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Abstract
Background & Aims—Hepatitis C virus (HCV) infection is a leading cause of end-stage liver
disease. Interferon (IFN)-α is an important component of anti-HCV therapy; it upregulates
transcription of IFN-stimulated genes (ISGs)—many of which have been investigated for their
anti-viral effects. However, all the genes required for the anti-viral function of IFN-α (IFN
effector genes, IEGs) are not known. IEGs include not only ISGs, but other non-transcriptionally
induced genes that are required for the anti-viral effect of IFN-α. In contrast to candidate
approaches based on analyses mRNA expression, identification of IEGs requires a broad
functional approach.

Methods—We performed an unbiased genome-wide small-interfering (si)RNA screen to identify
IEGs that inhibit HCV. Huh7.5.1 hepatoma cells were transfected with siRNAs, incubated with
IFN-α, and then infected with JFH1 HCV. Cells were stained using HCV core antibody, imaged,
and analyzed to determine the percent infection. Candidate IEGs detected in the screen were
validated and analyzed further.

Results—The screen identified 120 previously unreported IEGs. From these, we more fully
evaluated 9 (ALG10, BCHE, DPP4, GCKR, GUCY1B3, MYST1, PPP3CB, PDIP1, SLC27A2)
and demonstrated that they enabled IFN-α–mediated suppression of HCV at multiple steps of its
lifecycle. Expression of these genes had more potent effects against flaviviridae, because a subset
were required for IFN-α to suppress dengue virus but not influenza A virus. Furthermore, many of
the host genes detected in this screen (92%) were not transcriptionally stimulated by IFN-α; these
genes represent a heretofore unknown class of non-ISG IEGs.

Conclusion—We performed a whole-genome loss-of-function screen to identify genes that
mediate the effects of IFN-α against human pathogenic viruses. We found that IFN-α restricts
HCV via actions of general and specific IEGs.

Keywords
treatment; gene regulation; virology; mechanism

Introduction
Therapies directed against viral targets have enabled either cure or control of many viral
illnesses, including HCV1, 2. However, a major concern remains the selection of resistance
to these pathogen-directed therapies3. One of the most potent innate antiviral agents that has
activity against resistant HCV variants is IFN-α4. However, IFN-α induces hundreds of
genes that contribute to prevalent side effects. Alternative therapeutics such as those directed
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toward specific genes that enhance the endogenous IFN-α response may be useful. Previous
work to identify IEGs has primarily focused on IFN stimulated genes (ISGs), a group of
genes that is transcriptionally activated by IFN-α5–8. However, it is foreseeable that ISGs
are regulated and/or work in conjunction with genes whose expression is constitutive or
IFN-α-insensitive. We postulated that an unbiased loss-of-function strategy would expand
the compendium of IEGs by identifying both IFN-stimulated and IFN-inert genes. Therefore
we completed a whole genome siRNA screen to find host genes required for IFN-α’s
inhibition of HCV infection (HCV-IEGs) using a fully infectious HCV system.

Materials and Methods
Screen Assay is described in detail in Supplemental Methods.

Lifecycle Assays are described in detail in Supplemental Methods. Entry, replication, RNA
production, and egress were assessed using pseudoparticles, the OR6(GT1b) replicon, JFH1
qRT-PCR and supernatant transfer assays, respectively.

Stable shRNA knockdown cells are described in Supplemental Methods.

Overexpression is described in Supplemental Methods.

Statistical analyses
All data are expressed as mean ± standard error of mean for at least three independent
experiments. Student’s t test was used to compare experimental conditions and controls; P
value <0.05 was considered significant and is indicated by star(*).

Results
A genetic screen identifies 120 candidate HCV-IEGs

To identify HCV-IEGs, we designed an image-based screen in which knockdown of a
candidate IEG would rescue viral replication from IFN-α-mediated suppression (Fig. 1a, b).
IFN-α was titrated to suppress HCV replication to levels below 5% of those seen with
untreated infection. siRNA-transfected Huh7.5.1 human hepatoma cells were infected with
fully infectious HCV JFH1 genotype 2a virus for 48h,a timeframe that encompasses the
HCV viral lifecycle through infectious virion egress and an additional round of infection
(Fig. S1a–e). Cells were fixed and stained for HCV core protein expression and cellular
DNA (nuclei). Images were collected for two emission wavelengths, FITC for HCV core
and DAPI for host cell nuclei. A customized image analysis program based on cell shape
was then used to compute the percentage of HCV-infected cells per well through detection
of nuclei surrounded by positive signal in the FITC channel. Optical filters were also used to
identify and remove artifacts that would otherwise be scored as infected cells (Fig. S2). This
analysis enhanced the screen’s accuracy because it eliminated imaging artifacts observed in
the FITC channel, permitting accurate detection of infected cells.

Knockdown of the IFN-α receptor 1 (IFNAR-1) provided a positive control and rescued
HCV infection to levels five-fold or greater than cells transfected with negative control non-
targeting siRNA against jellyfish green fluorescence protein (GFP, Fig. 1b). Comparable
results were obtained using two additional negative control siRNAs, non-targeting 2 (NT2),
and NT3 (data not shown). Using these conditions, a whole-genome siRNA screen was
performed in triplicate using siRNA pools composed of four distinct siRNA duplexes for
each gene (Dharmacon siGenome, Table S1, Fig. 1c). Two criteria were used to define HCV
rescue: (1) a percent infected value of three-times or greater than plate median absolute
deviation; and (2) a high quality image on visual inspection. Using this method, 524 siRNA
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pools were found to rescue HCV from IFN-α. In addition, 325 genes (1.6%) were excluded
due to cytotoxicity or poor image quality (Table S2). Notably, genes which we had
previously found to be required for HCV replication9, were not detected using this current
format because of the suppressive dose of IFN-α (Table S3). For the 524 genes whose
knockdown led to rescue from IFN-α, we then tested each of the individual siRNAs for their
respective ability to rescue HCV infection. For 120 of 524 siRNAs tested (23%), 2 or more
siRNAs reproduced the HCV rescue phenotype, suggesting that they are less likely to be the
result of false-positive events (Table S410). Among the remaining 404 pools, 157 had a
single siRNA that reproduced the HCV rescue phenotype, yielding a 52.8% overall
confirmation rate for the 524 first round candidates. These 157 genes likely represent a
mixture of false positive and true positive events. For example, the bona fide IEG, STAT1,
scored with only one siRNA. Exploring the relevance of this subset will be informative but
was not a focus of this work.

As expected, bioinformatic analysis of the 120 HCV-IEG candidates using Ingenuity
analysis software11 revealed significant enrichment for genes involved in the IFN/JAK/
STAT/IRF signaling pathways, including IFNAR1 and 2, IFNGR1, IRF7, IRF9, JAK1,
STAT2, and TYK2, confirming both the validity and technical strengths of this approach
(Table S4, S5)11. A non-exhaustive overview of known connections between these genes,
IFN-α, and viruses is provided, and revealed that 7.5% had been identified in past screens
for HCV-IEGs5, 6, 12, and 23% had been previously related to IFN-α in the literature (Table
S4, S6–7). From these 120 genes we next selected 10 HCV-IEG candidates: ALG10, BCHE,
DPP4, GCKR, GUCY1B3, MYST1, PPP3CB, PDIP1, S100A8 and SLC27A2, based on
four criteria: 1) potential biological interest, 2) level of HCV rescue, 3) the number of
individual siRNAs out of four tested that provided HCV rescue and 4) hepatic expression
reported in NIH databases (Fig. 2a, b). For these 10 HCV-IEGs, individual siRNAs were
retested for confirmation of the HCV rescue phenotype observed during high-throughput
screening. All candidate HCV-IEGs except S100A8 confirmed rescue of HCV infection
with two or more unique siRNAs (Fig 2a). Interestingly, in the absence of IFN-α,
knockdown of these HCV-IEGs did not increase viral replication (Fig. S3a). When IFN-α
was given after JFH1, instead of before, the majority of HCV-IEG knockdowns maintained
rescue of HCV from IFN-α, albeit with a less robust phenotype (Fig. S3b). Subsequent
studies focused on the nine confirmed HCV-IEGs

A useful strategy to validate siRNA screening candidates is to determine whether the level
of siRNA-mediated depletion of mRNA or protein is proportional to the phenotype
observed. Therefore, we compared the HCV rescue phenotype against the level of
knockdown of either mRNA, for all nine IEGs, or protein, for eight genes (Fig. 2c, d). To
evaluate mRNA depletion we used quantitative PCR (qRT-PCR) with primer sets that did
not display any concentration dependent behavior on efficiency curve testing (Table S8). For
these candidate HCV-IEGs, siRNA transfection led to mRNA decreases to below 40% of
baseline for all duplexes for each gene (Fig. 2c). Importantly the relative level of
knockdown of either mRNA or protein was proportional to the extent of HCV rescue,
strongly suggesting the observed phenotypes were the result of siRNA-directed depletion of
the intended gene (Table S9). An example of this correlation is illustrated by PDIP1
siRNA3, which displays the weakest rescue phenotype and also the lowest mRNA and
protein knockdown among PDIP1 siRNAs (Fig. 2a, c, d, Table S9). In summary, siRNAs
targeting each of nine HCV-IEGs reproducibly knocked down target gene products and
rescued HCV from IFN-α, without affecting HCV levels under IFN-α-free conditions.

PDIP1 enables IFN-α’s inhibition of HCV replication
Of the nine select HCV-IEGs, we next chose PDIP1 for further validation based on its
strong rescue phenotype (8 fold mean rescue for 4/4 siRNA duplexes, (Fig. 2a)), its

Fusco et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



described interactions with the interferon activated protein, ISG15, and its association with a
B-cell autoimmune disease locus13, 14. To further investigate PDIP1, we stably transduced
Huh7.5.1 cells with one of four short hairpin RNA (shRNA) lentiviruses, or empty vector
control (APM) (Fig. 3a, b). Each of the PDIP1 shRNAs and siRNAs used in this experiment
and the ones above targets a distinct region of PDIP1 resulting in an extended level of
reagent redundancy10. Knockdown of PDIP1’s mRNA and protein was confirmed by qRT-
PCR and western blot, respectively, for all four shRNA-transduced cell lines (Fig. 3c, d).
Moreover, IFN-α’s antiviral effects were diminished in all four PDIP1 shRNA cell lines
(Fig. 3b, e, f). Interestingly, the IFN-α rescue phenotype became more pronounced with
increasing concentrations of IFN-α up to 1600IU/ml, suggesting that PDIP1 is critical for a
maximal IFN-α anti-HCV response (Fig. 3b, e). Exogenous expression of the ISG PDIP1
was not in and of itself antiviral, nor was expression of the non-ISG IEG, BCHE (Fig. S4,a–
d).

HCV-IEGs restrict multiple steps of the HCV viral lifecycle
We next evaluated where in the viral lifecycle these nine HCV-IEGS assisted IFN-α in
halting HCV infection. siRNA transfections were paired with assays investigating the
following steps of the viral lifecycle: entry, genome replication, core protein production,
RNA production and infectious virion production and release. To simplify interpretation of
these results (fold-rescue values for 4 siRNA duplexes per gene for nine genes), a scoring
system was established (Table S10, Supplemental Methods). Lifecycle rescue scores greater
than or equal to four were scored positive, because this represents an average of 2-fold or
greater rescue for 2 or more siRNA, the criteria used during the validation round screening.

Entry was assessed by infecting cells with lentiviral pseudoparticles (pp) displaying the
JFH1-strain’s HCV envelope glycoproteins (E1 and E2) and containing a zoanthus species
green fluorescence reporter gene (ZSG15). HCVpp susceptibility to IFN-α was confirmed
(Fig. S5). IFNAR1 knockdown rescued HCVpp entry from IFN-α (Fig. 4a, b). This rescue
was modest (~two to three fold) compared to rescue of fully infectious HCV JFH1 (≥10
fold) (Fig. 2a). Nonetheless, entry scores above four were detected for 4 of the HCV-IEGs:
DPP4, MYST1, PPP3CB, and SLC27A2, with the highest overall rescue scores observed for
DPP4(7) and SLC27A2(6.8) (Fig. 4b, Table S10). These four genes enabling IFN-mediated
suppression of HCV entry will be referred to as an entry effector group.

Next, the effect of IEG knockdown on HCV genome replication was assessed using the
HCV full genome OR6 replicon (Fig. 4c, Table S10). These experiments revealed that
ALG10, DPP4, PPP3CB and PDIP1 knockdowns rescued the replicon from IFN-α. We
assessed the intracellular production of HCV core protein using the immunostaining assay
from the high throughput screen (Fig. 2a, Table S10). All nine IEGs increased viral core
levels, with rescue scores ranging from 8.4, for GCKR, to 36.1, for PDIP1. Production of
intracellular HCV RNA was assessed using qRT-PCR, and leading to identification of an
RNA production effector group. Knockdown of ALG10B, MYST1, PDIP1 and SLC27A2
rescued HCV RNA production from IFN-α suppression, with rescue scores ranging from 6
(SLC27A2) to 18 (PDIP1) (Fig. 4d, Table S10).

To determine the role of IEGs during IFN-α-mediated suppression of HCV infectious virion
production and release, we performed viral supernatant transfer experiments9 (Fig. 5a). This
assay enabled quantification of the amount of infectious virus assembled and released in the
presence of IFN-α. Supernatant from positive control (IFNAR-depleted cells) was
significantly more infectious than supernatant from cells transfected with non-targeting
siRNA (Fig. 5b). Viral supernatant collected from cells depleted of ALG10, MYST1, or
PDIP1 was also more infectious after transfer, with rescue scores of 10.0, 5.1, and 4.7
respectively (Fig. 5b, Table S10). Therefore, a discrete egress effector group, ALG10/
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MYST1/PDIP1, enables IFN-α to decrease the levels of active HCV particles secreted by
infected cells, with the most substantial effect exerted by ALG10 (Fig. 5a,b, Table S10). A
synopsis and schematic of the siRNA duplexes that scored significantly for each IEG, in
each lifecycle assay, is included (Fig. 5c, Fig. S6). In summary, viral lifecycle assays reveal
that discrete sets of HCV-IEGs enable IFN-α to suppress HCV during each phase of the
HCV lifecycle. Most IEGs appear to work at more than one stage, suggesting they regulate
multiple downstream effectors.

The Majority of HCV-IEGs are not ISGs
To define the relationship between IFN-α and these selected HCV-IEGs, we tested the
effect of IFN-α on IEG transcription. Interestingly, IFN-α at the concentration used during
the screen (100 IU/ml) did not enhance mRNA levels at either 4 or 24 hours for any of the
select HCV-IEGs except PDIP1, the latter as previously noted (Fig. 6a, Tables S4, S6)16–18.
Similar results were obtained using stimulation with IFN-λ, which induces ISGs in a pattern
comparable to but not identical to type I IFNs (Fig. 6b). Consistent with published results,
IFNAR1, a classical IEG, was not transcriptionally upregulated by IFN-α whereas levels of
known hepatic ISGs, MX1 and OAS, were elevated after IFN-α treatment (Fig 6a, Table
S616–19). We also reviewed available microarray datasets describing transcriptional changes
upon IFN-α stimulation of primary hepatocytes and also other cell types (Tables S4, S6).
Among the 120 total HCV-IEGs, ANKFY1, CCRL1, IQGAP2, IRF7, ITGB1, JAK1,
PDIP1, RAB4B, STAT2, and SULT1E1 have been reported to be transcriptionally
upregulated in primary hepatocytes in response to IFN-α16–18. Thus only 10 of 120 HCV-
IEGs (8%) have been described as hepatocyte ISGs, and 48% of the candidates have no
prior link to IFN-α signaling or anti-viral activity (Table S4).

HCV-IEGs are needed for the IFN-α-mediated suppression of DENV but not IAV
IFN-α restricts multiple viruses but the specific actions of each IEG are still under
investigation. To examine the specificity of the select HCV-IEGs, we tested how their
depletion impacted IFN-α’s effect on two other viruses, dengue virus (DENV), a
flaviviridae family member, and the orthomyxovirus, influenza A virus (IAV) (Fig. 7). For
these experiments we used a similar image-based readout for viral replication (hemagluttinin
(HA) for IAV, or envelope protein (E1E2) for DENV) after knockdown of the respective
HCV-IEGs. These experiments demonstrated both general and specific IEG actions. Rescue
scores for MYST1 and ALG10 ranked among the top 4 IEGs for all three viruses, and
PDIP1 ranked among the top 3 IEGs for DENV and HCV, suggesting these genes more
broadly contribute to the IFN response. Among the nine IEGs tested, only the protein
phosphatase PPP3CB rescued IAV from IFN-α, while it ranked sixth in being needed for
IFN-α’s inhibition of HCV (Fig. 7a, b, Table S11). In contrast, all nine HCV-IEGs tested
rescued DENV from IFN-α, with comparable effects to those observed for HCV (Fig. 7c,d,
Table S11). We conclude that the majority of select HCV-IEGs enable IFN-α mediated
suppression of DENV with a more limited number having a role in counteracting IAV.

Discussion
Identifying the host factors that mediate IFN-α’s antiviral actions has been a longstanding
focus of the virology research community5–8, 12, 16–20. The rationale underlying these
investigations is that an in-depth knowledge of this defense mechanism will help identify
therapeutic targets that will aid in the treatment and cure of viral infections. Towards this
goal, we have undertaken a large scale genetic screen to find host factors that contribute to
the anti-HCV effects of IFN-α. Of note, this work represents the first whole-genome loss-of-
function screen to identify genes important for IFN’s antagonism of a human pathogen. The
screen successfully identified a large set of IEGs required for HCV containment.
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Collectively the results presented in this work both improve our understanding of the IFN
response and reveal potential anti-viral target pathways.

Overlap of this effort with other recent investigations of IEGs was modest, perhaps
reflecting a difference in screening strategies (unbiased vs. selected ISG candidates,
overexpression vs. loss-of-function), as well as the general experiences emerging from large
scale genomic functional characterizations; specifically that there exists a high degree of
false positives and false negatives using any of these powerful, albeit limited, technologies.
Due to the suppressive IFN dose used in our screen, IEGs that either block HCV entry or
block viral protein translation will be more likely to be detected, compared to late acting
IEGs21, because their loss will allow the greatest levels of rescue to occur. Furthermore, use
of core-protein immunostaining as a readout also increased the likelihood of our detecting
the loss of IEGs that modulate translation. Alternative screening strategies designed to detect
changes in infectious virion production, or inhibition of an established viral infection, may
prove valuable in future efforts. Moreover while the Huh7.5.1 cell line can uniquely support
HCV replication in vitro, it fulfills this role because it is deficient in the RIG-I/MDA5
pathway22. Use of RIG-I deficient cells decreased our likelihood of identifying genes
involved in IFN-α production, but allowed us to preferentially identify downstream host
genes required for antiviral efficacy of IFN-α. Ultimately, understanding both the IFN-α
production and IFN-α effector pathways is essential for complete description of host
antiviral response. To address the concern that RIG-I disruption may impede the IFN
pathway more globally, we performed a validation round which stratified 120 candidate
HCV-IEGs based on the number of individual siRNAs that reconfirmed the phenotype seen
in the primary screen. Of these 120 candidate genes, using bioinformatics we detected an
enrichment for proteins known to play a role in IFN-α response, confirming validity of this
screening strategy (p=1.88E-09). In addition, using a literature search, among the 120 IEGs,
nearly one quarter had some previously described association with the IFN-α response. The
screen also enriched for known IFN-α signaling components and recovered our positive
control, the IFN-α receptor, IFNAR1; this enrichment is in keeping with a lack of
redundancy in the IFN-α signaling pathway found by elegant somatic cell genetic studies23.

From the set of 120 HCV-IEG candidates, we chose a subset of what we deemed to be high
interest proteins, the select HCV-IEGs, for further evaluation. Validation experiments
revealed that individual siRNA-mediated knockdown of target mRNAs and proteins
(reagents permitting) was consistent with the observed phenotype for this subset, thereby
increasing the likelihood that these candidates represent true positives. We next evaluated
the role of each of the select HCV-IEGs using viral lifecycle assays. These experiments
identified distinct effector classes of IEGs that contributed to IFN’s antagonism of each step
of the HCV lifecycle5, 24.

These viral lifecycle studies also showed that the screen identified several HCV-IEGs
(ALG10, MYST1, PDIP1) that were required for IFN-α’s antiviral effect across 4–5 of the
lifecycle steps tested. Consistent with their broad effects, the depletion of ALG10, PDIP1
and MYST1 produced the greatest degree of HCV rescue from IFN-α. We postulate that
modulation of host gene expression by MYST1 and PDIP1 may underlie their respective
roles in the IFN response. MYST1 is a histone acetyltransferase and therefore contributes to
the regulation of multiple genes25. Of note, MYST1 has been described to activate ataxia-
telangiectasia-mutated protein (ATM), a protein whose inactivation is associated with
severely impaired IFN production26.

Similar to MYST1, PDIP1 (PPARγ DBD-interacting protein 1) plays a role in modulating
gene expression via its interactions with the nuclear receptors PPAR-α/γ27, 28. PPARs are
expressed widely including in hepatocytes and regulate both immune responses and IFNγ
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production 29. Interestingly, an informatics analysis also found components of the PPARα/
RXRα activation pathway (HSP90AA1, HSP90AB1, MAP2K4, PDIP1, TGFBR1, SMAD3)
to be enriched in the HCV-IEGs detected in this screen (p= 9.11E-04). Detection of both
TGFBR1 and SMAD3 as HCV-IEGs supports recent findings of positive crosstalk between
the IFN-α and TGF-β signaling pathways30. Moreover, PDIP1 has been recognized as an
ISG in multiple cell types, interacts with the interferon stimulated protein, ISG15, and has
recently been implicated in autoimmune disease, but its role in viral infection is
unclear5, 13, 14, 17. Our finding that exogenous expression of PDIP1 alone was not antiviral is
consistent with its regulating and/or being a part of a larger complex that modulates
infection.

The majority of the select HCV-IEGs were found to play a role in IFN-α’s suppression of a
related flavivirus, DENV, with a much smaller set involved in the modulating the replication
of IAV, an orthomyxovirus. Although it is not unexpected that a similar set of IEGs is
involved in the restriction of the two more closely related viruses (HCV and DENV), it
nonetheless suggests that specialized networks exist within the much broader anti-
pathogenic response elicited by IFN-α. Determining if such pathogen-centric IEG clusters
are coordinately controlled could be useful in defining therapeutic targets. With this in mind,
we find this screen’s identification of two gene expression regulators, i.e. MYST1 and
PDIP1, to be of particular interest.

To determine the relationship between IFN-α and the HCV-IEGs functionally identified in
the screen, we assessed whether their mRNAs were increased in response to IFN-α.
Interestingly, a large number of the 120 total HCV-IEGs (92%) detected by the screen were
not transcriptionally induced by IFN-α,based on available microarray databases16– 19. Thus,
our use of a large unbiased genetic strategy shows that previously identified ISGs include
only a subset of the full compendium of genes required for an IFN-α response. Earlier
successful work to functionally explore the mechanism of IFN-α’s antiviral effects have
focused on ISGs, enabling the stratification of strong versus weak antiviral ISGs5, 6, 8, 21. In
contrast, our unbiased loss-of-function approach found that many IEGs are not
transcriptionally up-regulated by IFN-α, yet nonetheless are needed for IFN-α’s full
antiviral effects. While it is wholly expected that ISGs would work in concert with IFN-α-
insensitive host cell factors, we deem it of significant value to know their identities because
it increases our understanding of how IFN-α exerts its antiviral effects and may also identify
new targets for therapy i.e. the PPAR pathway. Indeed, by revealing a large set of
transcriptionally silent HCV-IEGs, this work positions the ISG network within the context
of a greater IFN-α effector network thereby revealing avenues for future investigation. In
addition, these HCV-IEGs represent a distinct class of targets for the design of focused host-
directed antiviral therapies for HCV.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HCV hepatitis C virus

IFN-α interferon alpha

IEG interferon effector gene

ISG interferon stimulated gene

ALG10 asparagine-linked glycosylation 10 homolog (yeast, alpha-1,2-
glucosyltransferase)

BCHE butyrylcholinesterase

DPP4 dipeptidyl-peptidase 4 (CD26, adenosine deaminase complexing protein
2)

GCKR glucokinase (hexokinase 4) regulator

GUCY1B3 guanylate cyclase 1, soluble, beta 3

MYST1 MYST histone acetyltransferase 1

PDIP1 PPARgamma-DBD-interacting protein 1

PRIC285 PPAR alpha-interacting cofactor 285

HELZ2 helicase with zinc finger 2, transcriptional coactivator

PPP3CB protein phosphatase 3 (formerly 2B), catalytic subunit, beta isoform

SLC27A2 solute carrier family 27 (fatty acid transporter), member 2

IFNAR1 and 2 interferon alpha receptor 1 and 2

IFNGR1 interferon gamma receptor

IRF7 interferon regulatory factor 7

IRF9 interferon regulatory factor 9

JAK1 Janus kinase 1

STAT2 signal transducer and activator of transcription

TYK2 tyrosine kinase 2

ANKFY1 ankyrin repeat and FYVE domain containing 1

C-C motif chemokine

CCRL1 receptor-like 1

IQGAP2 IQ motif containing GTPase activating protein 2

ITGB1 (integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29
includes MDF2, MSK12)

RAB4B RAB4B, member RAS oncogene family

SULT1E1 and sulfotransferase family 1E, estrogen-preferring, member 1

ISG15 IFN stimulated protein 15 kDa
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Figure 1. A Functional Genomic Screen Identifies 120 HCV-IEGs
(A) Huh7.5.1 cells were transfected with siRNA followed 48h later by IFN-α treatment
(100IU/ml) then 24h later by infection with JFH1 HCV. 48h post infection cells were fixed,
permeabilized, and stained with HCV core Ab and Hoechst 33342 DNA stain, then imaged
and analyzed for percent HCV infection.
(B) Huh7.5.1 cells were transfected with positive (IFNAR1) and negative (green fluorescent
protein (GFP)) control siRNA, treated with IFN-α or buffer alone, then infected with JFH1
HCV. Cells were then stained for HCV core (green) and host cell DNA (blue). Both controls
exhibit similar levels of HCV infection in the absence of IFN-α treatment (left). In the
presence of IFN-α (right), HCV infection is suppressed in negative control cells, and
rescued by IFNAR knockdown.
(C) HCV-IEG rank plot. The average Z score for all genes screened is displayed; genes are
ranked according to Z score. Select HCV-IEGs are highlighted.
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Figure 2. HCV-IEG Validations: Comparison of Knockdown to Phenotype
(A) Rescue phenotype analyses were repeated to confirm rescue of HCV infection from
IFN-α (100IU/ml) by IEG knockdown. Y axis values represent mean fold rescue of HCV
above levels in cells transfected with non-targeting siRNA, X axis values indicate target
gene and individual siRNA duplex. Values represent mean +/− SEM; n≥3 throughout; * p <
0.05. Results were analyzed by paired t tests.
(B) Huh7.5.1 cells were transfected with indicated siRNA, treated with IFN-α 100 IU/ml,
then infected with JFH1 HCV, followed by staining for HCV core (green) and host cell
DNA (blue). Sample images for top siRNAs scoring for HCV rescue from IFN-α (100IU/
ml) are presented alongside positive (IFNAR) and negative (GFP, NT2) controls. siRNA
and percent infection are indicated.
(C) mRNA knockdown efficiency for each of 4 individual siRNAs per gene is calculated by
comparison to target gene expression levels in cells transfected with non-targeting siRNA;
values were normalized using GAPDH. siRNA was transfected into Huh7.5.1 cells,
followed 48h later by IFN-α (100IU/ml) treatment for 24h, then qRT-PCR for target gene
expression. Y axes indicate relative mRNA expression; X axes indicate transfected siRNA.
Values represent the mean +/− SEM; n≥3 throughout.
(D) Huh7.5.1 cells were transfected with target gene siRNA for 48h then treated with IFN-α
(100IU/ml) for 24h followed by protein extraction for western blot.

Fusco et al. Page 13

Gastroenterology. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. PDIP1 Depletion Rescues HCV from IFN-α
(A) Schematic of PDIP1 and target sites of PDIP1 shRNAs. shRNAs 89, 91 and 88 target
coding sequence, while 85 targets 3′UTR. Nucleotide (nt) binding sites of each shRNA to
PDIP1 (NCBI NM 001037335.2) are indicated.
(B) Stable PDIP1 knockdown cell lines were made by transducing Huh7.5.1 cells with
lentiviral particles carrying indicated shRNAs. APM control vector contains shRNA against
luciferase. Cells were treated with indicated concentration of IFN-α for 24h, followed by
infection with JFH1. 48h post-infection, cells were fixed, stained for HCV core and DNA,
then analyzed as above. Cells were scored for percent HCV infection using HCV core Ab
(green) and DNA stain (blue). Cell line, percent infection are indicated. Top and bottom
cells were treated with 1600 and 100 IU/ml IFN-α, respectively.
(C) Stable cell lines were assessed for PDIP1 mRNA knockdown through qRT-PCR and
normalized to control APM cell line.
(D) Western blot for cells in (C), kDa = kilodalton.
(E) Correlate data for images in (B). Phenotypic analysis of PDIP1 knockdown cells (88, 89,
91 and 85) compared to vector cells (APM).
(F) PDIP1 knockdown cells were treated with IFN-α 1600 IU/ml for 24h, followed by JFH1
infection for 48h, then intracellular RNA isolation for JFH1 qRT-PCR. Values for (C), (E)
and (F) represent mean ±SEM for 3 independent experiments.

Fusco et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. HCV-IEGs are Required for IFN-α-mediated Suppression of Viral Entry and Viral
RNA Replication
For each candidate HCV-IEG, 4 distinct siRNAs were tested. For Huh7.5.1 cell studies,
cells were transfected with indicated siRNAs then treated with IFN-α followed 24h later by
indicated intervention. Y axes indicates mean fold rescue above control. X axes indicates
siRNA.
(A) Cells were infected with pseudoparticles (pp) for 48h. Top row images show GFP
positive HCVpp, with corresponding cell nuclei (DNA stained) below.
(B) HCV-IEG knockdown was assessed for rescue of HCV entry from IFN-α suppression.
(C) HCV-IEG knockdown was assessed for rescue of HCV replication from IFN-α in OR6
replicon cells. Replicon cells were transfected with indicated siRNAs, then 48h later cells
were treated with 6IU/ml of IFN-α for 24h followed by evaluation of Renilla Luciferase or
ATP (cell titer glo) levels. OR6 Renilla Luciferase levels for each transfection were
normalized to ATP levels. Normalized OR6 signals for each IEG knockdown were
compared to corresponding control to calculate fold rescue.
(D) HCV-IEG knockdown rescues HCV RNA production from IFN-α. Cells were infected
with JFH1 for 48h, followed by isolation of intracellular RNA and performance of qRT-
PCR to quantify JFH1 RNA. All values were normalized to GAPDH.
For all lifecycle assays, values represent mean +/− SEM; n≥3 throughout; * p < 0.05.
Results were analyzed by paired t tests.
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Figure 5. IFN-α’s Block of Infectious Virion Production Requires HCV-IEGs
(A) HCV-IEG knockdown was assessed for rescue of HCV infectious virion production
from IFN-α. Cells were infected with JFH1 HCV, then after 48h viral supernatant was
transferred in a well-by-well manner to destination plates. Destination plates were incubated
for 48h, then scored for percent infection as in original screen. Top row shows source plate
and the bottom row shows destination plate.
(B) HCV-IEG knockdown was assessed for rescue of HCV infectious virion production
from IFN-α suppression. Y axis indicates mean fold rescue above control. X axis indicates
siRNA.
(C) Summary of lifecycle assay results per siRNA duplex are presented. Each colored bar
indicates that a given siRNA scored positive (p<0.05 compared to control) for indicated
lifecycle assay (X axis). Red, yellow, green, blue represent siRNA duplexes 1,2,3,4
respectively. Target genes and lifecycle stage are indicated.
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Figure 6. The Majority of HCV-IEGs are not ISGs
Top candidate HCV-IEGs were evaluated for increase in mRNA level upon IFN-α
stimulation.
(A) Huh7.5.1 cells were stimulated with IFN-α (100 IU/ml) for 4h or 24h, as indicated on X
axis, followed by RNA isolation and qRT-PCR for target gene quantitation. Y axes indicate
relative mRNA expression normalized using GAPDH.
(B) Experiment was performed as in (A), but IFN-λ (542 IU/ml) replaced IFNα. Values for
(A) and (B) represent mean ±SEM for 3 separate experiments.
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Figure 7. HCV-IEGs are Needed for IFN-α’s Restriction of DENV but Not IAV
(A) HeLa MAGI cells were transfected with indicated siRNA, followed by IFN-α treatment
then influenza A virus (IAV) infection followed by staining for anti-HA 29 (green) and
DNA (blue), imaging, and scoring for percent infection. siRNA and percent infection are
indicated.
(B) Corresponding data for (A). X axis indicates mean fold rescue above non-targeting
siRNA and Y axis indicates siRNA transfected, where 4 distinct siRNAs were used for each
IEG.
(C) HeLa MAGI cells were transfected with indicated siRNA, followed by IFN-α treatment
then dengue virus (DENV) infection followed by staining for DENV core (green) and DNA
(blue), imaging, and scoring for percent infection. siRNA and percent infection are
indicated.
(D) Corresponding data for (C). X axis indicates mean fold rescue above non-targeting
siRNA and Y axis indicates siRNA transfected, where 4 distinct siRNAs were used for each
IEG.
Values for (B) and (D) represent mean ± SEM for 3 separate experiments.
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