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Supplementary Results 
 

 
Supplementary Figure 1. Oxygenated cultures of primary hepatocytes and endothelial cells show higher 
susceptibility to HCV infection over monocultures while showing little loss of viability. Fluorescent and 
corresponding phase images of HCV pseudo particles (HCVpp) labeled green and DiI-LDL (red). A) Co-cultures 
of hepatocytes and endothelial cells show high level of LDL uptake by hepatocytes and binding of HCVpp by 
endothelial surface capture receptor L-SIGN. B) Monocultures of endothelial cells show HCVpp binding, but 
little LDL uptake. C) Monocultures of hepatocytes show very little HCVpp and LDL uptake. D) qRT-PCR at day 
11 post-infection shows 3-fold higher levels of HCV RNA in co-cultures compared to primary hepatocyte alone 
(p<0.001, n=3). E) and F) Minimal release of liver enzymes alanine transaminase (ALT) aspartate transaminase 
(AST) demonstrates no significant loss of viability. G) Co-culture viability assessed by LIVE/DEAD staining was 
90±5% for both conditions throughout the experiment.   
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Supplementary Figure 2:  Respiratory and glycolytic flux analysis of HCV-infected and sofosbuvir-treated 
primary human hepatocytes. A) Oxygen consumption rate (OCR) was measured on naïve and JFH-1 infected 
hepatocytes, as well as infected cells treated with HCV antiviral sofosbuvir (methods). Basal respiration (blue) 
was measured for 30 min showing significant differences between the three conditions (p<0.001, n=3). 
Oligomycin was injected at 30 min blocking ATP production due to oxidative phosphorylation (red). FCCP was 
injected at 60 min, followed by complex I and III inhibitors, injected at 90 min, showing no difference in 
maximum mitochondrial capacity for all conditions (green). B) Extra-cellular acidification rate (ECAR) was 
measured for 30 min in the absence of glucose providing baseline measurement. Rate of glycolysis was 
measured by injecting glucose at 30 min, followed by oligomycin-mediated inhibition of oxidative 
phosphorylation at 60 min. Finally, 2DG was injected at 90 min to block both pathways. The increase in ECAR 
due to the addition of glucose (orange) is defined as glycolysis rate, while the difference between oligomycin 
and 2DG treatments define the maximal glycolytic capacity of the cells (green). C) Rate of free fatty acid 
oxidation (FAO) was measured by injecting palmitate (C16:0) at 30 min, followed by complete inhibition of 
CPT-1 by etomoxir at 60 min. The difference in OCR between the treatments is defined as fatty acid oxidation 
rate (purple). ** p < 0.001; n = experimental replicates. 
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Supplementary Figure 3. Gene expression and enrichment analysis of HCV infection. A) Venn diagram of the 
893 differentially regulated genes identified in JFH-1-infected co-cultures compared to controls. Close to 24% 
are related to metabolic function. Oxidative stress is another major category. Unbiased GO and Kegg 
enrichment analysis showed a complex response including wound healing (p<10-11), oxidative stress (p<10-7) 
drug and lipid metabolism (p<1×10-3).  To focus on the transcriptional regulation of metabolism we grouped 
functional annotations into six metabolic categories (Table 3). The differentially expressed genes were 
significantly enriched in all categories, including: lipid metabolism (p<10-7), cholesterol metabolism (p<10-11), 
glucose metabolism (p<10-13) and drug metabolism (p<10-12). B) Venn diagram of the 1,259 differentially 
regulated genes identified in liver biopsies taken from HCV patients (low fibrosis) compared to biopsies of 
normal tissue. The differentially expressed genes identified in vitro were enriched with those found in vivo 
(p<0.005). Unbiased enrichment analysis showed a strong immune response, masking other effects. However, 
our defined categories included glucose (p<10-7) and lipid metabolism (p<0.01) and were significantly enriched. 
Number of differentially expressed genes (count) and the total number of genes in the category (genes) are 
presented.   
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Supplementary Figure 4. Gene Set Enrichment Analysis (GSEA). A) GSEA on JFH-1 infected primary human 
hepatocyte co-cultures compared to naïve cells. Analysis show significant (*) HCV-induced up-regulation of 
drug metabolism (p<0.0001), fatty acid oxidation (p<0.01) and glycolytic process (p<0.05). Fatty acid 
biosynthesis and gluconeogenesis were induced but not significantly different from naïve cells. Oxidative 
phosphorylation was down-regulated by HCV-infection but was not significantly different from naïve cells. B) 
GSEA of HCV patients compared to normal human liver biopsy samples. Analysis show significant (*) HCV-
induced up-regulation of drug metabolism (p<0.0001) and fatty acid oxidation (p<0.01), but no significant 
increase in glycolysis. Surprisingly, oxidative phosphorylation was significantly down-regulated by HCV-
infection possibly due to the presence of multiple cell types in biopsy samples. C) GSEA enrichment plots 
showing in vitro effects of HCV infection (red/left) compared to naïve (blue/right).  
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Supplementary Figure 5. Validation of GFP transcriptional activity reporter panel. A) Fluorescent 
micrographs of GFP transcriptional activity reporters for LXRα, FXR, PPARϒ, PPARα, HNF4α, SREBP2, and PXR. 
Reporters were generated by cloning multiple repeats of the transcription factor response element upstream 
of a minimal promoter (methods). Reporters were introduced into HepG2 or Huh7.5.1 cells using lentivirus 
infection and the cells were exposed to the classical agonist for 24 hours. B) Quantification of JC1/RFP induced 
activation of each GFP reporter (methods, Fig. 3-5). While HNF4α, PPARα, FXR and PXR showed significant 
elevation in activity following infection, we could not detect changes in the activity of PPARϒ, SREBP2, or LXRα. 
* p<0.05, ** p<0.001. C) qRT-PCR of the same transcription factors shows that only the expression of HNF4α 
changed (p<0.001, n=3), demonstrating the difficulties of discerning activity from gene expression data.  
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Supplementary Figure 6. Silencing RNAi screen against computationally identified HCV metabolic regulators. 
A) Gene expression analysis of transcription factor expression 72 hrs after liposome transfection with siRNA 
against HNF4α, HNF1β, PPARα, FXR and random RNA (RNDM) in Huh7.5.1 cells. Target gene expression was 
significantly reduced by 79-85% (p<0.01, n=3). B) Secreted HCV RNA was reduced by HNF4α and HNF1β 
inhibition by 19-15%, and increased by PPARα and FXR inhibition by 12-7%. C) Glucose uptake was induced by 
JC1 infection and reversed by HNF4α and HNF1β inhibition. Lactate production increased by 40±16% following 
JC1 infection (p<0.05, n=5) and was reversed by HNF4α and HNF1β inhibition (p<0.05, n=3). D) Bile acid 
production decreased by 46±10% following JC1 infection (p<0.01, n=5), remained unaffected by PPARα 
inhibition (p<0.05, n=3), but was partly reversed by FXR inhibition. Ketone body production increased by 2-
folds following JC1 infection (p<0.01, n=5), remained unaffected by FXR inhibition, but was reversed by PPARα 
inhibition (p<0.05, n=3).   
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Supplementary Figure 7. Functional nuclear receptor perturbation using small molecule inhibitors shows 
nuclear receptor involvement in HCV metabolic regulation. A) Gene expression analysis of transcription 
factor inhibitor specificity in Huh7.5.1 cells exposed to the compounds for 24 hrs  (methods). HNF4α inhibitors 
Medica16 and BI6015 show specific inhibition of target glycolysis genes SLC2A2 and ALDOB (Fig. 3). PPAR 
inhibitors GW6471 and GW9662 show inhibition of lipid metabolism genes CYP4A11, HMGCS2, and BAAT (Fig. 
4), while BML-GR235 works on a subset related to cholesterol metabolism. Finally, the inhibitors do not affect 
PXR target gene CYP2C9. B) Analysis of alpha-fetoprotein (AFP) secretion comparing Medica16 and BI6015 
treated JC1-infected and Pol- control cells show no effect of HNF4α inhibitors on liver function. C) Complete 
metabolic analysis of Fig. 3F, comparing Medica16 and BI6015 treated JC1-infected cells to similarly treated 
Pol- controls. Glucose uptake was induced by JC1 infection and reversed by treatment with HNF4α inhibitors 
Medica16 and BI6015,  compared to similarly treated controls. Lactate production significantly increased by 
JC1 infection (p<0.05, n=5) and was reversed by treatment with Medica16 and BI6015, (p<0.05, n=5) 
compared to similarly treated controls. D) Complete metabolic analysis of Fig. 4F, comparing GW9662, 
GW6471 and BML-GR235 treated JC1-infected cells to similarly treated Pol- controls. Bile acid production was 
significantly reduced by JC1 infection (p<0.01, n=5) and unaffected by treatment with PPAR inhibitors GW9662 
and GW6471 (p<0.05, n=5), but reversed by treatment with FXR inhibitor BML-GR235 (p<0.05, n=5). Ketone 
body production was significantly induced by JC1 infection (p<0.01, n=5) and unaffected by BML-GR235 
treatment , but reversed by treatment with PPAR inhibitors GW9662 and GW6471 (p<0.05, n=5).   
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Supplementary Figure 8. Metabolic regulation of HCV genotype 1b in Huh7 cells. A) Huh7 cell line harboring 
a full-length genotype 1b replicon (Blight et al., 2000) was exposed to HNF4α inhibitors Medica16 and BI6015 
for 24 hrs. qRT-PCR showed a significant 2- and 4-fold inhibition in HCV RNA following treatment, respectively. 
B) Genotype 1b cells were similarly exposed to PPAR inhibitors GW9662 and GW6471, as well as FXR inhibitor 
BML-GR235. qRT-PCR showed a 1.8 to 2.4-fold increase in HCV RNA following treatment. These results mirror 
our findings with JFH-1 and JC1 clones (genotype 2a).    
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Supplementary Figure 9. Metabolic regulation of HCV in primary human hepatocytes. A) JC1/RFP infected 
primary human hepatocytes (methods) were exposed to HNF4α inhibitors Medica16 and BI6015 for 24 hrs. 
JC1/RFP showed a significant 2- and 4-fold inhibition in HCV replication (p<0.05 and p<0.01, n=4), respectively. 
B) Primary hepatocytes were similarly exposed to PPAR inhibitors GW9662 and GW6471, as well as FXR 
inhibitor BML-GR235. JC1/RFP showed a 1.4 to 1.6-fold increase in HCV replication following treatment. C) 
Primary hepatocytes exposed to PXR inhibitor silibinin showed no significant changes in HCV replication 
(p=0.53). These results mirror our findings with Huh7.5.1 cells.  D) Gene expression analysis of HCV in JC1 
infected primary human hepatocytes treated with sofosbuvir or vehicle control for 72 hrs.  JC1 infected 
primary hepatocytes treated with sofosbuvir showed a 37-fold decrease in viral expression compared to 
untreated JC1 control (p<0.05 n=3), and was not significantly different than uninfected Pol- cells (p=0.17, n=3).  
* p<0.05, ** p<0.01, n=experimental replicates    
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Supplementary Figure 10. Analysis of mitochondrial function in growth arrested Huh7.5 cells.  Previous 
attempts to unravel the metabolic effects of viral infection relied on proliferating cancer cells, showing up-
regulation of most metabolic pathways including glycolysis, oxidative phosphorylation and glutamine 
metabolism. In contrast, our metabolic analysis was carried out on non-proliferating primary human 
hepatocytes in which oxidative phosphorylation dominates over glycolysis and glutamine metabolism. We 
show a similar induction of glycolysis, but a critical down-regulation of oxidative phosphorylation and 
glutamine metabolism characteristic of the Warburg effect. Our analysis suggests that the cells circumvent 
mitochondrial pathways (Fig. 1,2). One reason for this discrepancy is that previous analysis utilized hepatoma 
cell lines whose proliferation rates may be affected by HCV infection. However, when Huh7.5 cells were 
growth arrested following culture in 1% DMSO, HCV infection caused a significant 11% reduction in basal 
mitochondrial activity (p<0.05 n=6), supporting our results.  A) JC1/RFP infected (HCV) and naïve Huh7.5 cells 
were expanded in 1% DMSO for 6 days until cell proliferation ceased. Mitochondrial analysis was carried out 
on 10,000 cells in the Seahorse Bioscience XFp Flux analyzer. A time course for measurement of oxygen 
consumption rate (OCR) is shown under basal conditions, followed by the sequential addition of oligomycin (1 
μM), FCCP (0.5 μM), and a mixture of antimycin A and rotenone (0.5 μM). B) Basal metabolic rate decreased in 
HCV-infected hepatocytes by 24% (p<0.01 n=3).  C) Metabolic phenotype graph showing OCR and Extracellular 
acidification rate (ECAR), a measure of glycolysis, in naïve and JFH-1 infected Huh7.5.1 cells, showing the 
metabolic shift towards a more glycolytic phenotype.     
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Supplementary Figure 11. HCV-induced CYP450 expression in vitro and in vivo. A) qRT-PCR analysis of CYP450 
enzymes in JFH-1 infected co-cultures of primary human hepatocytes compared to mock-infected controls. 
PXR targets CYP3A4 and CYP2C9 show 5- and 6-fold induction, respectively. CYP1A2 and CYP2D6 show a 
milder, yet significant increase in expression. While PXR expression increased by 30%, CAR expression showed 
9-fold induction. B) Analysis of CYP450 expression in liver biopsies obtained from HCV patients compared to 
normal livers. CYP3A4 and CYP2C9 show 5- and 3-fold induction, respectively. CYP1A2 shows a stronger 6-fold 
induction perhaps due to its presence in infiltrating immune cells. Expression levels of CAR and PXR show a 3 
and 2-fold increase in expression, respectively.  
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Supplementary Figure 12. Inhibitor Cell Viability Analysis. Small molecule inhibitors cause no toxicity in 
Huh7.5.1 cells following a 24-hour exposure based on fluorescent LIVE/DEAD viability analysis (methods). For 
glycolysis inhibitors, 2DG was used at 1 mM, BrPA at 10 μM, and DCA at 100 μM. For lipid metabolism 
inhibitors, etomoxir was used at 100 μM, and ranolazine at 50 μM. Nuclear receptor inhibitors (Fig. 3-5) 
Medica16 was used at 250 μM, BI6015 at 5 μM, GW9662 at 10 μM, GW6471 at 10 μM, BML-GR235 at 100 μM, 
and silibinin at 200 μM. Cell viability in all experimental conditions was greater than 90% and not significantly 
different from DMSO control.  Rotenone, a mitochondrial complex I inhibitor, was used as positive control. 
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Supplementary Figure 13.  Schematics of Metabolic Inhibitor Targets.  A)  Schematic of glycolysis with 
enzyme inhibitors 2DG, BrPA and DCA.  B)  Schematic of fatty acid oxidation and inhibitors etomoxir and 
ranolazine.
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Supplementary Table 1. Metabolic flux analysis (MFA) model and quantitative results. Balance equations of 
the MFA model (fluxes 1-80) and quantitative results for HCV infected and mock-infected primary human 
hepatocytes.  
 
Supplementary Table 2. Measured metabolic fluxes. Changes in external metabolites measured days 8 to 10 
post-infection following metabolic stabilization for HCV infected and mock-infected primary human 
hepatocytes. 
 

Supplementary Table 3. Defined metabolic categories for enrichment analysis. Collection of GO and KEGG 
categories used to define functional metabolic categories. 
 
Supplementary Table 4. HCV activated transcriptional regulators by metabolic pathway (in vitro). 
Transcriptional regulatory analysis is used to identify transcription factors as activated if their target genes are 
enriched within the differentially expressed genes in each metabolic category. Transcription factors 
highlighted in green were evaluated using GFP activity reporter (methods). 
 
Supplementary Table 5. HCV activated transcriptional regulators in general liver metabolism (in vivo). 
Transcriptional regulatory analysis is used to identify transcription factors as activated if their target genes are 
enriched within the differentially expressed genes in all metabolic categories combined (defined as general 
liver metabolism). Transcription factors highlighted in green were evaluated using GFP activity reporter 
(methods). 
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