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ver 130 million people world-

wide are chronically infected with
hepatitis C virus (HCV). New antiviral
treatment strategies are needed due to
limitations with current therapy. The
identification of cellular cofactors of
infection has the potential to broadly
expand our therapeutic targets. We
recently reported an RNA interference
screen of host membrane trafficking
genes in HCV infection and replication
and identified several cellular co-factors
for viral replication. Phosphatidylinositol
4-kinase III o (PI4K-III0t) was found to
be essential for HCV replication. PI4K-
IIIo. co-localized with viral replication
markers. Silencing of PI4K-IIIo. by siR-
NAs prior to HCV infection prevented
rearrangement of intracellular mem-
branes associated with viral replication
complexes, termed the membranous
web. Our data suggest that PI4K-IIIo
is involved in establishing HCV replica-
tion complexes, however the mechanism
is unknown. From our analysis, along
with several other studies that have iden-
tified cellular cofactors for HCV repli-
cation, we propose that PI4K-IIIo. may
nucleate replication complex formation
by facilitating the interaction of viral
and/or cellular proteins with cellular
membrane-associated phospholipids.

Hepatitis C virus (HCV) is a significant
human pathogen associated with chronic
liver infection, liver cirrhosis and hepato-
cellular carcinoma. A vaccine is not avail-
able and the current therapy of ribavirin
and interferon is effective in only half of
the treatments.! This has led to a major
push to develop novel antiviral strategies.
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The vast majority of candidate therapies
in clinical trials target viral enzymatic
functions, typically either NS5B, the viral
RNA-dependent RNA polymerase, or
the HCV protease NS3. Like all viruses,
HCV relies heavily on the host cell to rep-
licate. As such, there is significant inter-
est in trying to identify cellular genes that
are required for HCV infection, both to
understand the basic biology of the HCV
life cycle and to unearth potential new
therapeutic targets.

A number of groups have published
RNA interference (RNAI) screens designed
to identify cellular cofactors required
for HCV infection.?” As with similar
approaches investigating HIV cofactors,®!°
there has been a relatively small overlap of
genes identified in these studies. There are
numerous reasons for the varied results,
including differences in RNAi librar-
ies, cells, transfection protocols, HCV
genotypes and HCV replication systems
(sub-genomic replicons versus infectious
HCV). In our hands, all of these differ-
ences can have a pronounced impact on
the penetrance of an RNAI phenotype. In
particular, we find that the infectious
HCV system produces more robust phe-
notypes than replicons in our RNAi stud-
ies. Another source of variability that
arises between lists of identified HCV
cofactors is the cut-off for significance.
In most genome-wide RNAI screens, the
RNAIi phenotype needs to be quite large
to register as significant (>2 standard
deviations). Since RNAi produces only
partial phenotypes, many genes that are
relevant to HCV infection can be over-
looked due to incomplete inhibition by
RNAI. Therefore, we prefer to view lists
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Figure I. Host factors and membrane compartments proposed to be involved in membrane-
associated HCV replication complex formation. Several RNAi-validated cellular cofactors for HCV
replication have been identified as shown. HCV infection leads to membrane rearrangements, forming
a structure termed the membranous web thought to be the site of viral replication.We hypothesize
that proteins and membranes from endosomes, Golgi and ER contribute to replication complex
formation. Particularly, PI4K-lllo, which is encoded by the PIK4CA gene, is critically important for HCV
replication. Its function may be required to nucleate viral or cellular proteins and vesicles to establish
the membrane-associated sites of viral replication.

of genes from different studies as inclusive,
as opposed to limiting the lists to common
denominators through strict meta-analysis.
In the end, the value of cofactor lists is to
serve as a resource for generating hypoth-
eses that can be tested further by multiple
lines of experimentation.

Despite our stated preference against
meta-analysis of RNAI results, we and at
least two other groups have identified a
common cellular cofactor of HCV infec-
tion: phosphatidylinositol 4-kinase III o
(PI4K-IlIot).>” Encoded by the PIK4CA
gene and localized primarily to the endo-
plasmic reticulum (ER), PI4K-Illow is a
lipid kinase whose main cellular function
is to generate phosphatidylinositol 4-mono-
phosphate, or PI(4)P. Following our initial
characterization of the function of PI4K-
Iow in HCV replication, we proposed
that it plays a role in establishing HCV
replication complexes, which consist of the
replication machinery married to unique
membranous structures induced by HCV
infection. Membrane rearrangements are
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hallmarks of all positive-stranded RNA
virus infections.”"? In the case of HCV
infection, these structures are clusters of
intracellular, cytosolic membranes and are
a major pathology associated with replica-
tion of the viral RNA genome in vivo.!*™
Similar ~ membranous  structures are
observed using in vitro HCV replication
and viral protein expression systems and
have been termed “membranous webs”.*-
16 Evidence that HCV replication proteins
and de novo synthesized viral RNA localize
to the membranous web,'*"” which forms in
close proximity to the ER, implicates the
webs as sites of viral replication and the
ER as a potential membrane source. It is
unclear whether membrane rearrangements
serve primarily to provide a high local con-
centration of replication components, pro-
vide a scaffold for replication, or shield the
viral RNAs from recognition by the innate
immune system. The mechanism of HCV
replication complex formation, including
intracellular membrane rearrangements,
remains to be determined.
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Our proposal that PI4K-ITla functions
in HCV replication complex formation
was based on the following data. Treatment
with siRNAs and pharmacological inhibi-
tion of PI4K-ITIot reduces HCV replication.
PI4K-IIIct is not required for HCV entry
or initial translation of the viral genomic
RNA. It co-localizes with markers of the
HCV replicase, and most importantly,
membranous webs fail to accumulate in
cells that have been silenced for PI4K-IIIow
expression. A role for PI4K-I1Ial in form-
ing replication complexes is also supported
by elegant studies from Tai et al. who show
that the HCV replicase-associated NSSA
protein has aberrant localization in cells
that have inducible expression of the full
HCV polyprotein and have been silenced
for PI4K-IIIo. expression.® A key future
experiment is to test whether PI4K-IIIct is
required for membranous web formation
by expression of HCV NS4B, the replicase
protein sufficient for inducing these mem-
brane alterations.

The main question remaining is the
mechanism of HCV replication complex
formation. RNAI analysis has identified
a number of cellular candidates that may
be involved in constructing membrane-
associated sites of replication (see Fig. 1).
These include early endosomes (EEAI’
RAB5>Y and PIK3C2GP), late endosomes
(RABJA, RABEPK®),
ated with the Golgi apparatus (COPI
components® and RAB7LP), and the ER
(PIK4CA,7 TBCID20® and RABIB®).
Components of vesicular trafficking and
membrane fusion (VAP-A*" and VAP-
B**") and regulators of actin reorganiza-
tion (CDC42>¢ and ROCK2 °) may also
be involved. A role in replication complex
formation for EEAI, RAB5, RAB7, COPI
subunits, PIK4CA, TBCID20, VAP-A,
VAP-B and CDC42 is further supported
by microscopy, proteomic and/or protein
biochemistry studies.>'7*24 These cofac-
tors, in addition to others, may work in
combination to establish the membrane-
replication
infected cells.

One hypothesis is that phosphorylation
of phosphatidylinositol (PI) molecules by
PI4K-1Iloc and subsequent downstream
modifications of PI(4)P attract cellular
and/or viral proteins to phospholipids.
This serves to nucleate replication proteins

vesicles associ-

associated complexes  in
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and membrane-bound vesicles, potentially
establishing the membranous web, which
appears to be a non-uniform, heteroge-
neous mix of vesicles. Additionally, PI4K-
Io itself may be directly required for
establishing and maintaining an intimate
interaction of the HCV replicase with cel-
lular membranes. This is suggested from
yeast two-hybrid analysis wherein PI4K-
[T interacted with HCV NS5A.22

In addition to our interest in the biol-
ogy of PI4K-ITIa. in HCV infection, it is
possible that PI4K-IIIo. may be a legiti-
mate drug target for treating HCV infec-
tion. Pharmacological inhibitors of PI
kinase activity prevent HCV replication
in vitro*® and PI-3 kinase inhibitors have
been successful therapies against certain
cancers.” We speculate that inhibitors
specific to PI4K-IITo. may be successful
therapeutics for HCV with fewer issues of
resistance than is observed for drugs tar-
geting viral enzymes.
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