S1 Appendix. Main functionalities associated with KEGG pathways enriched in
the HCV-targeted protein complexes.

Fig 4 in the main text shows that the KEGG pathways enriched in VIP-containing
protein complexes are associated with three main functions: entry, carcinogenesis, and
infectious disease. Below are details of the analysis.

Viral entry

There are five KEGG categories for the enriched pathways (P < 0.001; Fig 4 and S6
Table) for viral entry: 1) Cellular community, 2) Transport and catabolism, 3) Cell
motility, 4) Signal transduction, and 5) Signaling molecules and interaction. Pathways
in these categories are involved in HCV entry into hepatocytes, as described below.

The first entry step involves the attachment of the virus to host cell surface receptors.
Many different cell adhesion molecules and their downstream signaling have been
reported to be critical for viral entry®. In terms of HCV, the tight junction proteins
OCLN? and CLDNZ13 participate in HCV internalization, and CDH1 (adherens junction
protein) and ITGB1 (focal adhesion protein) were recently identified as necessary for
virion entry* °. Consistent with these observations, we identified four enriched KEGG
pathways related to cell adhesion (KEGG category: Cellular community; S6 Table):
Tight junction (enriched in group C and D complexes), Adherens junction (enriched in
group C, D, and F complexes), Focal adhesion (enriched in group B, D, and F
complexes), and Gap junction (enriched in group F complex). A second key entry step
is Endocytosis (KEGG category: Transport and catabolism), which involves
internalization of the HCV particle® and is a pathway enriched in group C and F
complexes (S6 Table). We also found that the Regulation of actin cytoskeleton pathway
(KEGG category: Cell motility) is enriched in group B and F complexes, consistent
with the report that the well-studied receptor CD81 can interact with HCV E2 to activate
Rho GTPase family proteins (e.g., RAC1 and CDC42); the activated Rho GTPases
rearrange actin filaments, allowing the HCVV-CD81 complex to relocate so as to interact
with tight junction proteins’.

Several signaling pathways (KEGG category: Signaling transduction) can facilitate
HCV entry. For example: 1) during HCV entry, activation of ErbB signaling triggers
Ras signaling, which can induce lateral membrane diffusion of CD81 and the formation
of the host entry factor complex®; 2) suppression of MAPK signaling significantly
inhibits HCV entry®; 3) activation of PI3K-Akt signaling facilitates HCV entry®. These
signaling pathways are all significantly enriched in the group F complex, indicating that
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this group has a strong effect on HCV entry. Finally, the ECM-receptor interaction
pathway (KEGG category: Signaling molecules and interaction) links the interaction
between extracellular proteins and transmembrane proteins, and is enriched in the group
B complex.

Carcinogenesis

Eight KEGG pathway categories (Fig 4 and S6 Table) were found to be enriched in
complexes associated with these functions: 1) Cancers: Overview, 2) Signaling
transduction, 3) Signaling molecules and interaction, 4) Cell growth and death, 5)
Ageing, 6) Immune system, 7) Endocrine system, and 8) Endocrine and metabolic
diseases. In light of these results it is likely that: 1) HCV E1/E2 can alter cancer-related
host functions by targeting VIP-containing targets, suggesting that E1/E2 can modulate
hepatocarcinogenesis; 2) E1/E2 may play a role in regulating the responses of host
immune system induced by HCV; 3) hepatocellular carcinoma (HCC) progression may
be regulated by E1/E2 via targeting the protein complexes that affect hormone-related
signaling pathways. Several lines of experimental evidence support these suggestions,
as summarized below.

Cancer is a complex disease involving many different signaling pathways, which play
important roles in cancer development®. We identified several HCC-associated
signaling pathways?, including MAPK signaling (enriched in group E and F complexes)
and Ras signaling (enriched in group F complex) that are involved in cell growth,
differentiation and proliferation, and PI3K-Akt signaling (enriched in group B and F
complexes) and mTOR signaling (enriched in group F complex) in cell survival.
Furthermore, the inhibition of apoptosis contributes to the development of HCC!, and
Apoptosis (KEGG category: Cell growth and death; enriched in group E complex) and
its upstream inhibiting pathway NF-kappa B signaling (enriched in group E complex)
were identified as enriched pathways. Metabolism and glycosylation are also important
in caner development® 2, and two cancer-associated metabolic pathways, Central
carbon metabolism in cancer and Choline metabolism in cancer, were identified with
both enriched in group F complex. Proteoglycans, heavily glycosylated proteins, can
affect tumor progression by contributing to proliferation, adhesion, angiogenesis and
metastasis of cancer cells®3, and Proteoglycans in cancer was identified as an enriched
pathway of group B, D, and F complexes. A metabolic disease-associated pathway,
AGE-RAGE signaling pathway in diabetic complications, is enriched in group C
complex; this is a pathway that can be induced by diabetes-associated hyperglycemial?,
can enhance HCC progression®®, and contribute to diabetic complications!*. Finally,
anti-ageing genes may be cancer inhibiting!® and can be activated by the Longevity
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regulating pathway, a pathway enriched in group F complex.

HCV infection triggers host innate and adaptive immune responses and induces
inflammation!’ although the mechanistic details of the interaction(s) between HCV
proteins and host immune systems are not fully understood. S6 Table and Fig 4 show
that the Antigen processing and presentation pathway is enriched in group A complex,
and the RIG-I-like receptor signaling and Toll-like receptor signaling pathways are
enriched in group E complex. These in silico results are consistent with experimental
data showing that E1/E2 can alter these pathways'®2° and mediate the escape of HCV
from antigen presentation?’. Insufficient clearance of HCV by the immune system
consequently leads to persistent viral infection and chronic inflammation??, which can
result in cirrhosis and HCCZ,

Lastly, our results showed that several hormone signaling and associated disease
pathways are significantly enriched in HCV-targeted protein complexes (P < 0.001; Fig
4 and S6 Table): Adipocytokine signaling in group E, and in group F those relating to
the signaling of insulin, estrogen, and prolactin, and the Insulin resistance disease
pathway. Notably, most of these hormones are associated with regulating HCC
progression: For adipocytokine signaling, both the promoting®* % and inhibiting
effects®® 2’ on HCC progression by leptin and adiponectin have been investigated.
Insulin-signaling events are considered to be cancer promoting®, and estrogen and
prolactin are two female hormones that can inhibit HCC progression through their anti-
inflammatory effects on hepatocytes®® °. Interestingly, recent studies suggest that HCV
infection can induce insulin resistance, which is a cancer risk factor 3! and can repress
the host response to anti-viral therapy®2. Our in silico result suggesting the involvement
of HCV E1/E2 in insulin resistance is generally in line with the aforementioned reports,
but the specifics need to be elucidated experimentally.

Infectious disease

In this third type of KEGG functions, two KEGG infectious pathway categories, Virus
and Parasite, were found to be enriched in group A, E and F complexes (P < 0.001; Fig
4). Interestingly, not only the Hepatitis C virus pathway but also the pathway of
Hepatitis B virus®®, Herpes simplex virus®, and Toxoplasma gondi®®, a pathogen
causing Toxoplasmosis (see S6 Table), were found to be enriched in group A, E and/or
F complexes, indicating that these protein complexes may mediate the interplay
between HCV and these other pathogens during coinfection. Indeed, studies have
reported that HCVV/HBV coinfection occurs frequently and usually results in severer
disease progression than infection by HBV or HCV alone®. Interestingly, in the group

3



E complex, six out of eight VIPs in the enriched Hepatitis B pathway are also present
in the enriched immune-related pathways of RIG-I-like receptor signaling and Toll-like
receptor signaling, suggesting that the immune system may be modulated by the same
set of VIPs during HBV/HCYV coinfection. However, the cause-and-effect relationship
between coinfection and immune modulation is unclear, and further analyses are
necessary to elucidate the molecular mechanisms.
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