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Abstract. Viruses are obligate intracellular parasites that rely on the host cell for expansion.
With the development of global analyses techniques like transcriptomics, proteomics and siRNA
library screening of complete cellular gene sets, a large range of host cell factors have been
discovered that either support or restrict virus growth. Here we summarize some of the recent
findings and focus our discussion on the hepatitis C virus and the human immunodeficiency virus,
two major pathogens that threat global health. The identification of cellular proteins affecting
multiple viruses points to the existence of central regulation nodes that might be exploited for
both, a quantitative description of host-virus interactions within single infected cells and the
development of novel, broad-spectrum antiviral drugs.
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1. Introduction

Viruses are simple infectious agents that totally depend on living cells for expansion. They are formed by a
genomic nucleic acid, either DNA or RNA, and a protein shell that surrounds it. Some viruses also present
an external bilipid layer that they hijack from the host when exiting the cell. Since viral genomes have
a limited coding capacity, they depend on cellular functions. In fact, all fundamental cellular processes,
such as for example the transcription and the translation machineries, are parasitized by viruses. It is
worthy to note that, in spite of their simplicity, viruses are far of being simplistic organisms. On the
contrary, they have evolved very sophisticated and elegant mechanisms to hijack the cellular functions
and persist in a living cell. One challenge for the twenty-one century is precisely to unravel this intimate
host-virus relationship for gaining efficient control over virus infections and to use viruses as tools for
health benefit.

Viruses are extremely diverse not only in size, shape, and genetic organization but also in their replica-
tion strategies. Despite this great diversity, there are five common steps that all viruses need for expansion
(Figure 1). First, they attach to the host cell through specific interactions between components in the
surface of the cell and the virus. This step is critical in determining the virus host range. Second, once
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attached, viruses enter into the host cell and loose many or all of the proteins contained within the virus
particle in a process named uncoating. Third, now viruses are ready to amplify their genomes. In this
step, they must coordinate two important events, the production of viral proteins and the replication of
viral genomes. The strategies used in this step are greatly influenced by the nature of the viral genome
that may be DNA or RNA, either single or double-stranded. A major difference between DNA and RNA
viruses is that the latter replicate by viral polymerases that have such a high mutation rate that is un-
likely that two copies of the same RNA have exactly the same nucleotide sequence. This has paramount
consequences in viral evolution, pathogenesis, resistance to antiviral therapies and vaccine development
(see review in this issue by Domingo and Perales). Fourth, when sufficient numbers of new genomes and
proteins are produced within the host cell, they form new viruses in a process called assembly. And last,
once new viruses are formed the viral progeny exit the cell, either by lysing it or by budding off into the
extracellular compartment. Please note that to avoid confusion, in this review we will name the complete
viral life cycle as the expansion cycle and the term replication will be used only for the specific replication
step.

The expansion cycle completely depend on cellular factors. The identification of such host fac-
tors is of major importance since it provides fundamental insights into virus biology and may also
suggests candidates targets for novel and efficient antiviral therapies. This review will focus in the
identification and use of host factors within the cell that either promote or restrict viral expan-
sion. In particular, we will emphasize the findings of cellular factors affecting human immunodefi-
ciency virus type 1 (HIV-1) and hepatitis C virus (HCV) life cycles. Both viruses are major human
pathogens that chronically infect around 30 (www.unaids.org/globalreport/Global report.htm) and 170
(www.who.int/mediacentre/factsheets/fs164/en/index.html) million people worldwide, respectively. Cur-
rently, there are no vaccines available. A curative antiviral treatment has not yet been discovered for HIV.
Nevertheless, the new therapies have successfully slowed the progression of the disease and prevent the
emergence of opportunistic infections. In contrast, curative therapies do exist for HCV treatment. The
current triple therapy that includes interferon, ribavirin and novel drugs that target the HCV protease
eliminate the virus in 70% of infected patients. However, multiple side effects have been associated with
this treatment [34,64,73]. Furthermore, the RNA nature of their genomes prompts the rapid generation
of mutations and consequently resistance to antiviral treatments directed against viral proteins. Thus,
there is an urgent need for novel therapeutic interventions. In this context, the development of drugs
that target cellular proteins required for cellular expansion are of great interest since, given the genetic
stability of the host, they are less likely to select virus escape mutants. In addition, as viruses from the
same viral group share some fundamental properties in their replication steps, they are predicted to use
common cellular pathways and thus it might be possible to develop broad-spectrum antiviral treatments.

2. Identification of host proteins involved in viral expansion

Due to the complexity of host genomes and host-virus interactions it is a difficult task to identify host
factors that affect virus expansion. However, while our current knowledge in this field is still very lim-
ited, this situation is rapidly changing due to the implementation of recent global approaches that allow
high-throughput analyses. These include genome-wide functional assays to study the effect of host fac-
tors depletion on the viral life cycle and global proteomic approaches, such as mass spectrometry and
microarrays analysis, to detect direct interactions between host factors and viral proteins or genomes.
Since host factors playing a critical role in viral expansion often interact with viral proteins or genomes,
the combination of functional and interactome high-throughput analyses together with computational
meta-analysis will result in a big step forward in the understanding of the host-virus interface. Impor-
tantly, the results obtained at a global scale would need to be later studied in an individualized way to
precisely define the mechanism of action of the identified host factors.
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FIGURE 1. General steps in viral life cycles. All viruses infect cells through a first
attachment step to the cell surface (1). Once internalized, the virus releases the viral
genome into the cytoplasm (2), allowing the translation of viral proteins and the replica-
tion of the genome (3). This then generates new progeny (4) that after maturation will
exit the cell to infect new cells (5).

3. Use of yeast systems to identify host factors affecting viral expansion

The development of systems which allow the life cycle of higher eukaryotic viruses in yeast was a milestone
in virus research and enabled the use of versatile yeast tools for unraveling viral replication mechanisms.
In fact, the first functional global identification of host factors affecting virus expansion was performed
in the yeast Saccharomyces cerevisiae (S. cerevisiae) [42]. The use of S. cerevisiae as a model organism
for these studies has major advantages. In contrast to the big genomes of plants and animals, yeast is
built out of only 6000 genes from which over 60% have an assigned function. Furthermore, 40% of yeast
genes share conserved amino acid sequences with at least one known or predicted human protein, and all
the fundamental cellular processes are conserved between yeast and human cells [10,60]. In addition, the
commercial accessibility of powerful tools and platforms allows large-scale functional analyses in yeast.
These comprise (i) a gene deletion mutant collection covering around 85% of all yeast genes in which
each strain contains a deletion of one non-essential gene [83], (ii) a downregulable essential-gene library
that allows the study of essential genes [52], and (iii) gene libraries with fluorescent or affinity tags that
facilitate interactome analyses [24,25, 31].

Whereas the first higher eukaryotic virus able to replicate in yeast was the plant brome mosaic virus
(BMV) [35], the list rapidly expanded to other plant viruses but also to viruses that infect insects,
mammals and humans [4, 57,59, 65-67, 88]. The BMV-yeast system harbors additional advantages as
steps of the viral life cycle can be dissected and studied separately making it possible to identify host
factors affecting different steps. This is important because effects on viral progeny production could be
due to alterations of each previous expansion step. Effects on the replication step of the BMV life cycle
were analyzed in the 5000 strains that comprise the non-essential yeast deletion collection. From this
systematic genome-wide screening, around 100 genes were found to affect BMV replication [42]. A similar
study was performed for another plant virus, the tomato bushy stunt virus (TBSV). Interestingly, around
100 genes were also identified in this case [58]. Surprisingly, against all predictions only a low number
of genes were found to be common in both studies. This was suggested to reflect differences in the viral
replication strategies or in the experimental screening set-ups. To extend these studies to essential genes,
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additional genome-wide screenings were performed in the yeast/BMV and yeast/TBSV systems using
an essential-gene library that covers 80% of the essential genes and in which each essential gene can be
specifically turned off. With this approach 24 and 30 genes that affect the replication of BMV and TBSV
were identified, respectively [23,37]. Taken together, these studies uncovered previously unconsidered
cellular pathways, such as mRNA turnover, stress response, ribosome biosynthesis and the ubiquitin
pathway of protein degradation, that either enhanced or inhibited viral replication.

Importantly, as fundamental cellular processes are highly conserved between yeast and human, host
factors identified using the yeast model system might be transferred to clinically important human viruses.
This principle has been already proven for the cellular LSm1, Pat1l and Dhh1 yeast proteins, referred to as
LSm1, PatL1 and Rck/p54 (also named DDX6) in humans, respectively. These proteins were identified
in the yeast system to be essential for BMV replication [3,14, 51]. Subsequent studies in human cells
demonstrated that the same set of proteins were required for the replication of the human pathogen HCV
in human hepatocytes [36,71]. Despite this functional conservation, studies in higher eukaryotic systems
are essential to validate the yeast-derived data and to explore further interactions, as not every plant or
mammal protein has a functional counterpart in yeast.

4. Identification of host factors affecting viral expansion in human cells

RNA interference (RNAi) is widely used in human cells as a screening tool to identify cellular factors
implicated in viral expansion. The RNAi pathway silences gene expression by inducing enzymatic degra-
dation of targeted mRNAs [2]. In cell culture, RNAI is achieved by delivering small interfering RNAs
(siRNAs). These are small synthetic dsRNAs, directly delivered by transfection into the cytoplasm of
human cells, that act through the RNAi pathway to knockdown the complementary targeted mRNA. As
a result, the corresponding encoded protein will be depleted. However, the achieved depletion is transi-
tory due to the dilution of the intracellular siRNA concentration by cell division and degradation [11].
To increase RNAIi persistence, plasmids have been designed that are introduced into the nucleus and
integrate into the cell genome. These plasmids express a perfectly complementary dsRNA (short hair-
pin RNA, shRNA) that is subsequently processed to siRNA by cellular enzymes producing a long-term
silencing effect [79,84]. It is important to note that silencing conditions need to be carefully optimized
and controlled in order to avoid false-negative results due to low transfection efficiency, and false-positive
results due to cell toxicity or non-specific binding of the siRNA/shRNA (off-target effects) [16,75]. Thus,
a subsequent functional validation of the host factors showing a potential impact on the viral life cycle
should be performed. Moreover, in contrast to the yeast/virus system in which the gene of interest is
deleted from the yeast genome and thus its expression completely depleted, RNAi-mediated silencing
in human cells does not achieve a complete depletion due to technical limitations. As a consequence,
identification by siRNA analysis of key factors that are very abundant in the cell might be difficult, since
it is predicted that large depletion levels would be required to make these factors limiting in the cell and
thus to observe an effect on viral life cycles.

Recent advances in genomic technologies and RNAi methodologies have allowed the development of
high-throughput techniques for genome-wide RNAi-based screenings. These screenings are based on the
transfection of genome-wide siRNA or shRNA libraries usually containing pools of siRNAs or shRNAs,
respectively. Using this technology, genome-wide RNAi-based approaches have been carried out in order
to identify the complete set of cellular factors affecting the life cycle of important human pathogenic
viruses, such as HIV-1 and HCV. Four major genome-wide RNAi-based screens have been published in the
context of HIV-1 infection. Three of these screenings were based on the transfection of genome-wide siRNA
libraries [8,40,89],and led to the identification of around 800 cellular factors affecting HIV-1 infection.
While some of them were described previously, the majority were novel host factors not implicated in the
HIV-1 life cycle before. When the results obtained from these studies were compared later by Bushman
and colleagues in a meta-analysis, the overlapping results among the identified genes after pair-wise
screening comparisons was surprisingly small (<7%) [9]. These differences were attributed to the use of
diverse experimental conditions in terms of viral strains, cell lines, siRNA concentrations, siRNA libraries
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and transfection methodologies. Despite these controversies, subsequently functional analyses showed a
superior overlap in terms of biological pathways. More recently, another genome-wide RNAi screening
was performed based on the transfection of a shRNA library [85]. Again, although little overlap was
reported on candidate genes in comparison with the previous siRNA screenings, several cellular pathways
overlapped between siRNA and shRNA analyses.

Regarding HCV, two major siRNA-based genome-wide screens have been performed to study cellular
factors involved in its life cycle. By transfecting siRNA pools, Tai and colleagues identified 96 host genes
implicated in HCV replication [78]. An alternative approach that allowed to screen for cellular genes
involved in early and late HCV expansion steps identified a total of 262 host genes, 44 of these were
involved in late steps of viral infection [44]. By performing a bioinformatic meta-analysis to compare
the obtained results with other screens, the authors revealed a strong statistical enrichment for several
host cell pathways and complexes, as well as multiple direct interactions between the functionally defined
data and comprehensive proteomic studies. Interestingly they also identified 10 host genes, such as for
example DDX3, SPCS3 or Rap9p40/REBEK, that are needed by HCV and HIV-1 and thus may represent
novel targets that could be exploited in instances of co-infection. In fact, a second generation of DDX3
inhibitors already demonstrates in vitro the potential of this HF as an anti-HIV target [49)].

In summary, the yeast system is a fast and excellent alternative to achieve hints of putative human
host factors involved in viral life cycles. However, further studies in human cells are required. In spite
of the technical limitations associated with genome-wide RNAi screens, which include the possibility of
false negative or positive hits, these screens are providing priceless information that in combination with
global proteomics and computational meta-analyses are identifying key host proteins and pathways that
promote or restrict viral life cycles. In addition, recent advances in genomics also open the option of
comparing genomes among patients identifying differences that might be responsible for disease severity
or progression, as well as for treatment response. One would predict that these global approaches will
allow in the near future the drawing of a detailed road map of viral life cycles in infected cells.

5. Identification of host non-coding RN As involved in viral expansion

All the above described studies aiming to identify host factors affecting viral life cycles were focused
in the identification of cellular proteins. However, the recent discovery of non-coding RNAs (ncRNAs)
uncovered an additional level of gene regulation that is essential for cell function and is predicted to have
profound implications in viral life cycles. Although these implications still remain to be fully explored, very
active research has been already done for one class of ncRNAs, the microRNAs (miRNAs). MiRNAs are
small ncRNAs that under normal cellular conditions negatively regulate gene expression by translational
repression and/or mRNA degradation [43]. However, in viral infections miRNAs can modulate viral
replication and infection either negatively or positively by direct interaction with the viral genome. Clear
examples are those miRNAs which have been previously described to directly influence the HCV life cycle.
For example, the liver-specific miR-122 facilitates HCV replication [38] and translation [27], while others
like miR-196 represses HCV expression [29]. These findings have also important clinical implications. In
fact, a novel antagonist targeting the miR-~122 has shown potent antiviral effects in chronic HCV-infected
patients in early clinical trials [63].

All these findings were obtained analyzing a limited set of miRNAs. An ever-expanding list of high-
throughput analyses are being performed to globally identify miRNAs that modulate viral life cycles. Most
of the screenings are made using microarrays and aim to identify those miRNAs showing a deregulated
expression after viral infection. Those miRNAs showing a potential role on viral life cycles should be
then validated by testing the effect of their depletion or overexpression in viral expansion. Several global
miRNA analyses have been carried out in the setting of HIV-1 and HCV infections, both in cell culture
and in vivo. From these, key studies that also include functional validations of the obtained results have
identified multiple miRNAs, miRNA families and miRNA-mRNA regulatory modules that play a role in
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HIV-1 [30,54,77,80] and HCV [6,7,33,47] life cycles. Given the growing interest in this exciting field of
research, it is expected that this list will rapidly grow and will include other species of ncRNAs that still
remain to be explored.

6. Conserved use of host factors in viral life cycles: universal host factors?

Viruses are classified into seven groups on the basis of different strategies for storing and replicating their
genomes through RNA and/or DNA intermediates. Despite major differences, three of these groups, the
positive-strand RNA viruses, the double-stranded RNA viruses and the retroviruses, share two funda-
mental common features in their replication process. First, they all replicate their genomes through an
RNA intermediate that also functions as a mRNA. Second, this mRNA is captured into protected com-
partments, membrane invaginations in positive-strand RNA viruses and subviral complexes in dsRNA
and retrovirus, where replication takes place and competing processes such as translation are excluded
[1]. The emergence of these common underlying principles suggests a common evolutionary origin and
has practical implications since these shared features might provide novel targets for broad-spectrum
strategies of virus control. The development of antivirals that target multiple viruses within these groups
is of great clinical interest since it would allow to simplify and improve the treatment of co-infected
patients, an important issue for instance in HCV (a positive-strand RNA virus) and HIV-1 (a retrovirus)
co-infections. Importantly, it would also allow having a first line of defense against new emerging viruses
since most of them belong to the positive-strand RNA group.

One example of cellular proteins affecting multiple viruses within these groups are the components of
the cellular processing bodies (P-bodies) and stress granules (SGs). A growing number of viruses including
the positive-strand RNA viruses HCV [5,6,8,21,36,41,68,70,71], poliomyelitis virus [72,76], dengue virus
(DENV) [81], west nile virus [18,45]; and the retroviruses HIV-1 [2,32,48,50] and foamy virus [87] depend
on P-bodies and SGs components for their expansion. P-bodies and SGs are cytoplasmatic granules highly
conserved from yeast to human [19,26]. P-bodies contain translationally repressed mRNAs together with
proteins from the mRNA decay machinery and, in humans, from the miRNA machinery as well. SGs
also contain translationally repressed mRNAs, however they are stalled in the process of translation
initiation, together with translation initiation factors and ribosomal subunits. Both types of granules are
highly dynamic but while P-bodies are observed under normal growth conditions in higher eukaryotic
cells, SGs are formed in response to conditions that result in translational repression, including different
types of environmental stresses. Interestingly, many viruses have been shown to modulate the number
and composition of P-bodies and SGs [6,15,17, 39,62, 82].

Specific examples of components of these granules with a wide effect on viruses are the proteins Rck/p54
and PatL1, and the LSm1-7 heptameric complex. All these components accumulate in P-bodies and func-
tion as translation repressors on cellular mRNAs. This function seems to be hijacked by positive-strand
RNA viruses and retroviruses to promote their expansion by assisting the transfer of the viral genomes
from translation to the steps of replication or encapsidation [14,51,71,87], processes that require transla-
tion repression. The remarkably common use of Rck/p54, PatL1 or LSm1-7 by at least one retrovirus, the
foamy virus [8], and by different positive-strand RNA viruses of different kingdoms, including the human
HCV [6,36,71] and DENV [81], the plant BMV [14,51,55,56] and the phage Qf [22] point out to the
existence of central regulation nodes that might be exploited for both, improving the quantitative descrip-
tion of host-virus interactions within single infected cells and the development of novel, broad-spectrum
antiviral drugs.

7. Conclusions and perspectives

Host factors play a pivotal role in all aspects of viral life cycles within infected cells. With the omics-
technologies of systems biology, the last years have seen a boost of knowledge in this area. However, to fully
understand virus-cell interactions, a quantitative and dynamic description of the interacting components
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with the help of mathematical models would be most valuable. Until today, most modeling attempts
have concentrated on viral dynamics in infected individuals and did not consider specific viral features
within single infected cells but rather assumed constant virus production rates. The rapidly increasing
knowledge on host-virus cell interactions should now be considered and may substantially extend the few
modeling attempts on the single cell level that have been performed [12,13,28,46, 53,69, 74]. With the
inclusion of key regulatory steps in the viral life cycles that are mediated by host components under the
conditions of infected cells, the new models may improve our understanding of virus-induced pathogenic
processes and help to develop novel treatment regimens.
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