available protecting from HBV and HDV, the development of an HCV vaccine is
hampered by its lipoviral composition and its highly variable quasispecies that contribute
to its shielding and escape from neutralizing antibodies. However, over the last decade,
novel and highly efficient antivirals have been developed to cure HCV infection [13]. In
contrast, chronic HBV infection can only be controlled by long-term antiviral strategies due
to the persistence of cccDNA pools in patients’ liver [14,15]. For HDV, interferon-based
therapies had only limited success; however, novel antivirals such as entry inhibitors have
shown encouraging results in clinical practice to control HDV infection and to improve
liver function [16]. Nevertheless, even if a viral infection is controlled or cured, the risk
of developing HCC may not be fully reversed, depending on the duration of chronic
infection, liver disease stage, and type of virus [17,18]. Moreover, evidence points towards
an epigenetic imprinting by hepatic viruses (HCV, HBV) and underlying liver fibrosis in
the host genome which maintains a persistent transcriptomic environment in cured livers
that acts in a pro-oncogenic manner [17,19,20].

3. Virus-Induced Oxidative Stress Signaling

In healthy cells, reactive oxygen species (ROS) are predominantly produced through
mitochondria oxidative phosphorylation, protein folding in the endoplasmic reticulum
(ER), and the catabolism of lipids and amino acids [21–23]. ROS are considered to be
harmful for the cell, exerting damage-promoting, detrimental effects. However, ROS are
also an essential signaling trigger regulating apoptosis and immune response against
pathogens [24]. ROS are neutralized by the enzymatic and non-enzymatic cellular antioxi-
dant system. The enzymatic antioxidant system includes various types of ROS-scavenging
phase II enzymes such as glutathione peroxidase (GPx), superoxide dismutase (SOD), and
catalase (CAT) catalyzing free radicals’ neutralization. In contrast, the non-enzymatic
antioxidants system is composed of low-molecular-weight compounds such as glutathione
and vitamin C, scavenging ROS with a slow kinetics. Both systems are regulated by the
expression of genes comprising antioxidant response elements (ARE), which are controlled
by the transcription factor Nrf2 [25,26]. A persistent imbalance of ROS is an important
driver of chronic liver disease, and the associated redox imbalance has been suggested
to be highly relevant to NAFLD pathogenesis [27]. Moreover, oxidative stress has been
associated with oncogenic transformation in patients with chronic viral hepatitis [28,29].
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The mechanism of virus-induced oxidative stress by HBV, HCV, HDV can be sum-
marized in four main categories: (1) alteration of mitochondrial function mediated by
Ca2+ uptake; (2) triggering of ER stress and unfolded protein response (UPR); (3) virus-
induced expression of ROS-producing enzymes; (4) dysregulation of antioxidative path-
ways (Figure 1). In the case of HCV, viral core proteins [30], E1/E2 [31], and NS4B [32,33]
induce oxidative stress via calcium efflux through the induction of ER stress and UPR,
which is a component of the ER adaptative system. In addition, the HCV core at the mito-
chondrial outer membrane [34] interacts with heat shock protein Hsp60 [35], triggering the
release of Ca2+ from the ER and its accumulation in the mitochondria. Moreover, the HCV
core stimulates the expression oxidoreductin 1α (ERO1α) in the ER. This promotes the
formation of mitochondria-associated membranes and induces Ca2+ translocation from the
ER to the mitochondria. Mitochondrial Ca2+ accumulation alters the respiratory chain and
promotes ROS production [36,37]. For HBV, HBx protein expression reduces the activity of
several respiratory chain complexes, causing the loss of mitochondrial membrane potential
and therefore enhancing the production of ROS [38]. Moreover, HBx dysregulates mito-
chondrial functioning by interacting with two partners: voltage-dependent anion channel
3 (VDAC3), involved in calcium transport across the mitochondrial outer membrane [39],
and cytochrome c oxidase subunit III (COX3) [40,41]. Other HBV proteins may also be
involved in the induction of oxidative stress. HBsAg is generally secreted during the HBV
lifecycle; however, secretion-deficient mutants can appear during infection and accumulate
in the ER. This also occurs with the HBV core antigen (HBcAg). Both proteins induce ER
stress and UPR signaling, leading to calcium release from the ER and subsequent ROS pro-
duction [42,43]. Viral components also enhance oxidative stress by inducing the expression
of ROS-producing enzymes. The HCV core proteins and NS5A enhance the expression
of cytochrome P450 2E1 (CYP2E1) and NADPH oxidase 1 and 4 (NOX1 and 4), leading
to elevated levels of ROS, including superoxide and hydrogen peroxide [37,44]. Similarly,
the large HDV surface antigen (L-HDAg) induces oxidative stress by promoting NOX4
expression [45].

A virus-induced, but not always consistent, dysregulation of the antioxidant system
is observed during HCV and HBV infection. For HCV, the expression of nonstructural
proteins downregulates SOD1 and SOD2 and induce catalase, whereas HCV core alone en-
hances the expression of SOD2 [46]. The expression of full-length HCV or the nonstructural
proteins and core leads to impaired Nrf2/ARE activity [47], whereas a full HCV infection
activates the Nrf2/ARE axis [48–50]. Overexpression studies in Huh7 cells point towards
Nrf2-activating phosphorylation during HCV infection by protein kinase C in response to
ROS or by casein kinase 2 and phosphoinositide 3-kinase (PI3K) in a ROS-independent
manner [48]. Moreover, in an HCV infection model, Nrf2/ARE activation was promoted
by the inhibitory phosphorylation of glycogen synthase kinase 3β (GSK3β) [49]. While
in non-transformed hepatocytes several Nrf2-dependent genes are induced by HCV [51],
downregulation of a wide spectrum of antioxidant defense proteins can be observed in
hepatoma cell line-based models [52,53]. Several theories have been proposed to explain
this discrepancy, one of which is the bi-phasic nature of oxidative stress, which at low and
moderate ROS levels activates antioxidants, whereas at high ROS level induces damage
and inhibits the expression of antioxidant genes. The used study model and the readout
have thus a significant impact on the results. HCV-induced gene expression is often not
translated into a protein response to blunt the antiviral response of the host cells [12]. For
HBV, the Nrf2/ARE pathway is activated by the virus in both infected cells and liver tissues
of chronic HBV carriers in a genotype-dependent manner via HBx and the large surface
antigen (LHBs) [54]. HBx sequesters the Nrf2 partner protein, Keap1, forming a HBx–
p62–Keap1 triple complex in a ROS-independent manner [55]. However, the activation
of the antioxidant system by HBV is challenged by several studies in HBV-infected cells
and in HBV patients [56–58]. Indeed, some Nrf2-dependent genes such as GSTM3 [59]
and GSTP1 [60] are epigenetically silenced by HBx expression or HBV infection. HBx also
alters type II enzyme expression by interfering with the expression of other regulatory ele-
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ments/factors of the Nrf2/ARE signaling pathway [61]. Furthermore, HBV suppresses the
expression of proteins indirectly implicated in the antioxidant system such as selenoprotein
P (SeP) and selenium-binding protein 2 (Selenbp2) [62,63]. Beside the observed effects
of HBV on ROS, also HDV promotes oxidative stress in the ER through the interaction
between L-HDAg and NOX4. The activation of the NOX4 pathway induces the release of
ROS from the ER, activating the signal transducer and activator of transcription-3 (STAT3)
and nuclear factor kappa B (NF-κB) signaling [45]. Moreover, the small hepatitis delta
antigen (S-HDAg) can directly bind to glutathione S-transferase P1 mRNA causing the
downregulation of its expression, therefore increasing ROS and promoting apoptosis [64].

Figure 1. Signaling pathways perturbed by hepatotropic viral proteins. HCV, HBV, and HDV

alter liver homeostasis by disrupting several signaling processes associated with (1) the generation

of oxidative stress and the dysregulation of the antioxidant system, (2) the alteration of a pro-

inflammatory signaling, (3) the hijacking of glucose and lipid metabolism, (4) the dysregulation of

host genome expression. NS3, NS4B, NS5A, (non-structural protein 3/4B/5A); HBx, (hepatitis b X

antigen); LHBs, (large HBV surface antigen); L-HDAg, (large HDV antigen).

Oxidative stress, ER stress, and UPR trigger a cascade of signaling events that may
protect but also damage the liver, depending on the duration of the insult. During HCV
infection, elevated ROS levels induce the production of pro-inflammatory cytokines such
as tumor necrosis factor alpha (TNF-α) and IL-8 [65]. The underlying NF-κB pathway
regulating their production is very sensitive to oxidative stimuli. HCV core proteins, NS4B,
and NS5A activate NF-κB as well as STAT3 expression through the elevation of ROS and
the disruption of calcium homeostasis [66,67]. Interestingly, the induction of oxidative
stress during HCV infection is positively associated with the progression of liver fibrosis,
which is characterized by the overproduction of extracellular matrix. A key mechanism of
fibrosis is the activation of hepatic stellate cells (HSCs) by pro-inflammatory cytokines, lead-
ing to collagen deposition [68]. HCV core proteins, NS3A/4A, NS4B, and NS5A activate
transforming growth factor beta 1 (TGF-β1) secretion through ROS and calcium-dependent
mechanisms [69]. Viruses also benefit from manipulating ROS levels. Studies revealed
that HCV activates the Nrf2/ARE axis, promoting ROS scavenging and preventing ROS
accumulation to levels with antiviral and/or lethal effects in the host cell [48,70]. Moreover,
under conditions of oxidative stress, viruses promote cell survival and proliferation via
associated signaling. HCV activates β-catenin that induces c-Myc and cyclin D1 expres-
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sion, thus promoting cell cycle progression [71]. Moreover, ROS disrupt p53 binding to
Mdm2 via the upregulation of DHCR24 expression, thus attenuating apoptosis [72]. HCV
further prevents apoptosis by activating the peroxisome proliferator-activated receptor
alpha (PPARα) and suppressing the voltage-gated K+ channel Kv2.1 through NS5A and
ROS [73,74]. ROS also suppress the expression of p14, which is implicated in the induction
of the pro-apoptotic p53/Mdm2 pathway [75]. ROS upregulates p21, a cyclin-dependent
kinase inhibitor activating Nrf2 [76]. While in low stress conditions p21 induces cell cycle
arrest, in the presence of high oxidative stress levels, it induces apoptosis [77,78]. HCV core
proteins and NS5A inhibit p21 and therefore render Nrf2 less sensitive to ROS. This hampers
the induction of apoptosis and stimulates the proliferation of damaged hepatocytes [79,80].

4. Virus-Induced Pro-Inflammatory Signaling

A common consequence of chronic viral hepatis is the induction of liver inflammation
(hepatitis). Upon viral sensing, infected hepatocytes trigger the activation of innate im-
mune receptors and sensors that are referred to as the inflammasome and are large protein
complexes. The inflammasome serves as a signaling hub triggering type I interferons
and the processing and release of proinflammatory cytokines. It is activated by pattern
recognition receptors (PRRs) triggered by pathogen-related molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs) (reviewed in more detail in [81]). The host
inflammasome represents an important line of defense and is a decision maker with regard
to fight (antiviral response) and containment (apoptosis). It is therefore not surprising
that hepatic viruses evade the host innate immune response and twist pro-inflammatory
signaling to their own benefit to persist and prevent apoptosis of the infected cells. The in-
duction of the inflammasome by viral hepatitis was already evident in the previous section
highlighting the common mechanism of virus-induced ROS and ER stress activating STAT3
and NF-κB signaling. Presumably, ROS-independent or -related mechanisms comprise the
induction of NF-κB signaling by HDV. Indeed, L-HDAg renders NF-κB signaling more
susceptible to TNF-α [82] and induces STAT3 [83]. NF-κB-independent induction of inflam-
mation has been observed for HCV, which involves NS5A induction of cyclooxygenase-2
(COX-2) and, consequently, second messenger signaling and prostaglandin production [84].
The JAK/STAT signaling pathway is an important mediator of the host innate immune
response as well as of cellular apoptosis and survival. Viral sensing triggers type I and II
interferon responses via STAT1 and STAT2, promoting the expression of antiviral interferon
response genes and apoptosis if the pathogen is not cleared [85]. Viruses causing chronic
hepatitis have developed elaborated strategies to evade the innate response (reviewed
in [86–89]). An important aspect in this evasion strategy is the pro-viral role of STAT3
signaling. In the liver, STAT3 signaling is a mediator of liver regeneration and balances the
pro-apoptotic role of STAT1 by heterodimerization in response to IL-6 and proliferative
signaling by HGF and EGF [90]. Attenuation of STAT3 signaling in functional studies
impaired the replication of HCV and HBV, suggesting a pro-viral role of STAT3 signal-
ing [90–92]. Proliferative signaling via the epidermal growth factor receptor (EGFR) is
required for HBV, HCV, and HDV infection [93,94]. Interestingly, EGFR further promotes
STAT3 activity by repressing a negative regulator of STAT3, i.e., suppressor of cytokine
signaling 3 (SOCS3). Consequently, this tempers the pro-apoptotic, antiviral effect of type I
interferon signaling by promoting STAT1/STAT3 heterodimerization over STAT1 homod-
imerization [95]. STAT3 signaling is further maintained by HCV-induced downregulation
of another negative regulator of STAT3, protein tyrosine phosphatase delta (PTPRD) [96]. A
potential similar effect may be triggered by HDV infection, which attenuates STAT1/STAT2
signaling via the suppression of Tyk2 [89], which is another negative regulator of STAT3
transcriptional activity [97]. Whether this may promote the pro-viral effect of STAT3
signaling in HBV/HDV-infected hepatocytes remains to be demonstrated.
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5. Deregulation of Cellular Metabolism Pathways

The liver is an essential hub for metabolic processes and energy storage. Chronic
viral hepatitis has an important impact on metabolic processes in the liver with distinct
virus-specific manifestations. While chronic HCV infection strongly resembles clinical
manifestations caused by NAFLD and NASH [98], the role of HBV in metabolic disease is
controversial, and it has been suggested that HBV may potentially exhibit protective effects
towards NAFLD development [99,100]. However, metabolic disease and obesity in HBV-
or HCV-infected patients are considered important co-morbidities promoting liver disease
progression and increasing cancer risk [101]. The accumulation of free fatty acids induces
mitochondrial and ER oxidative stress. Moreover, the accumulation of ROS stimulates lipid
peroxidation and inflammatory cascades such as those associated with TNF-α and IL-6,
leading to the development of hepatic steatosis and insulin resistance [102].

HCV lifecycle is tightly linked to human lipid metabolism also because HCV requires
lipid droplets to replicate and circulates as lipoviral particles to evade the host immune
response [103]. HCV proteins directly interact with or regulate the expression of key
effector molecules of the lipid metabolism, including apolipoproteins and diacylglycerol
acyltransferase-1 [104–106]. HCV also activates IKK, which induces the expression of
lipogenic genes and promotes lipid droplet formation [107]. Indeed, recent proteogenomic
analysis revealed a massive suppression of pathways required for fatty acid metabolism,
perturbing the capacity of infected hepatocytes to use fat as an energy source. This coincided
with a shift towards a highly glutamine-/glucose-dependent metabolism, which promoted
HCV replication [12,108] and resembled the high energy dependence of tumor cells. HCV
also tweaks host signal transduction, promoting a favorable metabolic environment for its
replication and persistence.

A central role in metabolic liver disease is a chronically dysregulated STAT3 and
NF-κB signaling [109,110]. As reviewed above, both pathways are induced by chronic viral
hepatitis and associated oxidative stress and are associated with liver disease progression
and increased HCC risk [12,90,111–114]. However, while during HCV infection STAT3
signaling contributes to the accumulation of free fatty acids by suppressing peroxisomal
beta-oxidation via inhibiting PPARα [12], HBV-induced STAT3 signaling does not produce
the same phenotype. In contrast, HBV replication requires PPARα [115,116] and therefore
prevents PPARα inhibition by inducing STAT3 activity. Indeed, HBV infection of primary
human hepatocytes induces peroxisomal function, which may be a consequence of a direct
rescue of PPARα activity by an HBV protein [12], as observed for PPARγ activation by the
protein HBx [117]. HBx maintains fatty acid oxidation [118] and has been observed to bind
PPARα in cell culture [119]. This matches observations that PPARα stimulation improves
NAFLD in pre-clinical models [120,121]. However, evidence points also to a pro-steatotic
impact of HBV infection, even though this is more rarely observed in patients compared to
patients infected with HCV [122]. HBV infection does promote the biosynthesis of fatty
acids in HBV transgenic (HBV-Tg) mice by the upregulation of fatty acid-binding protein 5
(FABBP5) and acyl-CoA-binding protein (ACBP) [123]. Moreover, HBV-Tg mice display the
upregulation of lipid biosynthetic pathways such as those involving retinol-binding protein
1 (RBP1), sterol regulatory element-binding protein 2 (SREBP2), ATP citrate lyase, and fatty
acid synthase (FAS) [124]. Additionally, other factors participating in fatty acid transport
and biogenesis are dysregulated by HCV, including fatty acid-binding protein 1 (FABP1),
responsible for the uptake and transport of long-chain fatty acids (LFA) [125,126], SREBP1,
and PPARγ, which induces the expression of hepatic lipogenic and adipogenic genes,
accompanied by the accumulation of lipid droplets [127–130]. HDV infection also impacts
metabolic pathways, since HDV decreases the availability of triosephosphate isomerase
and pyruvate carboxylase, leading to an abnormal retention of lipids. This effect may also
be responsible for microvesicular steatosis during HDV infection [131].

A particular feature of HCV infection is its association with insulin resistance (IR) in
patients, which is less frequently observed in HBV- or HBV/HDV-infected patients [132],
although a recent genetic screen highlighted the importance of metabolic pathways in
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HDV lifecycle, including insulin resistance-related genes [133]. This may be due to the
different dependency of the hepatic viruses on intracellular glucose levels. Insulin is a
central regulator of glucose levels in the blood and of gluconeogenesis in the liver. It
therefore also impacts the glucose levels within the hepatocyte. During IR, insulin fails
to suppress gluconeogenesis in the hepatocytes [134]. While HCV is a highly glucose-
dependent virus [12], HBV replication favors low glucose levels, and thus glucose-induced
mTOR signaling hampers HBV replication [135]. HCV proteins directly promote IR by
interacting with insulin pathways’ components, including insulin receptor substrate 1
(IRS-1) [136–138]. It also alters Akt-induced forkhead box O1 (FOXO1) phosphorylation
and its nuclear exclusion, which is required for the transcription of the gluconeogenic
gene phosphoenolpyruvate carboxykinase 1 (PCK1) in hepatocytes [139]. Moreover, HCV
suppresses glucose transporter 2 (GLUT2) and IRS-2, contributing to higher endogenous
glucose levels. Indirect mechanisms of IR involve HCV-induced oxidative stress, steatosis,
and pro-inflammatory cytokines, e.g., TNF-α. These indirect effects induce the expression of
gluconeogenic genes, such as glucose 6 phosphatase (G6P) and PCK2 [140,141]. Moreover,
HCV mediates oxidative stress, leading to hypoxia. This activates H1Fα via c-Myc and Nrf2,
controlling the expression of key enzymes in glycolysis [108]. One may speculate that HBV
and HDV infection rather indirectly contribute to insulin resistance in patients via virus-
induced inflammation and oxidative stress, which is further promoted by comorbidities
such as overweight. Direct effects are observed, however, in HBx-Tg mice, which develop
hyperglycemia and impaired glucose tolerance [142], and in the HBV-expressing cell line
HepG2.2.15, with stimulated TCA cycle and glycolysis [143].

6. Virus-Induced Pro-Fibrotic/Pro-Oncogenic Signaling

Many of the above-mentioned dysregulated signaling pathways promote viral replica-
tion and persistence mostly by diverting the host antiviral response to prevent apoptosis
and ensure the survival of the infected cell. Strikingly, many of these survival signals
are also involved in regenerative processes during liver injury and orchestrate a delicate
balance between pro-inflammatory and proliferative signals [144]. As mentioned earlier
in this review, all three hepatis viruses chronically infecting the liver engage EGFR sig-
naling to maintain their life cycle [93,94]. EGFR orchestrates the entry of HBV [93] and
HCV [94]. EGFR signaling is active during ligand-induced receptor dimerization and inter-
nalization and is regulated by phosphatases and endosomal recycling/degradation [145].
HCV has developed strategies to maintain EGFR signaling to its own benefit. HCV infec-
tion induces EGFR signaling [146,147] and prolongs EGFR signaling by retaining EGFR
in the early endosome via NS5A. This prevents EGFR degradation and leads to EGFR
accumulation in infected cells [148,149]. HCV also alters the expression of other ErbB
receptors in favor of EGFR [150]. In contrast to HCV, HBV internalization requires EGFR
transport to the late endosome, which is critical for efficient HBV infection [151]. Consis-
tently, the inhibition of EGFR degradation abrogated the internalization of HBV via its
receptor sodium/taurocholate cotransporter (NTCP) and prevented viral infection [151].
Downstream of EGFR signaling, several viral proteins interact with the MAPK signal-
ing pathways and stimulate cell proliferation [152–155]. For HCV, NS5A associates with
Raf-1 kinase, promoting HCV replication [152]. Consistently, inhibiting Raf kinases with
sorafenib blocked the infection, while a further downstream inhibition of MEK1/2 and
Erk1/2 showed only marginal effects. This suggests a direct virus–host dependency inde-
pendent of pathway-associated transcriptional changes. The same holds true for HBV, for
which the inhibition of EGFR-associated MAPK or PI3K signaling during infection seems
only to have marginal effects [151]. Although no studies have so far demonstrated a role of
EGFR during HDV infection, it can be assumed that EGFR may also be required for HDV
internalization, since this virus uses the HBV envelope to enter the cell and shares the same
entry pathway through HSPG and NTCP.

PI3K/Akt signaling regulates glucose metabolism, cell growth, and survival [156]
and it is tightly regulated by phosphatase and tensin homolog deleted on chromosome 10
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(PTEN) [157,158]. Independently of its role in insulin signaling, HCV NS5A downregulates
PTEN expression through a cooperation of ROS-dependent and -independent pathways
that subsequently drives a PTEN–PI3K/Akt feedback loop supporting cell survival [159].
For HBV, the role of PI3K/Akt signaling is more diverse. HBx activates Akt in hepa-
tocytes thereby self-limiting HBV replication [160]. This is consistent with a decreased
HBV replication upon PI3K/Akt pathway inhibition using a small-molecule inhibitor
in cell culture [161]. However, despite the self-limiting effect on HBV replication, HBx
inhibits hepatocyte apoptosis via Akt stimulation and potentially facilitates the persis-
tent, noncytopathic HBV replication [160]. As observed for HCV, HBV impairs PTEN
expression, promoting β-catenin/c-Myc signaling and PD-L1 expression [162]. The authors
found that PTEN rescue in hepatocytes inhibited β-catenin/PD-L1 signaling and promoted
HBV clearance.

Wnt/ß-catenin signaling is essentially involved in the regulation of cell fate during
embryogenesis and hepatobiliary development, as well as in liver homeostasis, epithelial–
mesenchymal transition (EMT), and tissue regeneration during adulthood. If dysregulated,
it promotes liver disease and cancer [163]. The Wnt/β-catenin signaling pathway is ac-
tivated by hepatic viruses via direct engagement of viral proteins. β-catenin signaling
is stimulated by HCV infection via NS3 and NS5A [164] or the phospho-inactivation of
GSK-3β by NS5A and core proteins [165,166]. Strikingly, despite a highly genetic hetero-
geneity, a relative higher frequency of mutations in the β-catenin gene CTNNB1 can be
observed in HCC associated with HCV than with HBV [164]. Wnt/ß-catenin signaling is
involved in EMT, which is a hallmark of wound healing and liver fibrosis [167]. During
chronic infection, dysregulated wound healing processes cause an excessive deposition of
extracellular matrix in the liver, leading to liver fibrosis and cirrhosis, which involve not
only hepatocytes but also non-parenchymal cells like HSCs and liver macrophages [167].
The Wnt/ß-catenin cascade has a central role in regulating profibrotic pathways in hep-
atocytes, which involve oxidative stress signaling and transforming growth factor beta
(TGF-β)/SMAD signaling [167]. HCV induces TGF-β signaling indirectly via UPR [168].
Interestingly, TGF-β signaling seems to limit HCV infection in hepatocytes [169]. The virus
counteracts this activation by an NS5A-mediated inhibition of the phosphorylation and
transcriptional activity of SMAD2 and SMAD3/4 heterodimers [170]. HBV infection is also
restricted by TGF-β [171], while HDV seems to stimulate TGF-β in luciferase reporter gene
assays [172]. This is consistent with a reported activation of TGF-β expression by HDV
via an L-HDAg-mediated activation of the Twist promoter through binding to SMAD3
on Smad-binding elements (SBEs) [173]. This is an interesting finding that may help to
understand the aggravation of HBV liver disease and the rapid fibrosis progression in
HDV/HBV-infected patients [174].

7. Discussion

Chronic liver disease and associated complications including cancer constitute an
important burden for public health, with a long-lasting impact on affected individuals
even after viral infection cure. The comparison of virus-induced signaling during chronic
infection with HBV, HCV, and HDV outlined common pathogenic mechanisms that pre-
dominantly result in the failure of the antiviral response to clear infection and in a diversion
of the final antiviral safeguard apoptosis towards cell survival. It is evident that the in-
volved signaling pathways that are thereto manipulated largely overlap for different viruses
(Table 1), although the detailed strategies differ (Figure 2). Also hepatitis E virus (HEV)
seem to dysregulate similar pro-oncogenic signaling pathways linked to oxidative stress,
inflammation, apoptosis, and cell proliferation, as reviewed elsewhere [175]. However,
chronic infections are relatively rare, and only a fraction of patients progress to fibrosis and
HCC [176]. The majority of studies reviewed here were based on cell culture models and
performed a limited analysis of canonical pathways. Given these limitations, the currently
available literature for some viruses is biased by functional studies of individual proteins
(e.g., HBx for HBV) and does not consider protein dynamics or synergic effects of the virus
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interactome. However, the fast-moving technological development in the recent years
and the diffusion of -omics studies in the scientific routine are allowing a more profound
study of virus-induced signaling. This should be combined with the use of better infection
models representing the three-dimensional architecture of the liver, the heterogeneity of
its cell populations, and the contribution of immune cells. Signaling pathways are estab-
lished targets in cancer therapy [177] and have previously drawn attention as targets for
cancer prevention attenuating liver disease progression [178,179]. Host signaling-targeting
approaches to battle chronic infection have been discussed [133,180,181] as they hold the
potential to lower the genetic barrier of resistance to direct-acting antivirals. However,
currently, only interferons are in clinical use targeting chronic viral hepatitis. Thus, a better
understanding of virus-induced signaling could promote the development of common
therapeutic strategies to help not only patients with chronic infection but also patients
suffering from non-viral disease etiologies that display a similar course of liver disease and
fibrosis-associated carcinogenesis.

Table 1. Virus-perturbed signaling pathways during chronic viral hepatitis.

Perturbed Signaling Pathway Virus References

IL-6/JAK/STAT3 HBV, HCV, HDV [45,83,89–92,96]
EGFR HBV, HCV [93,94,146–151]

TNF-α/NF-κB HCV, HDV [45,65,66,82]
Nrf2/ARE HBV, HCV [47–50,54,55,59–61]
PI3K/Akt HBV, HCV [48,160]
Ras/Raf HCV [152]

TGF-β/SMAD HBV, HCV, HDV [66,67,69,168,172,173]
Wnt/β-catenin HBV, HCV [71,162,164–166]

Figure 2. Common pathways associated with virus-induced liver disease progression. Several pertur-

bations are mediated by HBV, HCV, and HDV infection. Reactive oxygen species (ROS) production

and activation of STAT3 contribute to the establishment of chronic liver inflammation. Upregulation

of mitogen-activated protein kinase (MAPK) and STAT3 signaling as well as downregulation of p53

reduce apoptosis and promote cell survival. Similarly, activation of AKT, MAPK, and β-catenin

induces cell proliferation. AKT upregulation contributes to the development of metabolic disorders,

while β-catenin is involved in the progression of liver fibrosis.
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Abstract: Despite breakthroughs in antiviral therapies, chronic viral hepatitis B and C are still the

major causes of liver fibrosis and hepatocellular carcinoma (HCC). Importantly, even in patients with

controlled infection or viral cure, the cancer risk cannot be fully eliminated, highlighting a persisting

oncogenic pressure imposed by epigenetic imprinting and advanced liver disease. Reliable and

minimally invasive biomarkers for early fibrosis and for residual HCC risk in HCV-cured patients are

urgently needed. Chronic infection with HBV and/or HCV dysregulates oncogenic and profibrogenic

signaling within the host, also displayed in the secretion of soluble factors to the blood. The study

of virus-dysregulated signaling pathways may, therefore, contribute to the identification of reliable

minimally invasive biomarkers for the detection of patients at early-stage liver disease potentially

complementing existing noninvasive methods in clinics. With a focus on virus-induced signaling

events, this review provides an overview of candidate blood biomarkers for liver disease and HCC

risk associated with chronic viral hepatitis and epigenetic viral footprints.

Keywords: HBV; HCV; biomarkers; liver disease; HCC; cure; risk

1. Introduction

Chronic liver disease is a major health problem and globally associated with > 2 mil-
lion deaths per year [1]. The most important etiologies are chronic viral hepatitis, alcohol
abuse and metabolic dysfunction-associated fatty liver disease (MAFLD) [2], sharing a
similar pattern of liver disease progression from chronic inflammation, fibrosis to terminal
complications, such as decompensated liver cirrhosis and liver cancer [3–6]. Globally,
every fourth cancer-associated death is associated with liver cancer, most frequently hepa-
tocellular carcinoma (HCC), with a fast-rising incidence [7]. HCC typically arises in the
background of cirrhosis; however, in HCV patients, about 10% of cases can develop in a
noncirrhotic liver [8].

Despite tremendous advances in antiviral therapies, chronic viral hepatitis B and C
are still the major etiology for chronic liver disease. Worldwide, an estimated 180 million
people live with hepatitis B virus (HBV) and 75 million with hepatitis C virus (HCV),
and for most, testing and treatment remain beyond reach [9]. Both viruses share similar
as well as distinct mechanisms contributing to liver disease and cancer. In Europe, it is
estimated that 10–15% of HCCs are caused by HBV infection, while 70% are caused by
HCV infection, HCV being the major risk factor for HCC development [10]. Both viruses
contribute to liver fibrosis and HCC risk by multiple factors involving a dysregulation of
host signal transduction through viral proteins, miRNAs, virus-induced growth factor and
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cytokine expression or antiviral responses that cumulate in a pro-fibrotic and pro-oncogenic
environment in the liver [11–17]. Liver fibrosis is characterized by an excessive production
of the extracellular matrix by hepatic stellate cells and myofibroblasts in response to the
inflammation and oxidative stress induced by viral infection [18].

The most important measure to reduce HCC risk is to eliminate the underlying etiology.
However, even though viral infection with HBV or HCV can be controlled or cured, the
risk of developing HCC cannot be fully eradicated due to multiple reasons, especially in
patients with already advanced liver disease. The mechanisms are not well understood,
but evidence points towards epigenetic viral footprints that maintain dysregulated pro-
oncogenic signal transduction. It is thus crucial to be able to identify patients with elevated
HCC risk to stratify for a more frequent liver screening. Today, liver disease diagnosis
and HCC risk assessment relies on a combination of imaging, blood markers and liver
biopsies. While liver tissue allows a detailed transcriptomic HCC risk assessment linked to
predictive transcriptomic signature [19,20], liver biopsies are associated with a significant
risk for the patients and, therefore, are not applicable for a tighter screening [21]. An
impressive number of approaches and “liquid biomarker” candidates for liver disease
are underway, studying extracellular vesicles, circulating tumor cells and cell-free nucleic
acids (reviewed in detail [22]) to improve prognostic power, minimize the risk for the
patients and provide additional tools for the screening of patients at risk. With a focus on
virus-induced signaling events, this review provides an overview of the candidate blood
biomarkers of fibrotic liver disease and HCC risk associated with chronic viral hepatitis.

2. Viral Hepatitis B and C

Although HBV and HCV are hepatotropic, causing similar liver disease, they are very
different viruses. HBV is an hepatotropic DNA virus of the Hepadnaviridae family, which
specifically infects hepatocytes via the recently discovered functional receptor sodium
taurocholate co-transporting polypeptide (NTCP) [23] and epidermal growth factor signal-
ing [24]. Following endocytosis, the nucleocapsid is released into the cytoplasm, and the
partially double-stranded viral relaxed circular DNA (rcDNA) is repaired and converted
to covalently closed circular DNA (cccDNA) in the nucleus (for a more detailed review,
see [25]). cccDNA is a replicative intermediate of the HBV life cycle, and it is crucial for
HBV persistence within the hepatocytes. It serves as a template for the transcription of
HBV RNA species and consequently for the translation of HBV proteins, i.e., three surface
proteins (L-HBsAg, M-HBsAg and S-HBsAg), core (HBc), E antigen (HBeAg), X protein
(HBx) and viral polymerase (Pol). Among them, HBx is believed to have key roles related
to HBV replication and signaling pathways [26].

HCV is a single-stranded, positive-sense RNA virus of the Flaviviridae family that
requires multiple host entry factors, including receptor tyrosine kinase signaling. After
endocytosis, the RNA genome is translated into a viral polyprotein at the endoplasmic
reticulum, leading to a massive reshaping of host membranes to a replication complex
termed the membranous web. De novo virus assembles at lipid droplets, which are
accumulated at the replication complex (for a more detailed review, see [27,28]). HCV
does not integrate into the host genome nor possesses a latent viral phase. Thus, HCV
requires a constant modulation of the host cell to evade the antiviral response and to
maintain its viral cycle [29–31]. In contrast to HBV, which is considered to be a stealth
virus that does not cause big changes in the host transcriptomics [32], HCV massively
re-orchestrates signaling pathways. A multiomics analysis of HCV infection studying gene
set enrichment analysis (GSEA) revealed that almost half of the ~2000 studied gene sets
from the molecular signature database (MSigDB) were dysregulated by HCV infection
involving pro-oncogenic pathways regulating proliferation (EGF/MAPK), inflammation
and stress (STAT3, NF-κB), hypoxia and angiogenesis (VEGFR) and fibrosis (TGF-β) [16,17].
Such massive remodulation of the signaling landscape holds the potential to derive novel
minimally invasive biomarkers.
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3. Antiviral Therapies

The most important measure to treat liver disease and prevent HCC formation is the
removal of the underlying etiology. The challenges to help patients with viral hepatitis are
heterogenous: while an efficient preventive HBV vaccine is available, established chronic
HBV infection can only be controlled but rarely eliminated due to a persistent chromosome-
like viral DNA species and genome integrations [33]. A “functional cure” of HBV infection
is defined by a sustained loss of hepatitis B surface antigen (HBsAg) in the blood, with or
without seroconversion to anti-HBsAg. However, it is not always achieved in individuals
with HBV. For this reason, the achievement of a sustained HBsAg seroclearance, even after
suspension of the antiviral therapy, is nowadays considered the most realistic endpoint for
the cure of individuals with chronic HBV. On the other hand, “virological cure”, defined
as the complete eradication of the virus, is too hard to reach, and it does not represent
a reasonable therapeutic goal to date. This is due to the integration of HBV DNA into
the host genome and the persistence of cccDNA within the hepatocytes [34]. Importantly,
a constant activation state of fibrotic signaling pathways is believed to persist even in
patients with undetectable HBV serum viral loads after therapy [35–37].

For HCV, no vaccine is in reach, but the novel generation of antiviral therapies with
direct acting antivirals (DAAs) can efficiently cure HCV infection [38]. A new generation of
interferon-free HCV drug regimens (sofosbuvir/velpatasvir and glecaprevir/pibrentasvir)
is pan-genotypic and, therefore, can be used to treat individuals without identifying
their HCV genotype and subtype [38]. Efficiency is very high (90–98% after 12 weeks;
ASTRAL-3 trial) even in patients with difficult to treat genotype 3 and advanced liver
disease [38]. However, the high price for HCV cure is still a barrier to guarantee treatment
programs worldwide. Even when prices vary across countries, there is no adjustment of
DAA prices with population income or viral infected population, making its accessibility
more complicated for the poorest sectors of society [39]. HCV cure markedly decreases
but cannot fully eliminate HCC risk, especially in patients with already advanced liver
disease [40].

4. Fibrosis and HCC Screening in the Clinics—State of the Art

The majority of HCCs arise from liver cirrhosis, and thus the current HCC risk assess-
ment is largely coupled to the staging of liver fibrosis. Despite the screening programs in
cirrhotic patients, often the HCCs are diagnosed at an advanced stage. Less than 30–40%
of them are eligible for a curative treatment using surgical approaches or radiological
ablation [41]. Currently, the trans-abdominal ultrasound surveillance of patients at risk is
the standard technique to detect HCC. However, the sensitivity of this method is not good
enough to detect small tumors. For this reason, other methods, e.g., computed tomography
(CT) or magnetic resonance imaging (MRI), are added, increasing cost, complexity and
time for early detection and diagnosis. Magnetic resonance elastography (MRE) can be
thought of as quantitative, noninvasive palpation. The use of this technique has become
widespread in the diagnosis and staging of liver fibrosis [42]. However, early detection
of HCC is complicated because of the co-existence with a chronic liver disease. The per-
formance of noninvasive methods is represented by the area under the receiver operator
characteristic (AUROC) curve, which provides information regarding the sensitivity and
specificity of the method. Based on this, several tests have been proposed, such as the
fibrosis-4 index or fibrotest, which may help clinicians in determining prognosis and risk
for future complications [43]. Another noninvasive method that helps in discriminating
cirrhotic patients from noncirrhotic patients is the measurement of liver stiffness using
transient elastography (TE), as the fibrotic tissue is much stiffer than healthy tissue. In
patients with advanced fibrosis, the liver function and patient prognosis is classified with
the Child–Pugh score summarizing biological and clinical features, i.e., bilirubin, albumin,
prothrombin time, ascites and hepatic encephalopathy. Child–Pugh comprises 3 classes
of severity: A, good liver functionality (median 2-year survival: 85%); B, moderate liver
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functionality (median 2-year survival: 57%); C, poor liver functionality (median 2-year
survival: 35%) [44].

Several patient-derived transcriptomic signatures that associate with HCC risk and
which are specific for certain etiologies or reflect a hepatic state of struggle in the liver
independently from the underlying etiology have been identified in recent years (for a
more detailed review, see [45]). Although a translation into minimally invasive biomarkers
is explored, these signatures largely depend on liver tissue from resections or liver biopsies,
which are still the gold standard to diagnose liver disease and assess HCC risk. However,
liver biopsies are costly, exhausting for the patients and associated with a significant risk,
reasons why this procedure is not applicable for a tighter screening [21].

Current guidelines recommend the screening of HCC in at-risk patients using ultra-
sonography (US) of the liver every 6 months with or without serum alpha-fetoprotein
(AFP) [46,47], the most commonly used biomarker for liver disease detection. Additional
conventional serum biomarkers are lectin-binding AFP-3 (AFP-L3) and des-carboxyprothrombin
(DCP), which are still evaluated [48–52]. A Japanese prospective study demonstrated that a
combination of DCP with AFP level is useful to detect HCC development and recurrence in
chronic liver disease patients [53]. This was recently consolidated by a retrospective study,
which showed that combining DCP and AFP serum levels in NUC-treated HBV Caucasian
cirrhotic individuals, represents a potential surveillance strategy for HCC [49]. Additional
candidate biomarkers for HCC in the blood have been suggested, i.e., proprotein conver-
tase subtilisin/kexin type 9 (PCSK9) [54,55], glypican 3 (GPC3), squamous cell carcinoma
antigen (SCCA), cytokeratine-19, osteopontin (OPN), Golgi protein-73 (GP73), alpha-L-
fucosidase (AFU) [56], heat shock 70 kD protein (HSP-70) [57], annexin A2, midkine (MDK),
aldo-keto reductase family 1 member B10 (AKR1B10) [58], and HCC-responsive miRNAs
and cell-free DNA (for a more detailed review, see [59]). However, even if these candidate
biomarkers are promising, to date, none of them have been adopted in the current clinical
practice, and they need to be externally validated.

Additional scoring systems have been predictive for HCC risk in patients with chronic
liver disease. The GALAD score [60,61] is derived from the combination of different
parameters and single biomarkers, such as gender, age, AFP-L3, AFP and DCP, and has
been validated in several patient cohorts [62]. The ALBI score evaluates the liver function
of patients with HCC of different stages based on albumin and bilirubin levels in the
blood [63]. However, the complex mathematical calculation of the ALBI score has limited
its use, and new scores based on it have been developed, e.g., EZ-ALBI [64] or the modified
ALBI (mALBI) which is used in clinical practice [65]. The enhanced liver fibrosis (ELF)
score assesses a range of liver disease in conjunction with liver biopsy [66]. It provides a
single score combining in an algorithm the measurement of three indirect biomarkers: HA,
PIIINP and TIMP-1. The algorithm detects accurately liver fibrosis in patients with chronic
HCV [67]; however, it is limited in low disease prevalence [68].

5. Signaling Pathways Associated with Candidate Serum Biomarkers

Signal transduction is an essential process involved in almost every step of cellular
homeostasis. Signaling is tightly controlled, transmitting signals between cellular compart-
ments and regulating gene transcriptional responses. Thus, the chronic dysregulation of
signaling pathways is involved in the majority of diseases, including cancer [69]. Viruses
including HBV and HCV make use of host signaling to maintain their life cycles or to
evade the host antiviral response. The resulting persistent dysregulation of host signaling
pathways by chronic viral infection promotes viral pathogenesis and malignant transfor-
mation [70]. Therefore, the study of virus-dysregulated signaling pathways may contribute
to identify efficient minimally invasive biomarkers for liver disease (Figure 1).
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Figure 1. Dysregulation of signaling pathways by chronic viral hepatitis and epigenetic imprinting

impact the secretion of circulating candidate biomarkers to the blood. Abbreviations: AFP, alpha-

fetoprotein; AFP-L3, Lectin-Binding AFP-3; Akt, AKT Serine/Threonine Kinase; DKK1, Dickkopf

WNT Signaling Pathway Inhibitor 1; Disse, Space of Disse; EGFR, Epidermal Growth Factor Receptor;

GPC3, Glypican 3; GP73, Golgi Membrane Protein 1; HIF2α, Hypoxia-Inducible Factor 2 Alpha;

M2BPGi, mac-2-binding protein glycan isomer; MMP-2, Matrix Metallopeptidase 2; mTOR, Mecha-

nistic Target Of Rapamycin Kinase; PD-1, Programmed Cell Death 1; STAT3, Signal Transducer and

Activator of Transcription 3; TGF-β, Transforming Growth Factor Beta; Wnt, Wnt Family Member.

Despite differences in terms of structure and life cycle, HBV and HCV are believed
to share common pathways which influence hepatic fibrosis and promote hepatocarcino-
genesis [71,72]. It became evident that HBV infection does not trigger the innate immune
response and thus behaves as a stealth virus in the liver [73,74]. Nevertheless, chronic
HBV infection impacts host signaling with potential relevance to markers of liver disease
progression. The HCC biomarker AFP is also a regulator of growth signaling via PI3K/AKT
signaling in hepatoma cells [75]. The viral protein HBx induces the expression of AFP, po-
tentially driving the malignant transformation of hepatocytes in vivo via activation of the
PI3K/AKT/mTOR pathway [76,77]. Moreover, members of the mTOR signaling pathway
and eukaryotic translation initiation factors (eIFs) have recently been identified as potential
biomarkers for HCC, and their expression patterns depend on different HCC aetiologias,
such as HBV, HCV and non-virus-related HCC [78]. Another potential HBV-responsive
risk marker is the protein Dickkopf WNT Signaling Pathway Inhibitor 1 (DKK1) involved
in embryonic development as an inhibitor of Wnt signaling. DKK1 is a secreted protein
whose mechanism of action is centered in binding and isolating the low-density lipoprotein
receptor-related protein 6 (LRP6) co-receptor avoiding its role in activating the Wnt signal-
ing pathway. DKK1 promotes HCC development by the modulation of the Wnt/β-catenin
signaling pathway [79] and interaction with TGF-β signaling [80,81]. High serum levels of
DKK1 may distinguish HCC associated with chronic HBV infection from HCC associated
with nonviral liver cirrhosis. Moreover, DKK1 may allow early-stage HCC detection even
in patients with AFP negative status [82]. DKK1 is also gaining interest as a potential
biomarker for HCV-associated HCC. Although HCV core protein promotes the activation
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of the Wnt signaling protein and the suppression of Wnt pathway inhibitors [83,84], DKK1
abundance seems to be significantly decreased in the blood of patients with HCV [85].
However, DKK1 is spiking in patients with HCV who also have HCC [86].

GP73 has been suggested as a serum biomarker for liver cirrhosis in individuals with
chronic HBV [87]. Moreover, GP73 seems to be a good predictor of liver inflammation and
fibrosis in HBV patients with normal or slightly raised alanine aminotransferase (ALT) [88].
The biological function of GP73 is not completely understood but it is assumed to be
involved in protein secretion and signaling. Moreover, its expression is linked to different
pathological conditions [89]. HBV modulates various signaling pathways converging in
GP73 modulation [90,91]. For example, it promotes GP73 expression by the activation
of hypoxia-inducible factor-2α (HIF-2α) signaling [91], which is a hallmark of chronic
infection and HCC development. Moreover, GP73 influences the immune response to
HBV infection, as an increased production of GP73 can be observed in HBV-stimulated
leukocytes [90], in peripheral blood mononuclear cells isolated from healthy donors and
in macrophages derived from human acute monocytic leukemia cells (THP-1). In the
same study using hepatoma cell lines, the authors demonstrated that GP73 represses the
expression of the p50 subunit of NF-κB, promoting HBV replication and thus highlighting
the role of GP73 as a potential antiviral modulator [90]. Immune dysregulation and T-cell
exhaustion are among the major hallmarks of chronic HBV infection and the associated
pathological development [92]. On this basis, the presence of HBV-specific T cells has been
recently proposed as an immunological biomarker for safely monitoring therapy in chronic
HBV patients [93] and programmed cell death protein (PD-1) expression as a potential
marker for liver fibrosis in patients with chronic HBV [93].

Recently, mac-2-binding protein glycan isomer (M2BPGi) has been shown to enhance
the aggressiveness of HCC via the activation of the mTOR signaling pathway [94], harbor-
ing potential as a minimally invasive biomarker. Glycoproteomic analysis has revealed that
mac-2-binding protein (M2BP), an extracellular matrix protein that interacts with collagens,
fibronectin and integrin [95], may undergo specific changes in its glycan structure correlat-
ing with fibrosis development [95,96]. M2BPGi has been suggested as a valid predictor of
fibrosis and HCC in HBV patients [97–100]. Moreover, according to a prospective study
conducted in China, M2BPGi serum level decreases in chronic HBV patients treated with
nucleos(t)ide analogues (NAs), indicating its potential role in predicting HCC development
in NA-treated populations [101]. In addition, M2BP-modified molecules have been studied
as biomarkers of fibrosis in patients with chronic HCV infection [102]. Its cut-off values
differ between etiologies, and M2BP levels decrease after viral cure [103]. Interestingly,
M2BPGi has been introduced as a novel and noninvasive biomarker for the assessment of
liver fibrosis in chronic HCV patients treated with DAAs [104].

Signaling pathways play a pivotal role during viral hepatitis and liver fibrosis. Epider-
mal growth factor receptor (EGFR) signaling is required by HBV and HCV for entry [24,105],
where it orchestrates entry factor complex formation and endocytosis [24,106]. Importantly,
HCV itself promotes EGFR signaling [12,16,107] to maintain its life cycle and to attenuate
the host antiviral response [106] with important consequences for liver disease progres-
sion. Indeed, EGFR signaling has been identified as a major driver of liver fibrosis and
HCC in animal models and patients [13,19]. Additionally, TGF-β signaling is induced
by HCV infection in hepatocytes [16] and in activated Kupffer cells, which are resident
liver macrophages activated during liver injury [108]. Like EGF and Wnt signaling, TGF-β
is a major regulator of cell proliferation, differentiation and apoptosis. It is essential for
the induction of epithelial–mesenchymal transition (EMT) and the activation of stellate
cells [108]. TGF-β is a cytokine suppressing tumor activity at early stages by arresting cell
growth and inducing apoptosis. However, at later tumor stages, it promotes the prolifera-
tion and survival of malignant cells (for a more detailed review, see [109]). HCV infection
induces TGF-β signaling indirectly via NF-kB and unfolded protein response (UPR) [110]
and directly via the interaction of HCV core protein with SMAD3 [111]. HCV core protein
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increases intrahepatic and circulating levels of endoglin, which is a TGF-β1 co-receptor
associated with progressive hepatic fibrosis during chronic HCV infection [112].

Persistent oxidative stress is an important factor in virus-induced liver fibrosis. Espe-
cially HCV infection, and its massive reorganization of cellular membranes to the replica-
tion complex, is a major cause of UPR and oxidative stress [113]. HCV protein core, NS3
and NS5, block heme oxygenase-1 (HO-1) in hepatocytes accumulating oxygen radicals in
the cell [114]. This activates NF-kB and STAT3 [113], which are key players in inflammation
and cancer [115]. During HCV infection, STAT3 activity is further intensified by a suppres-
sion of negative regulators, i.e., the STAT3 phosphatase PTPRD via miR135a-5p [17] and
SOCS3 by enhancing EGFR signaling [106]. Consequently, STAT3 signaling impairs peroxi-
somal function, leading to an accumulation of very-long-chain fatty acids and peroxides in
the HCV-infected hepatocyte [16]. Moreover, HCV-induced STAT3 signaling also triggers
the upregulation and secretion of the metalloprotease MMP-2 [116], which is involved in
remodeling the extracellular matrix and has been previously suggested as a prognostic
marker for liver fibrosis [117].

HCV infection induces hypoxia in infected cells and stabilizes HIFs [118], which is also
a hallmark of HCC development linked to a stimulation of angiogenesis. In patients with
HCV-associated cirrhosis and HCC, several angiogenesis soluble factors were significantly
upregulated in the blood plasma, including TIMP-1, TIMP-2, HGF, angiopoietin 1, an-
giopoietin 2, VEGFA, IP-10, PDGF, KGF and FGF. AUROC analysis highlighted especially
the potential of angiopoietin 2, a growth factor that belongs to the angiopoietin/Tie sig-
naling pathway [119–121]. Additionally, CCL20, a secreted chemokine detected in HCCs,
promotes blood vessel formation during chronic HCV infection [122]. CCL20 and VEGF
correlate in patients with cirrhosis and HCV-induced HCC, highlighting their potential
as biomarkers for HCV-induced HCC [123–125]. Moreover, the serum level of TIMP-1
has been found to be significantly correlated with fibrosis development in chronic HBV
patients [126]. Interestingly, a previous study demonstrated that TIMP-1 and hyaluronic
acid (HA) are good predictors of advanced liver fibrosis in chronic hepatitis B and D
patients [127] and bases for the earlier mentioned ELF score.

Glypican-3 (GPC3) is an heparan sulfate proteoglycan that regulates cell morphology
via the Hippo/YAP pathway. In a normal liver, the HCV entry factor CD81 interacts
with GPC3 and inhibits the Hippo/YAP pathway. HCV E2 protein mimics the role of
CD81 stimulating Hippo/YAP by engaging GPC3. In a chronically inflamed liver, HCV is
thus likely to promote hepatic neoplasia by the growth of early CD81-negative neoplastic
hepatocytes, which are resistant to HCV infection [128]. Given its upregulation in the blood
of patients with HCV-associated HCC, GPC3 had been suggested as a biomarker [129].

6. Virus-Induced Epigenetic Changes as Biomarkers

Epigenetic imprinting acts as a memory for environmental influences and disease [130].
This has long-term consequences to the cellular homeostasis and pathogenesis relevant
not only for therapeutic strategies but which may also be instrumental to identify specific
biomarkers. Epigenetic modifications comprise DNA methylation and posttranslational
modification of histones, which directly regulates the accessibility of genes to the transcrip-
tional machinery but also posttranscriptional regulation via noncoding RNAs [131]. The
discovery of new epigenetic modulators is paving the way to the identification of new
epigenetic biomarkers for the development of diagnostic and prognostic tools for hepatic fi-
brosis. It has been demonstrated that aberrant epigenetic signatures associated with fibrosis
and HCC are released into the blood stream, providing blood-based biomarkers that could
be used for advancing the diagnosis and prognosis of liver-associated diseases [132,133].
During chronic viral hepatitis, specific DNA methylation patterns in the genes of periph-
eral blood mononuclear cells (PBMCs) suggest a role in the progression of liver disease
to HCC [134]. Methylation of cytosine-phospho-guanine (CpG) dinucleotides island in
regulatory gene elements correlates with the silencing of the gene expression. Thus, a
methylome analysis can identify dysregulated disease-relevant signaling pathways. This
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strategy highlighted a role of dysregulated IL-15, IL-8, as well as nitric oxide signaling in
PBMCs from HBV patients and cirrhotic livers causing reprogramming of the immune
and inflammatory responses [135]. HBV causes a virus-specific DNA methylation pattern
in the hepatocyte DNA [136], which, however, in a study from 2015 on primary human
hepatocytes had only limited overlap with the transcriptional pattern [137]. Circulating
methylated DNA fragments are explored as a noninvasive diagnostic tool for early-stage
liver cancer prevention [138–140]. Interestingly, this also includes methylated fragments of
the SOCS3 gene [139], which is a negative regulator of the IL-6/STAT3 signaling pathway.

Epigenetic regulation of gene expression by HCV has been observed at the histone
level. Such epigenetic footprints have been identified in cell lines and patients with chronic
HCV infection and NASH [141–143], suggesting a lasting dysregulation of signaling path-
ways even after the underlying cause has eased. Indeed, comparative ChIP-seq and
RNA-seq analysis of DAA-cured HCV patients identified epigenetic histone modifications.
These were associated with the dysregulated pro-oncogenic transcriptional pattern, sug-
gesting a persistently dysregulated signal transduction after viral cure [141]. Comparative
analysis with HCV-infected and DAA-cured human liver chimeric mice highlighted an
HCV-specific viral footprint, since these mice do not develop liver fibrosis, which also
involves the STAT3 phosphatase PTPRD [141]. Moreover, a liver fibrosis-specific footprint
of cancer-risk genes has been identified in HCV- and NASH-associated fibrotic patients’
livers [142]. However, a translation of these footprint signatures into blood born biomarkers
is pending.

HCV infection and liver disease largely impact miRNA expression [11], which influ-
ences signaling pathway activity and liver disease progression [17]. Circulating miRNAs
harbor the potential of being developed into minimally invasive biomarkers [144,145]. miR-
NAs are enriched and well protected in extracellular vesicles (EVs) in the blood. Exosomal
miRNAs have been evaluated in clinics, such as miR-122 and miR-21, for the early detection
and prediction of HCC [146], and let-7s for the detection of liver fibrosis in patients with
chronic hepatitis C infection [145,147].

7. Discussion and Perspectives

Although HBV and HCV cause both liver disease progression and HCC, the clinical
challenges differ substantially. HBV infection can only be controlled but not eradicated
because of a persisting chromosome-like cccDNA and genome integration [36]. HCV
infection is now curable; however, chronic infection is leaving an epigenetic footprint
that manifests the dysregulation of the pro-oncogenic signal beyond viral eradication. In
both cases, patients remain at considerable risk to develop HCC over the years, which
highlights the importance of reliable and minimally invasive biomarkers to stratify these
risk patients for tighter HCC screening. A combination of circulating signaling components,
secondary markers (e.g., gut microbiome [148,149]), with noninvasive imaging biomarkers
will hold the biggest potential. However, it is important to remark that although some
of these signaling-linked candidate biomarkers show promising results, almost all of
them are still in development, and only AFP has reached phase V (Table 1). Moreover, it is
generally difficult to draw a line between biomarkers derived from the pro-fibrotic signaling
events and carcinogenesis markers during end stage liver disease. While the dysregulated
signaling and epigenetics in diseased livers partially overlap between etiologies, e.g., HCV
and MAFLD [13,16,141,142,150], hepatocarcinogenesis is a highly heterogenous event even
within a specific etiology [151,152]. This, we need novel concepts, which differentiate
those markers that “simply” predict increased fibrogenesis from those that are definitively
associated with risk of carcinogenesis.



J. Clin. Med. 2021, 10, 977 9 of 16

Table 1. Promising minimally invasive biomarker candidates with links to virus-induced signaling

(HBV, HCV) and predictive of liver fibrosis and HCC. Biomarker research is categorized into phases

I–V [153]: phase V (evaluates the effect of the biomarker screening in the burden of the disease in the

population), phase IV (prospective evaluation of the biomarker to assess its clinical performance),

phase III (testing in patients before their diagnosis to determine the performance of the biomarker in

detecting pre-clinical disease), phase II (testing in patients at high risk to determine the performance

of the biomarker in distinguishing between patients with and without the disease), phase I (discovery

of new biomarkers by investigating gene expression and protein levels in pathological tissue and

patient samples).

Biomarker Specificity Viral Etiology
Development

ReferenceStatus

AFP HCC HBV, HCV Phase V [41,46,47,51,52,77,101]

DCP HCC HBV, HCV Phase IV [48–53]

M2BPGi HCC HBV, HCV Phase IV [95–104]

MDK HCC HCV Phase III [81,154]

OPN HCC, fibrosis HBV, HCV Phase III [155–157]

Annexin A2 HCC, fibrosis HBV, HCV Phase II [158,159]

DKK1 HCC HBV, HCV Phase II [81,82,85,86]

GPC3 HCC HCV Phase II [128,129]

HSP-70 HCC HBV, HCV Phase II [57]

PCSK9 HCC HCV Phase II [54,55]

SCCA HCC, fibrosis HCV Phase II [160,161]

TIMP-1 Fibrosis HBV, HCV Phase II [119,126]

Angiopoietin-2 HCC, fibrosis HCV Phase I [119–121]

CCL20 HCC HCV Phase I [122,123]

Endoglin Fibrosis HCV Phase I [112]

VEGF HCC, fibrosis HCV Phase I [119,123–125]

While HCV infection was rendered a curable disease due to efficient direct antiviral
therapies, an important unmet medical need is to identify the fraction of patients with
elevated HCC risk. In future, etiology-specific epigenetic markers, including histone
modifications and miRNAs, will provide new perspectives for translation into correlating
secreted biomarkers, which may be used for personalized approaches targeting specific
groups of patients, e.g., biomarkers for HCC risk in HCV-cured patients.
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Abstract: The liver is frequently exposed to toxins, metabolites, and oxidative stress, which can

challenge organ function and genomic stability. Liver regeneration is therefore a highly regulated

process involving several sequential signaling events. It is thus not surprising that individual

oncogenic mutations in hepatocytes do not necessarily lead to cancer and that the genetic profiles

of hepatocellular carcinomas (HCCs) are highly heterogeneous. Long-term infection with hepatitis

C virus (HCV) creates an oncogenic environment by a combination of viral protein expression,

persistent liver inflammation, oxidative stress, and chronically deregulated signaling events that

cumulate as a tipping point for genetic stability. Although novel direct-acting antivirals (DAA)-based

treatments efficiently eradicate HCV, the associated HCC risk cannot be fully eliminated by viral

cure in patients with advanced liver disease. This suggests that HCV may persistently deregulate

signaling pathways beyond viral cure and thereby continue to perturb cancer-relevant gene function.

In this review, we summarize the current knowledge about oncogenic signaling pathways derailed by

chronic HCV infection. This will not only help to understand the mechanisms of hepatocarcinogenesis

but will also highlight potential chemopreventive strategies to help patients with a high-risk profile

of developing HCC.

Keywords: signaling; cancer; HCV; HCC; chemoprevention; liver disease

1. Introduction

Tumor-inducing viruses represent a considerable field of study for the comprehension of molecular

carcinogenesis. Several oncogenes were first discovered in association with retroviruses and then

associated with most forms of cancer [1,2]. The study of virus-coded oncogenes also led to the discovery

of canonical signaling pathways and the understanding of elementary cellular processes. Several

viruses are considered as oncogenic viruses as they are associated with human cancer, e.g., human

papilloma virus (HPV), Epstein–Barr virus (EBV), human herpes virus 8 (HHV8), Merkel cell

polyomavirus (MCPyV), human T-lymphotropic virus (HTLV-1), hepatitis B virus (HBV), and hepatitis

C virus (HCV) [3].

Infection with oncogenic viruses generally leads to the disruption of genetic and epigenetic

homeostasis and DNA repair mechanisms. In addition, some viruses stimulate the proliferation of

cancer stem cells (CSCs), which are involved in cancer initiation, progression, and chemotherapy

resistance [3]. Oncogenic viruses have a direct and indirect impact on carcinogenesis [4]. At least

four HCV proteins (core, NS3, NS5A, and NS5B) seem to deregulate potentially oncogenic signaling

pathways [5]. At the same time, it is beyond question that HCV creates a procarcinogenic environment

in the liver by inducing a chronic inflammatory state [6]. In addition, liver disease progression can

Viruses 2018, 10, 538; doi:10.3390/v10100538 www.mdpi.com/journal/viruses
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be favored by several cofactors, including alcohol consumption and coinfection with other viruses

such as HBV and human immunodeficiency virus (HIV) [7]. Moreover, HCV infection is implicated

in extrahepatic cancers, including B-cell non-Hodgkin lymphomas (NHL) [8] and cancers of the oral

cavity, oropharynx, intrahepatic bile duct, pancreas, and kidney [9–15]. Although the molecular links

between HCV and extrahepatic cancers are not well understood, it has been suggested that some of

the possible mechanisms behind this association could be related to a chronic immune stimulation in

the presence of HCV or to the infection of extrahepatic cell types [16].

The study of the HCV life cycle revealed several host dependencies of the virus that involve

signaling molecules [17–21]. However, it soon became evident that HCV not only requires signaling

processes but also actively manipulates host signal transduction with considerable impact on liver

pathogenesis. Numerous studies have described signaling cascades that are altered by chronic HCV

infection and are potentially involved in carcinogenesis (Figure 1). In the present review, we classify

these pathways in three cancer-relevant categories according to their role in cell proliferation/survival,

differentiation/adhesion/angiogenesis, inflammatory response, and dissect potential clinical strategies

for hepatocellular carcinomas (HCC) chemoprevention and therapy.

Figure 1. Hepatitis C Virus (HCV)-induced oncogenic signaling. HCV infection creates

a procarcinogenic effect through the simultaneous dysregulation of cell survival, proliferation,

inflammatory, angiogenic, and differentiation signaling pathways. The tight control of target genes

involved in transcriptional regulation and cell cycle progression is altered by HCV via different

strategies. Forcing p53 in the cytoplasm, NS5A prevents the gene expression of cyclin-dependent kinase

inhibitor p21 (not shown). This cytoplasmic-retention strategy is also shared by NS5B, which traps

pRb in the cytoplasm. Consequently, E2F is free to act as transcriptional activator for cell proliferation

target genes. Core protein, which is preferentially localized in the cytoplasm, translocates to the

nucleus, where it interferes with transforming growth factor-beta (TGF-β) signaling via Smad3

interaction. Epidermal growth factor receptor (EGFR) and mitogen-activated protein kinase (MAPK)

signaling are not only required for HCV entry but also represent oncogenic targets for HCV-encoded

proteins. Both NS5A and core protein induce the activation of signal transducer and activator of

transcription 3 (STAT3) by indirect (inhibiting the suppressor of cytokine signaling 3, SOCS3) and

direct mechanisms, respectively.
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Following its translocation to the nucleus, STAT3 strongly promotes a proinflammatory environment

in cooperation with nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling.

Furthermore, STAT3 and NF-κB, together with PI3K, induce hypoxia-inducible factor 1-alpha

(HIF-1α) stabilization, which mediates the transcription of several proangiogenic factors (e.g., vascular

endothelial growth factor, VEGF). HCV impairs cell differentiation programs by manipulating Wnt

and Notch signaling pathways. NS5A induces a sustained Wnt signaling activation through the

PI3K/Akt axis. This leads to the inactivation of a downstream degradation complex and the consequent

accumulation of β-catenin in the nucleus, where it activates the expression of cell proliferation-related

genes. NS3 stimulates downstream components of Notch pathway by the recruitment of CREB-binding

protein (CBP)/p300 complex on Snf2-related CBP activator (SRCAP), repressing cell differentiation

programs. TGFR-1: TGF-β receptor 1; FZD: Wnt receptor (Frizzled).

2. HCV Creates a Persistent Proliferative and Anti-Apoptotic Signaling Environment

Proliferative signaling pathways of mammalian cells are modulated by extracellular factors that

engage precise programs of gene transcription and protein regulation [22,23]. Contact inhibition,

controlled availability of growth factors, and other physiological feedback systems ensure a tight

regulation of the proliferative signaling pathways. Excessive cell proliferation is the key feature of most

types of cancers [24]. In general, growth factor and cytokine signaling pathways essentially induce

all the primary steps of tumor progression, which include clonal expansion, invasion, angiogenesis,

and metastatic formation [25]. Tumor suppressors, such as the cellular tumor antigen p53 and the

retinoblastoma-associated protein (pRb), regulate cell proliferation, and their perturbation promotes

a persistent activation of the cell cycle machinery [24]. Although HCC proliferative index is generally

low, which is one of the reasons why most cytostatics are considered inefficient, there is a clear

correlation of HCC risk and proliferative signals in a pretumor state [26].

2.1. HCV-Induced Receptor Tyrosine Kinase Signaling Contributes to Liver Cancer Risk

Growth factors like epidermal growth factor (EGF), fibroblast growth factor (FGF), hepatocyte

growth factor (HGF), and insulin growth factor (IGF) trigger downstream signal transduction by

binding to their specific receptor tyrosine kinase receptors [27]. The cascade of events that follow

epidermal growth factor receptor (EGFR) is one of the most widely studied signal transduction

pathways [28–30]. ErbB-1 and three additional homologous members of the EGFR family (ErbB-2,

ErbB-3, ErbB-4), regulate cell proliferation, differentiation, and migration under normal physiological

conditions [29]. EGFR itself is critical in epithelial development, and other members of the family have

a crucial role in cardiac, mammary glands, and nervous system development and disorders [28,31–33].

The EGFR signaling pathway plays a central role also in embryonic development and in the

regeneration of stem cells in skin, liver, and gut [34,35]. Moreover, the EGFR signaling pathway

is in the spotlight as a driver of cancer risk and progression [26,36,37].

Viruses have developed sophisticated strategies to manipulate EGFR functions (i.e., perturbing

EGFR expression, activity, or recycling) [38]. EGFR is a host factor for HCV entry into hepatocytes by

regulating the assembly of the coreceptor complex [17,21], viral internalization [39], and membrane

fusion [17]. Furthermore, EGFR signaling pathway tempers the antiviral activity of interferon-alpha

(IFN-α) by maintaining phosphorylation of signal transducer and activator of transcription 3 (STAT3)

through the suppression of a negative feedback regulator (i.e., suppressor of cytokine signaling 3,

SOCS3) [40]. It is evident that HCV has a vital interest in maintaining EGFR signaling. Indeed, HCV

not only requires EGFR signaling but also actively induces the activation of this pathway during HCV

binding and infection [41,42] and prolongs EGFR signaling by perturbing EGFR degradation via NS5A,

as reported upon its ectopic expression [43]. This leads to an increased HCC risk in infected patients as

persistent EGF signaling is a key driver of liver disease [26].
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2.2. HCV Increases Cell Survival by Cytoplasmic Retention of p53 and pRb

Proliferative signals seem beneficial for HCV to avoid stress-induced growth arrest and apoptosis,

both of which would oppose viral replication and survival [44,45]. The tumor suppressors pRb and

p53 regulate cell growth control via their action on cell cycle checkpoints and apoptosis programs [22].

Therefore, pRb, p107, and p130 proteins cooperate with various proteins, including transcription factors

of the E2F family required for cellular DNA replication [46–48]. The downstream interaction between

pRb and E2F causes the inhibition of gene expression by the recruitment of histone deacetylases

(HDACs) [49] and other chromatin remodeling factors [50–52]. pRb constitutively inhibits the

transcriptional activity of E2Fs, whereas it is deactivated after phosphorylation by cyclin-dependent

kinases (CDKs). G1 phase CDKs phosphorylate pRb family proteins, which leads to the activation

of genes required for S phase entry (i.e., cyclin E) [22,24]. In contrast, p53 maintains genetic

integrity of cells by blocking cell proliferation in response to stress and DNA damage by activating

cyclin-dependent kinase inhibitors (CKIs) [24]. Therefore, p53 accumulates in the nucleus, where it acts

as a transcription factor for cyclin-dependent kinase inhibitor 1 (CDKN1A) that codes for p21 [53,54].

Thus, it is not surprising that deregulation of p53 function or signaling is associated with many

cancers [24]. For example, pRb is a target of viral oncoproteins encoded by adenovirus [55] and

HPV [56]. In addition, HCV has developed strategies to suppress pRb [57–59]. During HCV infection,

NS5B protein retains pRb in the cytoplasm of the hepatocyte, leading to its proteasomal degradation

via E6-associated protein (E6AP) recruitment and polyubiquitination [57,59]. The isolated expression

of HCV core protein impairs pRb expression in immortalized rat embryo fibroblasts and thereby

promotes a E2F-1 activity with impact on cell proliferation and apoptosis [60]. The frequency and the

geographic distribution of TP53 (p53) mutations presumably depend on the variability of aetiological

and host susceptibility factors [61,62]. HCV and other viruses have sophisticated strategies to modulate

or inhibit p53 signaling [63]. HCV core proteins, NS5A, and NS3 associate with p53 and repress its

function without initiating its degradation. HCV core protein, however, seems to act as both activator

and a repressor of p53 pathway [64–66]. This dual role of core protein may reflect a dose-dependent

impact on p53 signaling, depending on the infection model used [67]. In vitro data suggest that

the effect of NS3 protein on p53 depends on the HCV genotype [68,69]. Like pRb, virus-induced

perturbation of p53 function involves a forced retention in the cytoplasm, which prevents DNA binding

of p53. HCV NS5A colocalizes with p53 in the cytoplasmic perinuclear region and sufficiently reduces

nuclear p53 concentration to suppress apoptosis. In addition, NS5A expression enforces p53 inhibition

via binding to hTAFII32, which is an essential p53 coactivator [70]. In a more indirect manner, HCV

proteins perturb the function of essential cofactors of p53 transcriptional activity. Core interacts with

DEAD-Box Helicase 3 X-Linked (DDX3X), as observed in an isolated core-expression context [71–73].

DDX3X is a target of p53 [74] and modulates CDKN1A promoter activity. Furthermore, NS5B binds

and relocalizes p53 coactivator DEAD-Box Helicase 5 (DDX5) to the cytoplasm [75–77]. However,

the findings on p53 signaling during HCV infection have to be interpreted with caution as many

of the immortalized cell lines used to study HCV present defects in p53 signaling [6]. For example,

Huh7-derived cell lines, which are commonly used due to their high permissiveness towards HCV,

accumulate a functionally damaged p53 mutant in the nucleus [78].

2.3. HCV Impairs TGF-β Signaling Promoting Epithelial Mesenchymal Transition (EMT)

Cytokines of the transforming growth factor β (TGF-β) superfamily are dimers with conserved

structures and exert pleiotropic effects [79]. In physiological conditions, TGF-β acts as a potent growth

inhibitor for several types of cells [80–84] and promotes apoptosis in epithelial cells [85]. Consequently,

impaired TGF-β may result in cellular hyperproliferation and cancer [86]. In addition, these cytokines

stimulate the expression of extracellular matrix components, which promote in vivo fibrosis in different

tissues [85,87]. In the liver, TGF-β seems to contribute to all stages of disease development, from early

injury through inflammation, fibrosis towards cirrhosis and HCC [88,89]. TGF-β presumably acts

as tumor suppressor during the early stage of cancer development but promotes tumor progression,
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migration, and invasion in advanced HCCs once the tumor cells have acquired resistance to its

suppressive proprieties [89–91]. Members of the TGF-β superfamily interact with two different receptor

types, called type I and type II receptors, which are both required for cellular signaling [85,92,93].

TGF-β binds directly to receptor II, which is constitutively active. This event induces the recruitment

of receptor I into the complex that subsequently becomes phosphorylated by receptor II and activate

downstream signals [92], which includes SMAD proteins [94,95]. Particularly, the activated type I

receptor phosphorylates the intracellular substrate R-SMAD (Smad 2/3 or Smad 1/5/8) that crosses the

nuclear membrane after binding co-SMAD (Smad4) [85,89]. Smad4 is a critical effector of intracellular

signaling and, like TGF-β, has a dual role as tumor suppressor and promoter of HCC [96]. Once in

the nucleus, the SMAD complex regulates the transcription of TGF-β-induced target genes together

with essential transcriptional cofactors. The SMAD complex induces a specific gene signature by the

canonical TGF-β signaling pathway [97], which provokes growth arrest and proapoptotic signals in an

early stage. Later, proliferative and antiapoptotic responses gain the upper hand by crosstalk with

growth signaling. This noncanonical TGF-β pathway includes modulation of EGFR, mitogen-activated

protein kinase (MAPK), phosphoinositide 3 kinase (PI3K)/Akt, Ras, and Rho-like small GTPases

signaling pathways [98,99]. TGF-β can induce epithelial to mesenchymal transition (EMT) in human

primary hepatocytes, a program that promotes cell invasion and metastasis [100]. During EMT,

the epithelial cells lose their phenotypic features and gain invasive properties to become mesenchymal

cells. Physiologically, EMT is indispensable in the context of embryonic development. However,

there is increasing evidence that it also plays a role in pathological conditions, probably contributing

to metastatic carcinoma development as well [101].

HCV has developed strategies targeting TGF-β signaling, presumably to maintain a proliferative

antiapoptotic signaling environment that stimulate the HCV life cycle and prevent stress-induced

cell death. HCV infection induces unfolded protein response (UPR), which upregulates TGF-β

expression via nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [102,103]. Mainly,

the HCV core protein seems to modulate TGF-β signaling (i.e., via an interaction with Smad3) [104,105].

However, HCV does not affect the nuclear translocation of the Smad3/4 complex, suggesting a transient

nuclear localization of HCV core protein [105]. An interesting hypothesis suggests that chronic

infection provokes the selection of protumorigenic HCV variants in the liver, which strongly interfere

with TGF-β signaling. This is supported by the isolation of HCV core variants from HCCs that

better resist TGF-β-mediated antiproliferative effects and more intensely promote cell transformation

compared to HCV core variants isolated from tissue adjacent to the tumor [105]. Beside its association

with SMAD, HCV core expression induces endoglin (CD105) expression on the surface of infected

hepatocytes. As a component of the TGF-β receptor complex, endoglin abundance stimulates

fibrogenesis and promotes tumor growth and metastasis [106]. Endoglin induces inhibitor of DNA

binding 1 (ID1) function via stimulation of ALK-1/SMAD1/5 signaling, which acts as proliferative and

antiapoptotic and is a central regulator of CSC development [107]. HCV infection or ectopic expression

of viral core enhances the expression of ID1-related markers for survival, proliferation, and CSCs

(i.e., BCL2, CyclinD1, HES1, NOTCH1, NANOG, and SOX2 proteins) [106]. Furthermore, endoglin is

an angiogenesis marker in patients with HCC [108,109].

3. HCV Manipulates Signaling Circuits of Differentiation, Adhesion, and Angiogenesis

A hallmark of HCC development is the dedifferentiation of hepatocytes, which is accompanied

by important changes in intracellular communication and nutrients supply. The identification

and understanding of stem cell-like cells in cancers has significantly contributed to the current

understanding of tumor formation [110]. Even though CSCs share a few key features of normal tissue

stem cells (e.g., unlimited proliferative and differentiation ability), they are potentially able to reproduce

many of the elements related to cancer initiation, metastasis, and recurrence after therapy [111–113].

For HCC, a rare population of CSCs, called liver cancer stem cells (LCSCs), is abundant in tumor

tissues and support self-renewal malignant transformation and resistance to chemotherapy [114].
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Several LCSCs markers have been identified that have impact on the signaling circuitry, and some of

them have been proposed as therapeutic targets for liver cancer treatment [115].

3.1. HCV Infection of Hepatocytes Provokes Stem Cell-Like Characteristics

During HCV infection, the virus predisposes cells towards the acquisition of CSC characteristics

by the dysregulation of several signaling pathways [116,117]. Many of the characteristic CSC

markers (i.e., CD133, CD90, CD44, and EpCAM) are also modulators of signaling pathways,

including MAPK pathway, TGF-β mediated EMT, Wnt signaling, which are required to maintain

CSC properties [115,118–127]. Other CSCs markers, such as doublecortin-like kinase 1 (DCLK1),

impact microtubule filaments, polarized polymers of α and β tubulin heterodimers that are essential

for cellular transport, cell division, and differentiation. DCLK1 is overexpressed in the liver of

patients with HCV-associated HCC, while its level is very low or absent in normal hepatocytes.

Interestingly, HCV replication, inflammation, and cirrhosis contribute to DCLK1 accumulation in the

perinuclear region of the hepatocytes, where it colocalizes with NS5A and microtubule filaments [117].

This suggests that HCV-induced DCLK1 activity promotes microtubule filament polymerization

and stabilization [117,128]. The maintenance of the CSC state is principally driven by reactivation

of embryonic differentiation programs. Of these, especially Wnt, Notch, and Hedgehog signaling

pathways potentially play a role in HCV-induced carcinogenesis [129–132].

3.2. HCV Causes Wnt Upregulation and β-Catenin Accumulation

Wnt pathway is a crucial component for embryonic development and tissue homeostasis [133].

Activation of the pathway starts when Wnt ligands bind to Frizzled (FZD) receptor,

a seven transmembrane protein containing an extracellular cysteine-rich ligand-binding domain.

When FZD receptor is activated, it inhibits the degradation of β-catenin. This leads to β-catenin

accumulation and translocation to the nucleus, where it activates regulators of cell proliferation [134],

such as WISP-1, c-MYC, and CCND1 [135–137]. Absence of FZD stimulation causes degradation of

cytosolic β-catenin by a complex that consists of Axin, adenomatous polyposis coli protein (APC),

and two serine/threonine kinases (GSK3β and CK1). Moreover, β-catenin potentiates the expression

of ΔN-p73, a repressor of p53 and Tap73 proteins, conferring antiapoptotic and chemoresistance

proprieties to HCC cells [134,138–140]. Components of the Wnt signaling are frequently mutated in

liver cancer [141], which mostly result in β-catenin stabilization [142]. HCV infection manipulates Wnt

signaling in multiple ways via its structural and nonstructural viral proteins. Isolated expression of

NS5A has been reported to directly promote Wnt signaling by its interaction with PI3K and subsequent

activation of Akt. This induces the phosphorylation and inhibition of glycogen synthase kinase 3β

(GSK3β), a key component of β-catenin degradation complex [143]. Furthermore, ectopic expression

of HCV core protein induces cell proliferation by forcing the expression of Wnt-1 and its downstream

target gene WISP2, which induce Wnt signaling [144].

3.3. HCV Enhances Notch Signaling by Coactivating Hes-1 Promoter

Notch signaling suppresses cell differentiation, and it is involved in the maintenance of

CSCs [145,146]. Notch ligands and receptors are both EGF-homologous transmembrane proteins

mediating intercellular communication, cell proliferation, differentiation, and apoptosis [147].

Its impact on the cell is defined by the cellular microenvironment and its crosstalk with different

signaling pathways [148]. To be activated, Notch receptors undergo a sequence of proteolytical

cleavage upon interaction to a cell-bound ligand exposed on the surface of neighboring cells.

Subsequently, this leads to the release of the Notch intracellular domain (NICD) and its translocation

into the nucleus. Nuclear NICD associates with numerous cofactors and repressors, fine-tuning

its transcriptional activity [147]. The complex orchestrates transcription of Notch target genes that

regulate cell differentiation, such as hairy enhancer of split (HES1) [149], HES-related proteins (HEY),

Notch-regulated ankyrin repeat protein (NRARP) [150], cyclin D1 (CCND1) [151], c-MYC [152–155],
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and receptor tyrosine-protein kinase erbB-2 (ERBB-2) [156]. In addition, Notch influences inflammation

and metabolism by contributing to the activation of NF-κB [157] and peroxisome proliferator-activated

receptor (PPAR) [148].

HCV infection interferes with Notch signaling and thereby contributes to hepatocarcinogenesis.

Under isolated expression condition, NS3 protein binds to Snf2-related CBP activator protein (SRCAP)

and cooperatively enhances Hes-1 promoter activity [158]. This leads to increased Notch-induced

HES1 expression [159], a transcriptional repressor of cell differentiation [160], suggesting that HCV

promotes a dedifferentiated CSC-like state of infected hepatocytes.

3.4. HCV-Induced Liver Damage Promotes Hedgehog Signaling

The Hedgehog pathway (Hh) is involved in the regulation of several morphogenic key functions,

such as proliferation, survival, migration, and differentiation [161]. The Hedgehog ligands are

essential during morphogenesis and embryogenesis processes as well as for the maintenance of

stem cell homeostasis during adulthood [162]. Importantly, Hh pathway plays an essential role

in adult liver repair and regeneration [163] and is implicated in several types of liver cancer, such

as gallbladder cancer [164], cholangiocarcinoma [165–167], hepatoblastoma [168], and HCC [169].

Probably, the production of Hh ligands is favored by the accumulation of liver damage markers

(i.e., platelet-derived growth factor (PDGF), TGF-β, and EGF) [170–172].

In patients with viral hepatitis, the Hh pathway is found to be induced [173], which presumably

reflects tissue damage and liver regeneration during chronic infection. Interestingly, the permissiveness

of cells to HCV replication seems to positively correlate with Hh pathway activity [174], suggesting

that liver regeneration and a profibrotic environment may promote HCV infection. This is supported

by the identification of additional key regulators of liver regeneration that are activated by HCV

infection, including EGFR [17,41,42] and IL-6/STAT3 [175] signaling. Moreover, the presence of Hh

activity promotes EMT in crosstalk with TGF-β and Wnt signaling [176], which once more highlights

the relevance of EMT induction for HCV and its consequences for HCV-associated liver pathogenesis

and HCC development.

3.5. HCV Promotes Angiogenesis via VEGF and HIF-1α Stabilization

Angiogenesis is a complex growth factor-dependent process responsible for the formation of

new vessels from existing vascular trees [177,178]. Physiological angiogenesis is maintained by

the balance between proangiogenic and antiangiogenic factors [179]. In pathological conditions,

new growth in the vascular web is relevant as the proliferation of cancer cells and metastasis

depend on a satisfactory source of oxygen and nutrients as well as waste removal from organs

and tissues [180]. Several angiogenic growth factors are elevated in HCC patients, i.e., vascular

endothelial growth factor A (VEGF-A), angiopoietin-2 and PDGF [181,182]. HCV infection leads to

the development of hepatic angiogenesis, which significantly contributes to HCC progression and

invasion [183]. This proangiogenic state is reversed in the livers of patients after viral clearance [184].

Vascular endothelial growth factor (VEGF) is a key regulator of angiogenesis in both normal and

neoplastic tissues. Its expression and function are modulated by cytokines and other factors, such as

the hypoxia-inducible factor 1α (HIF-1α) [182,185,186]. HCV infection leads to the stabilization of

HIF-1α, mediated via oxidative stress and the induction of hypoxia [187]. In addition, the activation

of PI3-K/Akt, Erk1/2, NF-κB, and STAT3 is necessary for hypoxia-inducible factor 1-alpha (HIF-1α)

stabilization, which leads to the stimulation of VEGF [187]. HCV core protein triggers hepatic

angiogenesis by a mechanism that involves crosstalk of multiple pathways, which is reflected by altered

marker expression for hepatic angiogenesis, including TGF-β2, VEGF, and CD34 expression [185].

4. HCV Tweaks Signaling of the Inflammatory Response

Inflammation is an essential physiological response to several distressing stimuli, including

infection. Inflammation is also tightly linked to the mechanisms of tissue regeneration and cancer.
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During chronic inflammation, NF-κB and STAT3 are central regulators of liver inflammation and are

frequently associated with increased risk of cancer [188,189]. As part of the immune system, NF-κB

contributes to the elimination of transformed cells. In support of this, NF-κB activation during the acute

inflammatory response is highly associated with cytotoxic immune cell response [190]. The activation of

NF-κB is induced by the IκB kinase (IKK) complex, which mediates phosphorylation and proteasomal

degradation of IκB. This allows NF-κB dimers to translocate into the nucleus, where they induce an

inflammatory and antiapoptotic response [191]. NF-κB is constitutively active in many types of cancer,

promoting tumorigenic processes [192–194]. This suggests a dual role of NF-κB as a tumor suppressor

and a tumor promoter, depending on the duration and intensity of tissue inflammation. NF-κB is

a transcription factor and a central regulator of inflammation and cell survival. In quiescent cells, NF-κB

is inactive, blocked by a tight association with inhibitor of NF-κB (IκB). NF-κB is further regulated

by post-translational modifications (e.g., phosphorylation), which are important for its activation and

crosstalk with other signaling pathways [195]. Moreover, NF-κB activity is influenced by dynamic

protein–protein interactions, forming a tight network of feedback loops and interconnections [196].

In addition, STAT3 possesses a dual role as tumor suppressor and oncogene. It is not only a pivotal

transcription factor in acute inflammation, but it is also a key element of liver regeneration [197]

by regulating cell proliferation, survival, angiogenesis, and chemotaxis [198,199]. STAT3 is induced

by a variety of different ligands, including interleukin 6 (IL-6), cardiotrophin-1 (CT-1), leukemia

inhibitory factor (LIF), EGF, oncostatin M (OSM), IFN-α, and IFN-β [200]. Engagement of these

ligands to their receptors leads to a subsequent recruitment of Janus kinases (JAK1, 2 and 3) and

tyrosine kinase 2 (TYK2) that phosphorylate STAT3 [92,201–203]. Once phosphorylated, STAT3 forms

homo- or heterodimers with STAT1 or STAT5 that translocate to the nucleus and bind specific DNA

sequences. Without a doubt, STAT3 phosphorylation is necessary for its transcriptional activity.

However, unphosphorylated STAT3 also presents biological functions, such as the expression of cell

cycle progression genes [204,205]. NF-κB and STAT3 signaling are closely linked. NF-κB-mediated

inflammation induces hepatic IL-6 production and STAT3 signaling [206]. Activated STAT3 in cancer

cells binds to the NF-κB complex proteins RelA/p65 and the histone acetyltransferase p300 in the

nucleus. As a consequence, p300 reversibly acetylates RelA/p65 dimers [207], which cause its nuclear

retention [208]. At the same time, NF-κB can also impair oxidative stress, which is an activator

of STAT3 [209]. In most HCC tumors, however, STAT3 activity does not coincide with NF-κB

activation [210].

HCV Affects the STAT3/NF-κB Circuitry to Maintain a Pro-Inflammatory State

One of the most important examples of inflammation-associated cancers is HCC succeeding

chronic HCV infection [211]. Compared to HBV infection, where viral genome integration accounts

for the majority of HCCs, HCV-induced HCC is linked to liver disease progression from nonalcoholic

fatty liver disease (NAFLD), chronic inflammation, fibrosis, and cirrhosis. This therefore suggests that

HCV-induced signals promote liver fibrosis and disease progression following a similar disease

pattern observed for other aetiologies. Indeed, HCV causes hepatic inflammation and induces

complex alterations in host signal transduction [212]. These include deregulation of cytokine,

metabolic, and oxidative stress pathways [213]. HCV-encoded proteins also cover an important

role in initiating and maintaining this chronic inflammatory state. For instance, NS5A upregulates the

expression of cyclooxygenase-2 (COX-2) [213], which promotes chronic inflammation by the synthesis

of prostaglandins. It is therefore not surprising that HCV manipulates regulatory signaling of the

inflammatory response, including NF-κB [189] and STAT3 [214], and thereby increases the risk of

HCC development. HCV induces chronic hepatic inflammation that is mediated by elevated NF-κB

activity. However, the question is whether this is simply a consequence of the cellular defense

against infection by HCV or whether the virus has an interest in maintaining an inflammatory

state for its own benefit. Several lines of evidence suggest that HCV indeed gains from tweaking

the outcome of the inflammatory response. For example, HCV infection enhances tumor necrosis
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factor alpha (TNF-α)-induced cell death by suppression of NF-κB activation involving a mechanism

dependent on core, NS4B, and NS5B [215]. At the same time, HCV makes use of parts of the NF-κB

signaling by activating IKKα which, independent of NF-κB, induces the expression of lipogenic

genes that contribute to core-associated lipid droplet formation [20]. The same is true for STAT3,

which is a mediator of inflammation and part of the interferon response against viral infection. STAT3

transcriptional activity is elevated upon HCV infection in livers of patients and in cell culture [175] and

is associated with poor prognosis in HCCs [189]. STAT3 is activated by HCV-induced oxidative stress

via core, NS2, and NS3 proteins [216] and by the innate antiviral immune response in hepatocytes [40].

Additionally, the presence of HCV not only affects the infected hepatocytes but equally affects the liver

microenvironment. Exosomes secreted from HCV-infected cells carrying miR-19a induce STAT3

activation in hepatic stellate cells and favor fibrotic gene expression [217]. STAT3 activation in

the context of HCV infection has also been linked to the presence of myeloid-derived suppressor

cells (MDSCs), a cell type that favors the expansion of Treg lymphocytes and has been associated

with an increased tumor burden in HCC patients [218]. The question then arises as to whether the

elevated STAT3 signaling is simply a consequence of infection or whether it is beneficial to the virus.

Interestingly, HCV core protein also directly associates and activates STAT3 function, which promotes

cell transformation [219], suggesting an important role of STAT3 for HCV. Indeed, HCV has a vital

interest in maintaining a persistent STAT3 signaling as STAT3 is a cofactor for HCV infection and

tempers the antiviral impact of the interferon response [40].

5. Clinical Relevance and Perspectives

Chronic HCV infection is a major cause of HCC, the second most deadly cancer worldwide with

only very limited treatment options. HCV-related HCC will remain a major health problem for the

next decades, despite the recent development of direct-acting antivirals (DAAs) and their deployment

in therapy [220]. Especially in patients with advanced liver disease, the HCC risk cannot be fully

reversed after viral cure [221]. This is similar to alcohol-induced liver disease, where the HCC risk

during abstinence persists for several years [222]. Although the oncogenic mechanism of alcohol

and its carcinogenic metabolite acetaldehyde differ from that of viral hepatitis, it has been suggested

that, similar to alcohol [223,224], HCV infection may leave an epigenetic footprint in the host genome.

An interesting question is whether this also creates persistent alterations in the host signaling network

that maintain an oncogenic pressure to the hepatocyte, like an echo from the chronic infection.

Another point worth mentioning is a suggested increase in tumor recurrence rates in HCC

patients after DAA-induced sustained virological response and tumor resection [225,226]. However,

these results remain controversial as other groups could not confirm this observation [227,228].

Therefore, whether antiviral treatment in HCC patients leads to a long-term survival benefit is currently

unknown, and current guidelines suggest a close surveillance and imaging in these patients [229].

The treatment of HCC is particularly challenging for patient cohorts with moderate and severe liver

dysfunction (Child–Pugh Class B or C) in term of toxicity and efficacy as the use of sorafenib for the

treatment of Child–Pugh B patients has been questioned [230]. Moreover, the HCC proliferative index

is low, which is one of the reasons most cytostatics and small molecules are considered inefficient.

By hijacking the host signaling network, HCV generates a proliferative and antiapoptotic

environment, which promotes hepatocyte dedifferentiation and EMT. This forms an optimal

environment for the virus to persist but with serious consequences to the host. The signaling

pathways deregulated by chronic HCV infection resemble the hallmarks of cancer [231,232],

suggesting that HCV-induced oncogenic signaling likely contributes to liver disease progression

and hepatocarcinogenesis. Targeting signaling components with therapeutic antibodies or clinical

kinase inhibitors in cancer therapy is widely established. The current pharmacological therapy for

HCC is essentially based on the multikinase inhibitor sorafenib [233], which is able to increase survival

rates of selected HCC patients. Other kinase inhibitors clinically tested include linifanib (VEGFR and

PDGFR inhibitor) [234] and erlotinib (EGFR inhibitor) [235]; the latter failed in phase 3 of its clinical
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trial [236]. The identification of therapeutic targets in established HCCs is difficult because genetic

alterations in tumors are highly heterogeneous [237]. Nevertheless, such approach holds promise in the

framework of a personalized treatment, and targeting derailed signaling pathways in patients at risk

of developing HCCs can be part of novel chemopreventive strategies. In support of this, an important

proof-of-concept was demonstrated in 2014 by Bryan Fuchs and colleagues as erlotinib-attenuated

fibrogenesis and HCC development in a rat model [26]. Other HCV-modulated signaling pathways

(i.e., NF-κB and STAT3) offer interesting opportunities to therapeutic intervention, as well as prevention,

especially in the pathological context of HCC [189].

However, this requires new and well-tolerated compounds that allow a long-term administration

of kinase inhibitors to patients with advanced liver disease. A deeper understanding of the signaling

network of HCV infection will also contribute to a better understanding of general signaling events

involved in liver disease progression, given the gene expression profiles in patients at risk of HCC

seem to be independent of the underlying aetiology [238]. In future, well-established HCV infection

models will be instrumental in highlighting additional deregulated and druggable signaling pathways

that are associated with HCC risk. This will help to overcome the lack of appropriate study models of

HCC development and contribute to the discovery of novel drivers and drug targets of liver disease

and HCC development.
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Chapter 15

Stromal and Immune Drivers 
of Hepatocarcinogenesis

Antonio Saviano, Natascha Roehlen, Alessia Virzì, 

Armando Andres Roca Suarez, Yujin Hoshida, Joachim Lupberger, 

and Thomas F. Baumert

 Introduction

The liver is a multifunctional organ that plays a key role in metabolism and detoxi-

fication as well as in regulation of immune response and tolerance. The liver is 

physiologically exposed to many pathogens and toxic substances derived from the 

gut and has the largest population of resident macrophages (i.e., Kupffer cells, KCs) 

in the body and a high prevalence of natural killer cells (NK), natural killer T cells 

(NKT), and T cells. In normal conditions, the liver removes a large amount of 

microbes and pathogen-associated and damage-associated molecular patterns 

(PAMPs and DAMPs) and maintains an immunosuppressive environment [1].

Following chronic hepatocyte damage, immune and stromal cells modify a liver 

environment, which triggers chronic inflammation and ultimately promotes 

hepatocellular carcinoma (HCC) [2]. Indeed, independently from the etiology, 

chronic liver disease is characterized by a deregulation in the liver immune network 
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that stimulates cellular stress and death favoring liver fibrosis, hepatocyte 

proliferation, and epithelial-to-mesenchymal transition (EMT) [2]. A combination 

of EMT, genetic mutations, and epigenetic alterations that accumulate during cell 

proliferation is the most important driver of hepatocarcinogenesis [3].

Once HCC has developed, liver microenvironment greatly affects tumor progres-

sion and response to therapy [4]. This is the reason why gene expression signatures 

in liver tissues adjacent to the HCC—and the not in tumor itself—highly correlate 

with long-term survival of patients with liver fibrosis [5]. Similarly, HCC infiltration 

by non-parenchymal cells (e.g., regulatory T cells, Treg) has been associated with 

tumor progression [5–8]. New therapies targeting liver microenvironment are 

recently developed or under clinical investigation for both chronic liver disease 

(e.g., nonalcoholic steatohepatitis, NASH) and HCC.

Hence, liver microenvironment plays an essential role in both hepatocarcino-

genesis and tumor progression and it is an important therapeutic target for HCC 

prevention and treatment.

 From Chronic Inflammation to Hepatocellular Carcinoma

HCC almost universally evolves on the background of chronic liver inflammation 

and liver fibrosis [9]. Chronic hepatocyte cell injury induces activation of the 

immune system that initiates and supports chronic inflammation by generation of 

proinflammatory cytokines and chemokines and activation of hepatic stellate cells 

(HSCs), finally resulting in liver fibrosis, cirrhosis, and cancer [10] (Fig. 15.1).

During chronic infections (e.g., hepatitis B virus, HBV, or hepatitis C virus, 

HCV) as well as metabolic (e.g., NASH) or toxic diseases (e.g., alcoholic 

steatohepatitis, ASH), immune cells—first of all KCs—are activated by the release 

of PAMPs and DAMPs produced by hepatocyte apoptosis and death. Activated KCs 

present viral antigens to T cells and/or secrete cytokines and chemokines that recruit 

circulating monocytes, lymphocytes, and neutrophils [11]. Proinflammatory signals 

are mainly mediated by the accumulation of tumor necrosis factor alpha (TNF-α); 

interleukins (IL) such as IL-6, IL-1β, IL-2, IL-7, IL-15, IL-17; C-C motif chemokine 

ligand 2 (CCL2); and interferon gamma (IFN- ).

Following activation by antigen-presenting cells, T cells and especially T-helper 

17 (Th17) cells and the mucosal-associated invariant T (MAIT) cells are major 

promoters of liver inflammation primarily by secretion of IL-17 [12, 13]. IL-17 

secreted by T cells as well as transforming growth factor beta 1 (TGF-β1) and 

platelet-derived growth factor subunit B (PDGF-B) secreted by KCs and monocyte- 

derived macrophages are able to activate and differentiate HSC into collagen- 

producing myofibroblasts [12, 13]. Finally, also DAMPs can directly activate HSC 

and participate in fibrosis [7, 14]. HSC-derived myofibroblasts account for abnormal 

production of collagen in the liver and are main components of the hepatic 

precancerous microenvironment [15].

The inflammatory microenvironment causes hepatocellular stress, accompanied 

by epigenetic modifications, mitochondrial alterations, DNA damage, and 
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chromosomal alterations that determine cell transformations [7]. Inflammation has 

been shown to upregulate nuclear factor kappa B (NF-κB) and signal transducer and 

activator of transcription 3 (STAT3) thereby affecting cell proliferation, survival, 

angiogenesis, and chemotaxis [16–18]. STAT3 is further induced by several other 

cytokines and growth factors that are known to be upregulated under conditions of 

chronic liver inflammation [19]. Regarding chronic HBV and HCV infection, 

upregulation of the cytokines lymphotoxin beta and TNF-α in CD4+ and CD8+ T 

cells has been shown to promote hepatocarcinogenesis [20, 21].

Collectively, persistence of infection by hepatotropic viruses or toxic condition 

may cause a chronic inflammatory state, accompanied by continual cell death and 

promotion of compensatory tissue repair mechanisms, finally resulting in liver cir-

rhosis and cell transformation. Since chronic inflammation induces impaired immune 

surveillance due to exhausted T cells, chronic inflammatory liver status not only pro-

vokes cell transformation but also attenuates physiological antitumor defense mecha-

nisms by the immune system. Thus, tumor cell attack by cytolytic T cells is weakened 

in chronic inflammatory liver tissue and HCC microenvironment [22–24].

Moreover, upregulation of immunosuppressive Treg cells has been related to 

chronic inflammation associated with attenuated immune surveillance contributing 

to risk of HCC development [25, 26]. The inducible type 1 T regulatory (Tr1) cells 
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Fig. 15.1 Chronic inflammation is a pan-etiological driver of hepatocarcinogenesis. 

Hepatocarcinogenesis can be induced by multiple etiological and environmental conditions. 

Chronic HBV and HCV infections, as well as chronic alcohol abuse and metabolic syndrome trig-

ger the activation of the innate immune system via release of Damage-Associated Molecular 

Patterns (DAMPs) and Pathogen Associated Molecular Patterns (PAMPs). The persistent dysregu-

lation of the immunological network of the liver, promoted by the secretion of pro-inflammatory 

cytokines/chemokines (e.g. IL-2, IL-6, IL-7, IL-15, IL-17, TGF-β, TNF-α, IFN-γ), leads to cells 

death, compensatory hepatocellular proliferation, activation of cancer-associated fibroblasts 

(CAFs) and hepatic stellate cells (HSCs) as well as epithelial-tomesenchymal transition (EMT). 

Moreover, sustained necro-inflammatory status attenuates immune-surveillance and anti-tumor 

immune response, by secretion of anti-inflammatory molecules (e.g. IL-10, TGF-β, PD-L1). In 

addition, the activation of HSCs contributes significantly to cell proliferation (by the release of 

IL-1β, TGF-β and LAMA5) and cirrhosis. In conclusion, cellular proliferation and EMT, further 

sustained by STAT3/NF-κB pathway activation, cirrhosis and impaired immunosurveillance activ-

ity collectively contribute to HCC development
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possess many immunosuppressive functions by secretion of the cytokines IL-10 and 

TGF-β, as well as by expression of the checkpoint inhibitors cytotoxic T-lymphocyte- 

associated protein 4 (CTLA-4) and programmed death 1 (PD1) on the cell surface 

[27–29]. Treg or KC-secreted IL-10 was reported to reduce immune surveillance by 

suppressing macrophage activation, T-cell proliferation, and IFN-  production, 

hereby inhibiting antitumor response mediated by the immune system [30–32]. 

Moreover, TGF-β is known to inhibit IL-2-dependent T-cell proliferation as well as 

production of proinflammatory cytokines and performance of cytolytic functions by 

effector cells [33–35]. Suggesting its involvement in chronic inflammatory liver 

disease and contribution to hepatocarcinogenesis, levels of the immunoregulatory 

cytokine IL-10 and TGF-β have been reported to be elevated in patients with chronic 

liver disease and related to disease progression and patients’ survival [30, 36, 37].

 Immune Cells in HCC Microenvironment

Leukocytes are one of the main drivers in chronic inflammation. They are highly 

enriched in both the precancerous state of liver cirrhosis and in malignant tissue of 

HCC.  Indeed, liver carcinoma is characterized by an immunogenic micro-

environment, consisting of high amounts of lymphocytes, including NK cells, NKT 

cells, B cells, and T cells [38]. T-cell exhaustion due to chronic inflammation hereby 

shapes an immunogenic microenvironment that is characterized by an enhanced 

immunotolerance. Thus, the endogenous antitumor function of cytotoxic 

lymphocytes can be restored by antigen-presenting cells, which are typically 

reduced in the HCC microenvironment [39]. Indeed, decreased activity of NK cells, 

one of the most important antigen-presenting cells, correlates with an increased 

incidence of HCC in patients with liver cirrhosis [40]. Moreover, infiltration and 

density of T cells in human HCCs correlate with better patient prognosis, whereas 

tumor-infiltrating B cells reduce tumor viability [41].

Macrophages perpetuate chronic inflammation following liver injury and pro-

mote fibrogenesis via HSC activation. This therefore represents a significant com-

ponent of HCC microenvironment. Of note, tumor-associated macrophages (TAMs) 

are considered to promote tumor development and favor angiogenesis and tumor 

cell migration [42, 43]. Moreover, TAMs may stimulate tumor growth by suppres-

sion of the adaptive immune system. They express high levels of cell death- ligand 1 

(PD-L1), thereby suppressing the antitumor cytotoxic T-cell responses [44]. TAMs 

provide cytokines and growth factors that enhance tumor cell proliferation and 

NF-κB-mediated protection from cancer cell apoptosis and angiogenesis [45]. 

Accordingly, TAM infiltration correlates with HCC progression and poor survival 

[46, 47].

Dendritic cells (DCs) are a heterogeneous cell population and one of the most 

powerful antigen-presenting cells which regulate the primary immune response and 

the immune homeostasis in the liver [48]. By forming a bridge between the innate 

and the adaptive immune system [49], DCs are regarded as key players in immune 
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regulation [50, 51]. An impaired DC function has frequently been suggested as an 

important factor contributing to an immunosuppressive microenvironment in 

chronic liver disease, which is favoring tumor development. Accordingly, several 

studies report lower DC numbers in both the peripheral blood and liver tissue of 

patients with HCC [52, 53]. A reduced IL-12 secretion by DCs is hereby attributed 

to an attenuated stimulation of T cells [54]. Moreover, DC inhibition and its effects 

on downstream effector cells have further been identified as immune escape mecha-

nisms of HCC [55, 56].

 Stromal Cells Participate in HCC Development 

and Progression

Liver cirrhosis is one of the main risk factors for hepatocarcinogenesis and therefore 

regarded as a precancerous liver state [57]. Thus, the lifetime risk of HCC 

development in patients with advanced liver cirrhosis is approximately 30%, and 

80–90% of HCCs evolve in cirrhotic liver tissue [58, 59]. Considering HSCs as the 

most important progenitor cells of myofibroblasts that account for enhanced 

production of the extracellular matrix in liver fibrosis and liver cirrhosis, HSC- 

derived myofibroblasts are the main components of the hepatic precancerous 

microenvironment as well as the HCC tumor environment. Indeed, differentiation 

of HSCs from pericyte-like cells to collagen-producing myofibroblasts provides 

85–95% of the myofibroblasts in liver fibrosis and liver cirrhosis, independent of the 

underlying trigger [15]. Hence, together with bone marrow (BM)-derived fibroblasts 

and portal fibroblasts (PF), HSC-derived myofibroblasts compose the stromal 

population of cancer-associated myofibroblasts (CAFs) that contribute actively to 

HCC development and progression [60]. Of note, CAFs show a markedly altered 

phenotype compared to normal fibroblasts [61, 62]. Normal fibroblasts may suppress 

tumor growth by contact inhibition [62], whereas CAFs promote an immune- 

tolerant tumor environment by interaction with monocytes and lymphocytes [63]. 

Indeed, CAFs inhibit lymphocyte tumor infiltration, increase the activity of 

immunosuppressive regulatory T cells, and induce apoptosis in monocytes [64, 65]. 

Furthermore, CAFs were reported to impair antitumor functions of T cells via 

activation of neutrophils [66]. CAFs may further promote hepatocarcinogenesis by 

downregulation of tumor-suppressive microRNAs [67, 68]. CAF activity has also 

been associated with tumor angiogenesis. CAFs have been shown to secrete vascular 

endothelial growth factor (VEGF) and angiopoietin 1 or 2 [69–71]. The cross talk 

between CAFs and cancer cells is crucial for HCC biology. The secretion of laminin 

5 (LAMA5) [72] and IL-1β [73] by CAFs has been shown to promote HCC 

migration, and on the other hand, highly metastatic HCC cells were found to be able 

to convert normal fibroblasts to CAFs, which in turn promote cancer progression by 

secretion of proinflammatory cytokines [74]. Several studies further suggest an 

association of CAFs and CSCs that are thought to promote tumor development and 

to mediate therapeutic resistance. CAFs have been reported to recruit CSCs and to 
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drive their self-renewal [75, 76]. Moreover, CAFs have been observed to increase 

expression of keratin 19 by paracrine interactions [77], a marker for hepatic stem 

cells that has been observed to be correlated with poor prognosis [78]. In summary, 

CAFs are key drivers in hepatic carcinogenesis by increasing angiogenesis, 

inflammation, and proliferation and attenuating immune surveillance [60] 

(Fig. 15.2). CAFs correlate with HCC tumor stage and progression, tumor recurrence 

after surgery, as well as overall prognosis [79–81].

Lymphatic vessels function as a tissue drainage and immunological control sys-

tem. They are highly enriched in the liver, carrying approximately 25–50% of the 

thoracic duct’s lymph flow [82]. For a long time, lymphatic vessels were considered 

to affect carcinogenesis only by providing the structural pathway for metastatic 

spread of tumor cells. However, recent observations indicate a functional role of the 

lymphatic endothelium also in the hepatocytes’ immunogenic microenvironment, 

which is affecting the development of chronic liver disease and hepatocarcinogen-

esis [83]. Thus, lymphatic endothelial cells (LECs) guide immune cell migration by 

lining the inner surface of lymphatic capillaries and regulate the expression of 

adhesion molecules and cytokines [84, 85]. Moreover, by secretion of immunosup-

pressive cytokines (i.e., TGF-β) and the overexpression of co-inhibitory checkpoint 
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Fig. 15.2 Cancer-associated fibroblasts (CAFs) characterize the stromal tumor microenviron-

ment and promote hepatocarcinogenesis, tumor progression and treatment resistance. Tumor 

microenvironment in HCC is predominantly characterized by cancer-associated fibroblasts 

(CAFs) that contribute actively to tumor development, progression and metastatic spread. 

Interacting with the immune cells and secreting angiogenic factors, these cells reduce immune 

surveillance and drive tumor angiogenesis. Moreover, CAFs promote cancer cell proliferation 

by paracrine interactions as well as production of prooncogenic cytokines (e.g. TGF-β). CAFs 

are also reported to recruit cancer stem cells, hereby affecting tumor maintenance, heterogeneity 

and treatment resistance. Finally, CAFs are responsible for the alteration of liver extracellular 

matrix by production and secretion of Laminin 5 and Integrin β1 that further promote HCC cell 

invasion and migration
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proteins (i.e., PD-L1), LECs suppress a maturation and proliferation of circulating 

immune cells [84–86]. LECs further mediate CD4+ and CD8+ T-cell tolerance by 

expression of self-antigens in the presence of inhibitory ligands [87].

Lymphangiogenesis is increased in liver fibrosis and cirrhosis and positively cor-

relate with portal venous pressure and disease severity [88–90]. The enhanced inter-

stitial flow and increased number of LECs is accompanied by increased cytokine 

production and immune cell recruitment to the inflammatory environment present 

in almost all chronic liver diseases [91]. The primarily immunosuppressive func-

tions of LECs hereby contribute to an immunotolerant microenvironment favoring 

HCC development [83, 92]. Moreover, expression of chemokines by LECs may 

facilitate lymphogenic metastatic tumor spread [84]. Vascular endothelial growth 

factor C (VEGF-C) is an important stimulator of LEC growth and lymphangiogen-

esis. VEGF-C is enhanced in liver cirrhosis and HCC, and its expression in HCCs 

correlates with metastasis and poor patients’ outcome [93, 94].

 Epithelial-to-Mesenchymal Transition in HCC

Epithelial-to-mesenchymal transition (EMT) describes a reversible process, by 

which epithelial cell types gradually develop mesenchymal characteristics leading 

to higher motility and invasive properties that are essential in embryogenic 

development and wound healing but also implicated in hepatic fibrogenesis and 

carcinogenesis [95, 96]. Thus, while epithelial cells are characterized by polarity 

and stable morphology, mesenchymal cells lack polarity, show a loose arrangement, 

and exhibit the capacity of migration [97]. EMT can be divided in three different 

biological subtypes [98]. While type 1 EMT determines embryonal development 

and organogenesis, types 2 and 3 EMT affect liver disease progression and can be 

activated by several proinflammatory cytokines and growth factors present in the 

inflammatory state of the liver [99].

Type 2 EMT occurs in response to cell injury as a mechanism of tissue repair and 

may cause fibrosis due to generation of collagen-producing fibroblasts. TGF-β, a 

cytokine increased under condition of chronic inflammation, has been shown to be 

one of the strongest activators of type 2 EMT that can affect hepatocytes, cholangio-

cytes, and hepatic stellate cells (HSC) [100]. Quiescent HSCs, the most frequent 

progenitor cells of collagen-producing fibroblasts [15], are actually regarded as 

transitional cells that have undergone partial EMT from epithelial cells and may 

complete transition upon inflammatory signals [101]. Hence, EMT is regarded as 

one of the most important promoters of liver fibrogenesis in response to chronic 

inflammation [101].

Type 3 EMT may occur due to genetic and epigenetic changes during malignant 

transformation of epithelial cells and is implicated in HCC growth and progression 

[3]. Cells generated by type 3 EMT differ significantly from types 1 and 2 EMT 

cells and develop properties of invasion and migration as well as escape from apop-
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tosis. Weakened or loss of E-cadherin expression, characteristic for development of 

the mesenchymal unpolarized phenotype, could be revealed in 58% of human HCC 

patients and correlated with the presence of metastases and patients’ survival [102]. 

Besides proinflammatory cytokines and growth factors, several studies further indi-

cate induction of type 3 EMT by core proteins of HCV itself [103]. Given not only 

the correlation of EMT with tumor stage but also response to therapy [104], thera-

peutic targeting of molecular key players in EMT is highly clinically relevant.

 Clinical Perspectives

Considering the implication of stromal and immunogenic cell compounds in HCC 

development and progression, medical treatments targeting these factors represent 

promising tools for future medical treatment of advanced HCC.  Presently, 

sorafenib, an oral multikinase inhibitor targeting vascular endothelial growth fac-

tor receptor (VEGFR-2/VEGFR-3) and platelet-derived growth factor receptor 

(PDGFR), produced by the stromal HCC microenvironment already represents the 

standard of care treatment for patients with advanced HCC [105]. Lenvatinib, 

another tyrosine kinase inhibitor with multiple targets, has recently been revealed 

to be noninferior compared to sorafenib according to the REFLECT trial and has 

lately been approved by the FDA as first-line treatment for unresectable HCC 

[106]. Moreover, recently therapeutic strategies targeting the immunogenic tumor 

microenvironment have been demonstrated to be effective as systemic therapy for 

several cancer types. Consequently, drugs targeting exhausted lymphocytes 

expressing PD1 and infiltrating the tumor are able to activate T-cell-driven immune 

response against cancer cells and were approved for melanoma and non-small cell 

lung cancer treatment [107, 108]. Preliminary results from open-label trials of 

these drugs in HCC treatment are encouraging. Indeed, nivolumab and pembroli-

zumab, anti-PD1 monoclonal antibodies, have been demonstrated to be more 

effective than placebo in patients with advanced unresectable HCC previously 

treated with sorafenib [109, 110]. For that reason, these compounds were recently 

approved by FDA as a second- line treatment for advanced HCC. Moreover, cur-

rently several randomized controlled trials investigate the effects of other drugs 

targeting the HCC immunogenic and stromal microenvironment. Thus, aiming to 

activate tumor-targeting cytotoxic T lymphocytes, a growing number of studies 

recently worked on ex vivo tumor- antigen- loaded dendritic cells as an approach of 

cancer immunotherapy by DC vaccination [111–113]. Several other studies are 

focused on immunotherapy targeting TAMs, aiming to decrease TAM population 

present in the HCC by elimination, blocking recruitment, or functional reprogram-

ming of TAM polarization [43]. The results of current ongoing clinical studies are 

expected in the next few years and may revolutionize future HCC medical 

treatment.
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Hepatitis C virus (HCV) is a major cause of liver disease includingmetabolic disease, fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC). HCV induces and promotes liver disease
progression by perturbing a range of survival, proliferative, and metabolic pathways within
the proinflammatory cellularmicroenvironment. The recent breakthrough in antiviral therapy
using direct-acting antivirals (DAAs) can cure >90% of HCV patients. However, viral cure
cannot fully eliminate the HCC risk, especially in patients with advanced liver disease or
comorbidities. HCV induces an epigenetic viral footprint that promotes a pro-oncogenic
hepatic signature, which persists after DAA cure. In this review, we summarize the main
signaling pathways deregulated by HCV infection, with potential impact on liver pathogen-
esis. HCV-induced persistent signaling patterns may serve as biomarkers for the stratification
of HCV-cured patients at high risk of developing HCC. Moreover, these signaling pathways
are potential targets for novel chemopreventive strategies.

H
epatitis C virus (HCV) is a main cause of
chronic liver disease worldwide. Chronic

HCV infection causes chronic hepatic inflam-
mation, steatosis, and fibrosis, which progresses
to cirrhosis and hepatocellular carcinoma
(HCC) (PolarisObservatoryHCVCollaborators
2017). HCC is the most common type of liver
cancer and the second leading cause of cancer-
related death on the globe (Baumert and Ho-
shida 2019). The liver is an extraordinarily resis-
tant organ with a unique regeneration capacity,
but the persistent stress induced by chronic

inflammation and deregulation of signaling and
metabolism culminate in a >10-fold increased
HCC risk in HCV-infected patients compared
with HCV-negative subjects in cross-sectional
and case-control studies (El-Serag 2012). The
rate of HCC among HCV-infected persons
ranges from 1% to 3% and the interval from
infection to HCC has been estimated to be ∼30
years (Thrift et al. 2017). It is believed that a
combination of direct (viral proteins) and indi-
rect (chronic inflammation, deregulated signal-
ing) factors are responsible for HCV-induced
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liver disease development and progression. Be-
cause of the absence of a latent phase in the viral
life cycle or any DNA integration event, HCV
must ensure an optimal condition to maintain
its replication (Lupberger et al. 2019) and to es-
cape from the host innate immune response
(Gale and Foy 2005). In this review, we summa-
rize the main pathways that are deregulated dur-
ing chronic HCV infection, which are relevant
for the development and progression of HCV-
induced liver disease and HCC. Some of these
pathways remain deregulated in HCV-cured pa-
tients, serving as potential biomarkers for the
identification of risk patients and novel drug
targets for chemopreventive clinical strategies.

HCV-INDUCED CHRONIC
INFLAMMATION, FIBROSIS,
AND CIRRHOSIS

Inflammation is a life-preserving process to
maintain cellular homeostasis. It is mostly acti-
vated in response to pathogens or tissue injury
and is part of a physiological recovery response.
The liver harbors a large spectrum of immune
cells distributed within the hepatic compart-
ments (Freitas-Lopes et al. 2017). This organ is
constantly exposed to external signaling from
commensal molecules and produces a series of
neo-antigens derived by its metabolic activities.
This leads to the development of a constant and
physiological immunotolerance state in the or-
gan (Jenne and Kubes 2013), which was first
recognized by Calne and coworkers in 1969
(Calne et al. 1969). The relative immunotoler-
ance in the liver is necessary to avoid overactiva-
tion of the immune system but it also facilitates
the adaptation and persistence of different liver
pathogens, such as malaria, hepatitis B virus
(HBV), and HCV (Horst et al. 2016). HCV has
developed several strategies to evade the innate
and adaptive antiviral responses to infection
(Gale and Foy 2005; Rosen 2013). Consequently,
failure of viral clearance promotes a chronically
inflamed liver that leads to scarification (fibro-
sis), cirrhosis, and ultimately provokes the devel-
opment ofHCC.According to theWorldHealth
Organization (see who.int), most of the HCV-
infected patients do not achieve viral clearance

and 60%–80% develop chronic hepatic inflam-
mation. In these patients, the risk of developing
cirrhosis is ∼15%–35% after 20–30 years of in-
fection (Thrift et al. 2017). The virus directly
accelerates the inflammatory response through
a large range of interconnected mechanisms, in-
cludingpathogenpattern recognition, host–viral
protein interactions, activation of inflamma-
somes, and reactive oxygen species (ROS) pro-
duction (Gale and Foy 2005; Horner and Gale
2013; Negash et al. 2019). Liver diseases and
fibrosis associated with HCV infection evolve
in the context of a strong oxidative microenvi-
ronment. HCV core, E1, E2, NS3, NS4B, and
NS5A are known to encourage the production
of ROS (Bureau et al. 2001; Pal et al. 2010; Ivanov
et al. 2011). The antioxidant defense machine
involves different ROS scavenging enzymes
and their synthesis depends on many genes
commonly regulated by the transcription factor
NF-E2-related factor 2 (Nrf2) (Bureau et al.
2001). Nrf2 expression is inversely correlated
with the severity of liver injury in chronic
HCV patients and is impaired in end-stage liver
disease (Kurzawski et al. 2012; Jiang et al. 2015).
In HCV-positive cells, free Nrf2 is trapped at the
replicon complexes and is therefore prevented
from its entry into the nucleus (Medvedev
et al. 2017). This observation is in line with im-
paired expression levels of antioxidative en-
zymes like catalase (Lupberger et al. 2019) and
superoxide dismutase SOD1 (Levent et al. 2006;
Diamond et al. 2012) in infected hepatocytes,
which further promote oxidative stress damag-
ing host proteins, lipids, and DNA. This co-
incides with a perturbed endogenous DNA re-
pair by HCV infection (Nguyen et al. 2018;
Lupberger et al. 2019) further contributing to
the development of HCC in HCV patients. Be-
cause ROS-induced lipid peroxidation hampers
viral membrane fusion, HCV has developed
strategies to divert oxidative stress, for example,
by themodulation of phospholipid hydroperox-
ide glutathione peroxidase (GPx4) (Brault et al.
2016). Importantly, ROS levels strongly promote
liver fibrosis, characterized by an excessive pro-
duction of extracellular matrix (ECM) and scar-
ring of the tissue (Luangmonkong et al. 2018).At
the same time, ROS stimulates pro-oncogenic
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signaling pathways, promoting cell survival,
proliferation, and angiogenesis (Zhang et al.
2016). Chronic inflammation is accompanied by
elevated plasma levels of proinflammatory cyto-
kines, such as tumor necrosis factor α (TNF-α),
which are further induced byHCVproteins NS3,
NS4, and NS5 (Hosomura et al. 2011; Alhetheel
et al. 2016).The levels of liverandbloodcytokines

are associated with HCVmicroenvironment and
liver fibrosis (de Souza-Cruz et al. 2016). In par-
ticular, interleukin (IL)-1α is increased in HCV
patients and correlates with liver cirrhosis and
HCC (Tawfik et al. 2018). Therefore, HCV-
induced cytokine signaling increases the onco-
genicpressurewithin thehost cell and contributes
to a recalibration of hepatocyte functions (Fig. 1).

HCV infection

PTEN NRF2 GLI2 STAT3 EGFR GSK-3β HIF-1α

PPAR-α TGF-β β-CateninIRS1

VLCFA
accumulation

Lipid droplet
formation

Damage of lipids,
proteins, and DNA

HSC
activation

Steatosis
(55%)

Fibrosis/cirrhosis
(15%–35%)

HCC
(4%–5% per year)

c-Myc
activation

Increased
angiogenesisProfibrotic and proliferative gene expression

MAPK VEGF

ROS Autophagy

ER stress

STAT3

Figure 1. Hepatitis C virus (HCV) infection alters signaling pathways relevant for liver disease. HCV-mediated
activation of signal transducer and activator of transcription 3 (STAT3) causes very long-chain fatty acid
(VLCFA) accumulation in the infected hepatocytes via down-regulation of peroxisome proliferator-activated
receptor α (PPAR-α) expression. STAT3 activation sustains profibrotic gene expression via up-regulation of
transforming growth factor β (TGF-β). Down-regulation of phosphatase and tensin homolog (PTEN) by HCV
decreases insulin receptor substrate 1 (IRS1) expression and the formation of large lipid droplets favoring hepatic
steatosis. HCV impairs NF-E2-related factor 2 (NRF2) activity and enhances the accumulation of reactive oxygen
species (ROS). Activation of the Hedgehog (Hh) pathway via GLI family zinc finger 2 (GLI2) inhibits autophagy
in hepatic stellate cells (HSCs), favoring their conversion into myofibroblasts and the development of fibrosis.
HCV infection induces endoplasmic reticulum (ER) stress triggering TGF-β expression. Epithelial growth factor
receptor (EGFR) is activated by several mechanisms and induces mitogen-activated protein kinase (MAPK)
signaling and the expression of genes related to fibrosis and hepatocyte proliferation. Following HCV infection,
the Wnt pathway is activated and inhibits the β-catenin destruction complex. As a consequence, β-catenin
migrates to the nucleus and activates c-Myc oncogene. HCV sustains vascular endothelial growth factor
(VEGF) via the stabilization of hypoxia inducible factor 1 subunit α (HIF1-α), which consequently up-regulates
VEGF signaling and increases angiogenesis. The percentage of infected patients developing steatosis, cirrhosis, or
the cumulative incidence of hepatocellular carcinoma (HCC) is indicated. GSK-3β, Glycogen synthase kinase 3β.
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HCV Sustains Hedgehog Signaling Pathway
and Promotes Fibrogenesis

The Hedgehog (Hh) pathway regulates liver de-
velopment and differentiation and is a critical
modulator of adult liver repair (Ingham and
McMahon 2001; Machado and Diehl 2018). In-
terestingly, stimulationof theHhpathway results
in increased permissiveness for HCV replication
in cell culture (Choi et al. 2011). HCV activates
Hh signaling during fibrogenic repair of liver
damage and increases the production of Hh li-
gands inHCV-infected cells (deAlmeida Pereira
et al. 2010).Complementary studies confirm that
HCV derived from the sera of HCV-infected pa-
tients stimulatesHh signaling in humanprimary
fibroblasts via activation of zinc finger protein
GLI2 transcription factor. Especially, GLI2 in-
hibits autophagy infibroblasts, thus forcing their
conversion intomyofibroblasts, which promotes
fibrogenesis (Granato et al. 2016). The increase
in Hh ligands may additionally be sustained by
the accumulation of liver damage markers, such
as epithelial growth factor (EGF), transforming
growth factor β (TGF-β), and platelet-derived
growth factor (PDGF) (Stepan et al. 2005; Jung
et al. 2008; Omenetti et al. 2008), creating a per-
sistent proliferative and antiapoptotic environ-
ment in the infected liver.

HCV Modulates Activation of the TGF-β
Pathway

TGF-β has a key role in fibrogenesis and it is
involved in all stages of liver disease progression
(Dooleyand tenDijke 2012; Fabregat et al. 2016).
The TGF-β superfamily includes pleiotropic
growth factors that are essential for embryonic
development and organ homeostasis. TGF-β is
responsible for cell proliferation, differentiation,
and migration during embryogenesis, while it is
involved in tissue regeneration, cell growth con-
trol, and remodeling throughout adulthood.Un-
dercertainconditions,TGF-β1 isalso involved in
the induction of apoptotic cell death in the liver
(Oberhammer et al. 1992). The TGF-β cytokine
is physiologically sequestered in the ECMas part
of latent complexes and it is released in response
to different environmental perturbations (Xu
et al. 2018). This cytokine triggers downstream

signaling through the activationof canonical and
noncanonical pathways. First, TGF-β mediates
the formation of a heterotrimeric complex of
type I and type II serine/threonine kinase recep-
tors, which phosphorylate receptor-associated
SMAD (R-SMADs) proteins. The trimeric com-
plex formed by R-SMADs (Smad2 and Smad3)
and Smad4 enters the nucleus and regulates
gene expression (Miyazawa et al. 2002). Second,
TGF-β triggers other signaling pathways, such as
mitogen-activated protein kinase (MAPK) and
transforming protein RhoA cascades, even in
absence of SMADs activation (Yu et al. 2002;
Derynck and Zhang 2003). In addition, both ca-
nonical and noncanonical signaling pathways
can be modulated by TGF-β to tightly control
epithelial-to-mesenchymal transition (EMT)
(Bhowmick et al. 2001; Katsuno et al. 2019),
which is a physiopathological program implicat-
ed in liver disease progression (Thiery and Slee-
man 2006). TGF-β1 triggers hepatic fibrosis and
cirrhosis in both animal models and human he-
patic disorders (Castilla et al. 1991; Bedossa et al.
1995; Sanderson et al. 1995), and thus most evi-
dently also plays an important role during HCV
pathogenesis. Several studies and clinical obser-
vations highlighted a clear correlation between
TGF-β and chronic HCV infection (Nelson
et al. 1997; Grüngreiff et al. 1999; Ray et al.
2003; Chen et al. 2017). TGF-β plasma levels
are associated with a high degree of hepatic fi-
brosis in patients with chronic HCV (Tsushima
et al. 1999; Flisiaket al. 2002).Notably,HCVcore
protein seems to up-regulate the transcription of
TGF-β (Taniguchi et al. 2004). HCV induces
TGF-β1 via endoplasmic reticulum stress activa-
tion and the unfolded protein response (UPR)
(Chusri et al. 2016). Additionally, in vitro studies
show that HCV-induced oxidative stress indi-
rectly regulates TGF-β1 expression through p38
MAPK, c-jun amino-terminal kinase (JNK), and
extracellular signal-regulated kinase (ERK) via
nuclear factorκ-light-chain-enhancerof activat-
ed B cells (NF-κB) signaling (Erhardt et al. 2002;
Lin et al. 2010). More recent studies observed
decreased TGF-β1 levels in the serum of chronic
HCV-infected patients that achieved sustained
virologic response (SVR) after antiviral treat-
ment (Janczewska-Kazek et al. 2006; Kotsiri
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et al. 2016). Therefore, uncovering the role of
HCV proteins in TGF-β signaling pathways
may contribute to understanding the mecha-
nisms involved in HCV-induced HCC. Indeed,
HCV core and NS3 have been shown to interact
with Smad3 in vitro and in vivo (Cheng et al.
2004). Interestingly, some HCV core variants
isolated from HCC tissue interact with Smad3
and inhibit TGF-β signaling. According to this
study, a possible selection of viral variants dur-
ing chronic HCV infection gradually promotes
antiapoptotic effects in the liver that overcome
the initial antiproliferative functions of TGF-β
(Cheng et al. 2004).Hence, althoughTGF-βmay
have proapoptotic effects during the early stages
of chronic liver disease, it probably acquires pro-
cancerogenic responses after HCV core variants
selection (Pavio et al. 2005; Battaglia et al. 2009).

HCV-Induced IL-6/STAT3 Signaling

Signal transducer and activator of transcription
3 (STAT3) is involved in tissue repair mecha-
nisms by the regulation of proliferative and pro-
survival cellular programs. In this context, acti-
vation of STAT3 can be induced by a vast
number of different cytokines, including IL-6,
which sensitizes hepatocytes to regenerative
signals (Michalopoulos 2007). Beyond its phys-
iological role, persistent activation of STAT3
induces chronic inflammation and fibrosis, in-
creasing the risk to develop severe pathological
conditions (Yu et al. 2014; Kasembeli et al.
2018). HCV requires IL-6/STAT3 signaling to
maintain infection (Lupberger et al. 2013;
McCartney et al. 2013); therefore, it induces its
activation by several mechanisms. HCV core
directly binds and sustains STAT3 activation
(Yoshida et al. 2002), whereas the expression
of NS5A, E1, and NS3 promotes STAT3 signal-
ing indirectly via ROS production (Gong et al.
2001; Machida et al. 2006). The activation of
STAT3 is not limited to HCV-infected hepato-
cytes. miR19a secreted in endosomes from
HCV-infected hepatocytes impairs suppressor
of cytokine signaling 3 (SOCS3) in hepatic stel-
late cells (HSCs). As a negative regulator of
STAT3, impaired SOCS3 levels cause a subse-
quent activation of TGF-β in HSCs (Devhare

et al. 2017). Therefore, considering the profi-
brotic role of STAT3 signaling and its strong
cooperation with the TGF-β pathway, it has
been suggested as a potential target for antifi-
brotic therapies (Chakraborty et al. 2017).

HCV INCREASES CANCER RISK BY
DEREGULATION OF ONCOGENIC
SIGNALING PATHWAYS

The liver is a key organ for the detoxification and
metabolism of awide range of potentially harm-
ful substances. Therefore, liver regeneration is a
tightly controlled process (Cordero-Espinoza
and Huch 2018) that converges in the recon-
struction of hepatocyte parenchyma in response
to damage. The replacement of the damaged
tissue occurs mainly through hepatocyte prolif-
eration and to a lesser extent via an activation of
ductal progenitor cells. During regeneration, the
HSCs differentiate in myofibroblasts that release
ECM within the space of Disse. Under normal
conditions, the excess of ECM is promptly de-
graded by matrix metalloproteinases (MMPs),
which restore the original architecture and func-
tion of the tissue without scar formation (Kho-
lodenko and Yarygin 2017). During chronic in-
flammation this balance is perturbed, which
leads to a progressive deposition of ECM and
the development of liver fibrosis. HCV infection
causes oxidative stress, steatohepatitis, and fi-
brosis, which create a hepatic pro-oncogenic
environment. The oncogenic pressure on the
diseased liver is further promoted by virus-in-
duced growth factors and signaling pathways
such as EGF, vascular endothelial growth factor
(VEGF), Wnt/β-catenin, which are strongly im-
plicated in the cirrhotic remodeling of the tissue
and hepatocarcinogenesis (Fuchs et al. 2014;
Wang et al. 2018a; Moon et al. 2019). As a con-
sequence, patients affected with HCV-associat-
ed cirrhosis present a 4% to 5% cumulative
annual incidence of HCC (El-Serag 2012).

HCV Up-Regulates EGFR and Stimulates
MAPK Signaling

The growing knowledge on the interplay
between HCV and epithelial growth factor re-
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ceptor (EGFR) cascade has markedly contrib-
uted to explain the pathologic consequences of
the viral infection, such as fibrosis development
and HCC (Lupberger et al. 2011, 2013; Fuchs
et al. 2014; Roca Suarez et al. 2018). It has
been shown that EGFR signaling promotes the
formation of the cluster of differentiation 81
(CD81)/claudin1 (CLDN1) coreceptor com-
plex, which is required for HCV entry (Harris
et al. 2010; Krieger et al. 2010; Lupberger et al.
2011; Zona et al. 2013). Inhibition of EGFR
kinase hampers the CD81/CLDN1 coreceptor
association and thus prevents HCV particle en-
try (Lupberger et al. 2011). The physical link
between EGFR kinase and CD81/CLDN1 inter-
action is mediated by GTPase HRas, activated
downstream from the EGFR signaling (Zona
et al. 2013). HCV has an interest in maintaining
EGFR signaling and elevated EGFR signaling is
observed in liver biopsies of HCV patients
(Mailly et al. 2015). EGFR signaling is further
prolonged by a NS5A-induced retention of
activated EGFR in the early endosomal com-
partment (Mankouri et al. 2008) and by an in-
creasing level of Netrin-1 that impedes EGFR
recycling (Plissonnier et al. 2016). Furthermore,
NS3/4A protease mediates the down-regulation
of T-cell protein tyrosine phosphatase (TC-
PTP), which is negative regulator of EGFR and
MAPK signaling (Brenndörfer et al. 2009; Stan-
ford et al. 2012). The activation of EGFR during
HCV infection induces MAPK signaling (Ha-
yashi et al. 2000; Bürckstümmer et al. 2006;
Mankouri et al. 2008; Diao et al. 2012), an evo-
lutionarily conserved mechanism of cellular
transduction that regulates many vital cellular
functions, such as proliferation, differentiation,
survival, and apoptosis (Zhang and Liu 2002;
Dhillon et al. 2007). EGFR is overexpressed in
∼50% of patients with chronicHCVand inmost
patients with cirrhosis and HCC. The extent of
EGFR expression is even higher in the advanced
stages of HCV-related fibrosis (Badawy et al.
2015). These observations have a potential clin-
ical application because EGF is a major driver of
liverdiseaseprogression, and inhibitionofEGFR
signaling using clinical compounds in animal
models attenuates the development of liver fi-
brosis and HCC nodules (Fuchs et al. 2014).

HCV Up-Regulates VEGF and Promotes
Angiogenesis

Angiogenesis is a growth factor-dependent pro-
gram responsible of the formation of new vessels
from preexisting ones. It is commonly induced
in response to hypoxia-related and inflammato-
ry mechanisms (Paternostro et al. 2010). Hepat-
ic angiogenesis is triggered by HCV via the
deregulation of multiple pathways (Hassan et al.
2009). Several studies have shown an up-regula-
tion of VEGF in HCV-related HCC patient tis-
sues (Llovet et al. 2012; Mukozu et al. 2013). The
HCV core protein seems to sustain VEGF sig-
naling by several mechanisms. It can lead to
hypoxia inducible factor 1 (HIF-1α) stabiliza-
tion, which consequently up-regulates VEGF
expression (Shimoda et al. 1999; Abe et al.
2012; Zhu et al. 2014). Additionally, HCV-me-
diated VEGF expression seems to also engage
Janus kinase (JAK)/STAT signaling. Indeed,
the inhibition of the JAK/STAT pathway in cell
culture blocks the HCV core protein-mediated
activation of the androgen receptor (AR), caus-
ing a down-regulation of VEGF (Kanda et al.
2008). HCV core protein potentiates VEGF ex-
pression by the activation of activator protein 1
(AP-1) transcription factor, which is binding to
the VEGF promoter region (Shao et al. 2017).

HCV Induces β-Catenin Accumulation
and Wnt Pathway Activation

Wnt pathway is crucial for embryonic develop-
ment and cellular differentiation (Kielman et al.
2002; Reya and Clevers 2005; Grigoryan et al.
2008; Bone et al. 2011). When Wnt signaling is
active, β-catenin phosphorylation is reduced via
the inhibition of the β-catenin destruction com-
plex (Behrens et al. 1998; Amit et al. 2002; Liu
et al. 2002). The augmented unphosphorylated
β-catenin migrates from the cytoplasm to the
nucleus, where it binds to T-cell factor (TCF)
and promotes transcription of genes such as
Cyclin D1 (Tetsu and McCormick 1999),
c-MYC (He et al. 1998), Axin-2 (Jho et al.
2002), and c-Jun (Mann et al. 1999). In cell cul-
ture, NS5A triggers the serine/threonine-protein
kinase Akt, by interacting with phosphoinositide

A. Virzì et al.

6 Cite this article as Cold Spring Harb Perspect Med 2020;10:a037366

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



3-kinases (PI3K). Consequently, this leads to an
inhibition of glycogen synthase kinase (GSK)-
3β, which is a key component of the destruction
complex (Street et al. 2005). Moreover, NS5A
stabilizes β-catenin in the cytoplasm and there-
fore promotes β-catenin signaling, which is also
reflected in elevated β-catenin levels in livers of
HCV patients (Park et al. 2009). This is very
relevant for liver pathogenesis because β-catenin
is most frequently activated in HCC pathogene-
sis (Khalaf et al. 2018). NS5A-induced stabiliza-
tion of β-catenin transcription factor stimulates
c-Myc expression in cell lines, human liver tis-
sues, and livers from FL-N/35 transgenic mice
(Colman et al. 2013; Higgs et al. 2013). c-Myc is
an essential regulator of liver regeneration and
its perturbation is considered as an early event
during HCC development (Colman et al. 2013).
Moreover, HCV-induced c-Myc expression
drives the metabolic shift from glucose to gluta-
mine dependence, which is a hallmark of cancer
cells (Lévy et al. 2017).

HCV INFECTION ALTERS LIVER
METABOLISM

The liver plays an essential role in the metabolic
regulation during both the postprandial period
and fasting state. The energetic balance of the
organism is finely maintained by a series of
biochemical reactions involved in metabolism,
storing, and redistribution of carbohydrates,
proteins, and lipids (Bechmann et al. 2012).
HCV circulates in the serum of patients as
lipo-viro-particles and interacts with very low-
density lipoprotein (VLDL) components of the
host. The striking association between the HCV
life cycle and the VLDL pathway is not only
crucial for HCV entry, maturation, and mor-
phogenesis, but has also an impact on the im-
mune escape capacity of the virus (Miyanari
et al. 2007; Gondar et al. 2015). Importantly,
the interplay between the virus and metabolic
pathways contributes to the pathogenesis of liver
disease via deregulation of the host lipid metab-
olism (Syed et al. 2010). HCV infection is
strongly associated with hepatic steatosis and
dysmetabolic syndromes, such as hypocholes-
terolemia, altered body fat distribution, insulin

resistance (IR), and hyperuricemia (Kralj et al.
2016). Estimates suggest that ∼55% of HCV-
infected patients develop hepatic steatosis,
which is defined as an excessive accumulation
of triglycerides (TGs) within the hepatocyte cy-
toplasm (Lonardo et al. 2006; Vilgrain et al.
2013). Although this has been observed for sev-
eral HCV genotypes, steatosis is most frequent
and severe in patients infected with genotype 3
(Leandro et al. 2006), which correlates with the
viral load (Rubbia-Brandt et al. 2001). HCV-in-
duced steatosis is triggered by the interaction
between HCV proteins and host factors and its
development does not require the presence of
visceral obesity (Adinolfi et al. 2001). HCV in-
fection deregulates metabolic pathways via
miR146a5p expression, probably dependent on
NF-κB signaling (Bandiera et al. 2016). In addi-
tion, it has been suggested that HCV core pro-
tein expression may be sufficient to induce liver
fat accumulation and steatosis (Moriya et al.
1997). In particular, core protein 3a induces
the activation of miR-21-5p, thereby promoting
HCV replication and steatosis (Clément et al.
2019). An important factor in lipid homeostasis
is the β-oxidation of fatty acids in mitochondria
and the peroxisomal compartment. HCV infec-
tion suppresses peroxisomal β-oxidation, which
leads to the accumulation of very long-chain
fatty acids (VLCFAs) in the infected hepatocytes
(Lupberger et al. 2019). This is partially mediat-
ed by HCV-induced STAT3 signaling (Van
Renne et al. 2018), suppressing the peroxisome
proliferator-activated receptor α (PPAR-α) ex-
pression (Lupberger et al. 2019). These results
are consistent with decreased hepatic PPAR-α
levels in HCV-infected patients (Dharancy
et al. 2005). Importantly, HCV antiviral therapy
can restore lipidic levels in serum (Batsaikhan
et al. 2018; Doyle et al. 2019) and attenuate he-
patic steatosis after viral clearance (Shimizu et al.
2018).However,many genes relevant formetab-
olism remain deregulated even after viral cure
(Hamdane et al. 2019), including peroxisomal
genes. Restoration of peroxisomal function
may be therefore a clinical strategy to improve
liver function in HCC risk patients. Notably,
HCV genotype 3 infection is associated with
the down-regulation of phosphatase and tensin
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homolog deleted on chromosome 10 (PTEN)
leading to decreased levels of insulin receptor
substrate 1 (IRS1) and the formation of large
lipid droplets (Clément et al. 2011). This is rel-
evant for the viral life cycle and liver disease
progression because PTEN overexpression has
been shown to reduce HCV viral particle secre-
tion (Peyrou et al. 2013), and it is one of themost
important tumor suppressors frequently mutat-
ed in many tumors, including HCC (Schulze
et al. 2015). PTEN is also an important regulator
of the insulin pathway and HCV infection per-
turbs the glucose homeostasis in the liver. Epi-
demiological studies suggest a link between
chronic HCV infection and diabetes type 2
(Shintani et al. 2004; Gastaldi et al. 2017) and
HCV core transgenic mice develop IR (Shintani
et al. 2004). This is accompanied by a marked
reduction in insulin-stimulated Akt phosphory-
lation without any alterations in MAPK activity
in HCV-infected subjects (Aytug et al. 2003).
HCV proteins up-regulate the protein phospha-
tase 2α (PP2A) catalytic subunit and alter
signaling pathways controlling hepatic glucose
homeostasis by inhibiting Akt and dephosphor-
ylation of FoxO1 (Bernsmeier et al. 2008, 2014).
Importantly, DAA treatment improves glycemic
control and IR in livers, muscles, and adipose
tissues of HCV cured patients (Adinolfi et al.
2018; Lim et al. 2019).

HCV-INDUCED LIVER DISEASE—IS THERE
A POINT OF NO RETURN?

Since the discovery of HCV in 1989, there has
been a remarkable breakthrough in antiviral
therapy using DAAs. Meanwhile, >90% of pa-
tients can be cured by interferon-free treatments
(Chung and Baumert 2014; Arends et al. 2016).
However, in patients with advanced liver disease
the risk ofmortality andHCCdevelopment can-
not be fully eliminated (Carrat et al. 2019). It has
been estimated that HCV-induced HCC will re-
main one of the major health burdens for the
next decades (Harris et al. 2014; Sievert et al.
2014; Petrick et al. 2016; Baumert et al. 2017).
This also raises the question of whether some
of the HCV-induced pro-oncogenic signaling
pathways remain deregulated after viral cure.

Indeed, HCV infection causes epigenetic alter-
ations, which act as genetic circuits that influence
gene expression patterns in the long term. DNA
hypermethylation has been observed in livers of
patients with chronic HCV infection, leading to
a silencing of tumor suppressor gene expression
(Wijetunga et al. 2017). In addition, HCV in-
duces histone modifications, which also result
in persistently altered gene expression patterns
(Hamdane et al. 2019; Perez and Gal-Tanamy
2019). Importantly, this epigenetic footprint is
still detectable in livers of HCV-cured chimeric
mice and patients (Hamdane et al. 2019; Perez
and Gal-Tanamy 2019). Associated with this
viral footprint, the transcriptional signature re-
flecting many of the earlier mentioned HCV-
induced pro-oncogenic signaling pathways
remains deregulated after viral cure (Hamdane
et al. 2019). This may partially account for
the observed elevated HCC risk. Therefore, a
detailed knowledge of these pathways will be
potentially useful as biomarkers to identify pa-
tients at risk and highlight potential targets for
future chemopreventive strategies.

Clinical methods to predict HCV-related fi-
brosis and cirrhosis and its associated HCC risk
are still limited. The clinical outcome also very
much depends on comorbidities like human im-
munodeficiency virus (HIV)/HBV coinfection
or alcohol. Hoshida et al. (2008) developed a
prognostic liver signature (PLS) from genome-
wide transcriptomics of nontumor liver tissues
adjacent from HCCs, which correlates to the
clinical outcome of the patients. This has been
later extended to a composite prognostic model
for HCC recurrence (Villanueva et al. 2011).
The PLS consists of 186 genes representing a
powerful tool to predict the risk for patients to
progress to cirrhosis and HCC and help priori-
tizing those for regular follow-up and HCC sur-
veillance. Importantly, the PLS is induced also
by HCV infection (Hoshida et al. 2013; King
et al. 2015). PLS components are cytokines
and signaling mediators that may be useful as
targets for chemoprevention of their biological
impact on liver disease development.

Small molecule inhibitors targeting signal-
ing pathways arrived in clinical practice a long
time ago, especially in cancer therapy. Some of
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these inhibitors target pathways that are poten-
tially involved in an HCV-induced signaling
pattern and have been tested or are currently
in clinical trials for the treatment of liver disease
progression.Humanfibrosis andHSC activation
are regulated by Wnt/β-catenin signaling (Berg
et al. 2010; Ye et al. 2013; Lam et al. 2014), which
therefore represents a promising target for the
treatment of liver fibrosis (Cheng et al. 2008).
Proof-of-concept has been provided targeting
the interaction of CREB-binding protein (CBP)
and β-catenin using the smallmolecule inhibitor
PRI-724. This compound hampers HSC activa-
tion and accelerated fibrosis resolution, which
seems to be accompanied by an increased
expression of MMP2, MMP8, and MMP9 in
intrahepatic leukocytes (Osawa et al. 2015). Cur-
rently, the safety and tolerability of PRI724 is
being evaluated in patients with HCV or HBV-
associated cirrhosis (NCT03620474). The Hh
pathway is involved in the development of cirrho-
sis and HCC. Sonidegib (LDE225), a specific in-
hibitor of Hh is currently being tested in a phase I
clinical trial for toxicity in patients with cirrhosis
and advanced/metastatic HCC, who are intoler-
ant to sorafenib (NCT02151864). In the last
few years, a large number of nonspecific and
specific TGF-β inhibitors have been developed
(Giannelli et al. 2011; de Gramont et al. 2017).
Despite that, galunisertib (LY2157299), a selec-
tive ATP-mimetic inhibitor of TGFβRI/ALK5, is
the only inhibitor of TGF-β signaling currently
under clinical trials in HCC patients (NCT012
46986). Moreover, it seems to down-regulate the
expression of stemness-related genes (such as
CD44 and THY1) in HCC patients (Rani et al.
2018). Receptor tyrosine kinases (RTKs), such as
EGFR and vascular endothelial growth factor
receptor (VEGFR), have been shown to play cru-
cial roles in fibrogenesis, cirrhosis, and HCC de-
velopment, highlighting the importance of their
therapeutic inhibition (Kömüves et al. 2000;
Yoshiji et al. 2003; Fuchs et al. 2014; Badawy
et al. 2015). Ramucirumab, a VEGFR-2 in-
hibitor, was recently evaluated as a second-line
treatment for HCC patients previously treated
with sorafenib, showing an improvedoverall sur-
vival compared with placebo (Zhu et al. 2019)
(NCT02435433). STAT3 signaling pathway has

shown to be up-regulated during HCV infection
(Yoshida et al. 2002; McCartney et al. 2013; Van
Renne et al. 2018) and strong data reveal its role
in fibrosis development (Chakraborty et al.
2017). A large spectrum of clinical and preclin-
ical data supports STAT3 as a pharmacological
target for different typologies of cancers (Laudisi
et al. 2018). This has prompted substantial ef-
forts to design and test different types of STAT3
inhibitors. Some of the potential therapeutic op-
portunities to target STAT3 pathway are to be
found upstream of its activation, at STAT3 SH2
domain and at STAT3 DNA-binding domain
levels. AZD1480 (NCT01219543) and AG490
inhibitors belong to the first category and inhibit
JAK2 kinase (Meydan et al. 1996; Hedvat et al.
2009). The safety and tolerability of AZD1480
have been tested in a phase I study in patients
with solid tumors (including HCC). However,
the unusual dose limit toxicity and the lack of
clinical activity brought its discontinuation in
clinical development (Plimack et al. 2013).
OPB-31121, a potent SH2 domain inhibitor ex-
erting also JAK inhibitory activity (Kim et al.
2013; Brambilla et al. 2015), has shown insuffi-
cient antitumoral activity and toxicity in patients
with advanced HCC (Okusaka et al. 2015). S3I-
201 (NSC 74859), discovered by structure-based
virtual screening (Siddiquee et al. 2007), seems
to suppress HSC activation and proliferation, as
well as angiogenesis and fibrogenesis in fibrotic
livers (Wang et al. 2018b). A promising thera-
peutic agent for liver fibrosis can be represented
by HJC0123, which inhibits human HSC prolif-
eration and STAT3 dimerization (Chen et al.
2013; Nunez Lopez et al. 2016). Recently, OPB-
111077 (NCT01942083) has been shown to be
well tolerated in patients with advanced HCC
after failure of sorafenib therapy (Yoo et al.
2019). However, the preliminary outcomes of
OPB-111077 treatment are still very limited
(Yoo et al. 2019), and further investigation of
the role of the STAT3 signaling pathway in fibro-
sis and HCC are required.

CONCLUSION

Studying HCV–host interactions is not only im-
portant for the understanding of the viral life
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cycle but also to answer how the virus manages
to tweak its host cell to ensure persistence with
all its consequences for liver pathogenesis. The
molecular circuits exploited and triggered by
HCV strikingly resemble other liver disease eti-
ologies like nonalcoholic fatty liver disease
(NAFLD) following a very similar path of dis-
ease progression. Studying HCV with all the
experimental tools that have been developed
during the last 30 years serves here as a powerful
model to understand the specific and common
mechanisms of liver disease development. This
is essential to develop new diagnostic biomark-
ers and chemopreventive strategies to help HCV
cured patients with advanced liver disease to
tackle the epigenetic turnouts set by decades of
chronic HCV infection. These tools will be po-
tentially very useful also for other liver disease
etiologies.
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HCV is a positive-stranded RNA virus, that accounts for approx-

imately 71 million chronically infected individuals worldwide

and represents a major risk factor for liver fibrosis, cirrhosis and

hepatocellular carcinoma.1 For a long time, interferon (IFN)-

alpha regimens were the cornerstone of HCV therapy, which

depending on the HCV genotype, led to a sustained virologic

response in 54–75% of patients.2 However, therapy with IFNs is

lengthy and burdensome for many patients due to the broad

spectrum of adverse effects.2 Thus, they have recently been

replaced with more efficient and well-tolerated direct-acting

antivirals, rendering chronic HCV infection a curable disease.3

Over the last 30 years, HCV research has provided important

insights into the molecular mechanisms of innate IFN responses,

as well as the sophisticated viral strategies to evade the host

defenses and to persist.4 Viruses entering the host are detected

by cellular sensors of pathogen-associated molecular patterns,

leading to the production of type I and III IFNs. Subsequently, this

triggers the rapid transcription of hundreds of IFN-stimulated

genes (ISGs), which are directly or indirectly antiviral and con-

trol the IFN response itself.5,6 The ISG C19orf66 is induced by

several clinically relevant viruses including HCV, and thus may

exhibit antiviral activity.6 Indeed, it was previously described as a

potent restriction factor for HIV, Kaposi's sarcoma-associated

herpesvirus (KSHV), Zika virus and dengue virus (DENV).7–10

However, the molecular details related to the function of

C19orf66, especially for HCV, remained largely unknown.

In this regard, a new study published in this issue of Journal of

Hepatology by Volker Kinast and co-workers, sheds new light on

the role of C19orf66 as an IFN-induced restriction factor (Fig. 1).11

Analyzing primary human hepatocytes infected with cell-culture-

derived HCV (HCVcc) and liver biopsies from 25 patients with

chronic HCV infection, the authors revealed significantly increased

mRNA expression levels of C19orf66, that appeared to be largely

independent of viral load, METAVIR score and HCV genotype in

patients. Consistently, C19orf66 is induced by IFN therapy in

patients with HCV, as revealed by computational analysis of liver

transcriptomic data. Combination therapy of pegylated IFN-alpha

(pegIFN-a) with ribavirin induced a peak of hepatic C19orf66

mRNA expression at 4- and 16-hours post-treatment, highlighting

it as an early-induced ISG. The authors demonstrated an antiviral

effect on HCV using C19orf66 knockout cell lines generated by

CRISPR/Cas9. Disrupted C19orf66 expression restored IFN-a-sup-

pressed replication of HCVcc and a subgenomic HCV replicon,

further validating the antiviral effect of C19orf66 on HCV.While the

impact of C19orf66 on other steps of the HCV life cycle, such as

entry or translation, was not significant, the authors confirmed that

C19orf66 is a restriction factor of HCV replication, using over-

expression studies in combination with subgenomic replicons. The

observed antiviral effect of C19orf66 seems independent from 7

tested HCV genotypes, suggesting an indirect “host targeting”

impact of this ISG. This is further supported by the lack of an as-

sociation of hepatic C19orf66 expression with the underlying HCV

genotype in patients. C19orf66 seems to be recruited to lipid

droplets in HCV-infected cells, where it partially colocalizes with

the viral proteins core, NS3 and NS5A. In contrast, C19orf66 re-

mains homogenously distributed in the cytosol of non-infected

cells. These findings indicate that C19orf66 exerts its antiviral ac-

tion at the HCV replication compartment of the membranous web

(MW), which integrates lipid droplet accumulations as the central

site of viral processing and particle formation.12 The MW is formed

after a massive remodeling of membranes from the endoplasmic

reticulum (ER),12 which involves a HCV-induced stimulation of

phosphatidylinositol 4-kinase (PI(4)K). This leads to an enrichment

of phosphatidylinositol 4-phosphate (PI(4)P) at the membranes of

the ER,13 thus provoking a bending and deformation of double-

stranded ER membranes in HCV-infected cells. Interestingly, the

authors established a functional link between C19orf66 expression

and impaired HCV-induced PI(4)P levels in HCV replicating cells.

Moreover, expression of C19orf66 with mutated zinc-finger motif

(C19orf66-Zincmut) impaired its antiviral activity, coinciding with a

less perturbed MW morphology and composition compared to

cells expressing wild-type C19orf66.

In addition to the identified antiviral role of C19orf66 on MW

formation, the authors identified that stress granule-associated

nucleoproteins RO60, RBPMS and CELF1 interacted with

C19orf66. Since this association required the zinc-finger motif of

C19orf66, the authors suggested a role of this ISG in stress

granule formation with functional relevance for its antiviral
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function. This is supported by previous studies on DENV, where

infection provoked cytoplasmic ribonucleic C19orf66-containing

granule formation, while granule disruption partially rescued

viral replication.7,14 The findings of Volker Kinast and co-workers

once more highlight the pluripotent character of the complex

IFN response against a pathogen.5,6 Similar to adaptive immu-

nity, where random pre-existing immunoglobulins react to a

novel immunogen and thus lead to the clonal expansion of a

pathogen-specific antibody, ISGs are able to target a large variety

of host processes that are relevant to previously encountered

pathogens, and may be relevant to future pathogens.

C19orf66 is thus another example of how evolution created ISGs

as a universal tool set. Like a swiss army knife, ISGs can act with

various blades of the same tool against different pathogens. While

many putative functions of C19orf66 may not be relevant to HCV

infection, this protein certainly inhibits other viruses with different

aspects of its pluripotent nature (Fig. 1), i.e., triggering the lyso-

somal degradation of ZIKA NS3,8 repressing KSHV gene expres-

sion,9 altering crucial Gag/Pol ratios during HIV replication,10 stress

granule formation during DENV7 and HCV infection, and most

likely additional not yet discovered facets of its action relevant to

other pathogens. Interestingly, C19orf66 is also induced in the

antiviral response to SARS-CoV,9 where it escapes the virus-

induced mRNA degradation, as has been demonstrated for

KSHV.9 However, whether C19orf66 has antiviral actions against

coronavirus infections remains unclear. Evolution shaped the IFN

response as a powerful innate defense mechanism for the eradi-

cation of invading pathogens. Understanding the mechanisms of

this cellular toolset, as well as the evasion strategies of certain vi-

ruses such as HCV, gives important clues on their Achilles’ heels

and thus may also pave the way to understand and to tackle future

emerging viral diseases.
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Fig. 1. C19orf66 is a broadly acting ISG that exhibits a pluripotent and mechanistically diverse antiviral activity on clinically relevant viruses. C19orf66

upregulation has been previously shown to inhibit viral replication via lysosomal degradation of NS3 in the case of ZIKV, by interaction with RNA-binding proteins

in the context of DENV infection and through alteration of the Gag/Gag-Pol ratio in the course of HIV life cycle. Additionally, C19orf66 was reported to repress the

expression of KSHV early genes, having as a consequence an impaired viral particle production. Volker Kinast and co-workers demonstrate that upregulation of

C19orf66 in the context of HCV infection or IFN treatment impairs the HCV cycle specifically at the replication step. The mechanism behind this antiviral effect

implicates the altered formation of the HCV MW, originating from the interaction of C19orf66 with stress granule proteins and the downregulation of PI(4)P

levels. DENV, dengue virus; IFN, interferon; ISG, IFN-stimulated gene; KSHV, Kaposi's sarcoma-associated herpesvirus; MW, membranous web; PI(4)P, phos-

phatidylinositol 4-phosphate; ZIKV, Zika virus.
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