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Table 1. continued

genelD ,‘;""symbolya A pioNe S A e dcscnptmn ) 5 ) ) T o fefs,yi i
3932 LCK lymphocyte-specific protein tyrosine kinase ' o=
55679 LIMS2 LIM and senescent cell antigen-like domains 2 =
4067 LYN v-yes-1 Yamaguchi sarcoma viral related oncogene homologue =
9448 MAP4K4 mitogen-activated protein kinase kinase kinase kinase 4 this study
6300 MAPKI12 mitogen-activated protein kinase 12 =
4155 MBP myelin basic protein 2
4256 MGP matrix Gla protein e
55233 MOB1A MOB kinase activator 1A 2
4673 NAPILI nucleosome assembly protein 1-like 1 =
4674 NAP1L.2 nucleosome assembly protein 1-like 2 »
10397 NDRG1 N-mye downstream regulated 1 =
4778 NFE2 nuclear factor (erythroid-derived 2), 45 kDa 7‘2
11188 NISCH nischarin this study
4924 NUCBI nucleobindin 1 =
4938 OAS1 2'-5"-gligoadenylate synthetase 1, 40/46 kDa »
5007 OsBp oxysterol binding protein “'
64098 PARVG parvin, gamma b
5170 PDPKI 3-phosphoinositide dependent protein kinase-1 2
5297 PI4KA phosphatidylinositol 4-kinase, catalytic, alpha ®
5291 PIK3CB phosphoinositide-3-kinase, catalytic, beta polypeptide =
5295 PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) ASdELI06
5300 PINI peptidylprolyl cis/trans isomerase, NIMA-interacting 1 "
5307 PITX] paired-like homeodomain 1 =
5347 PLKY polo-like kinase 1 "
10654 PMVK phosphomevalonate kinase 2
5478 PPIA peptidylprolyl isomerase A (cyclophilin A) s
10848 " PPPIRI3L protein phosphatase 1, regulatory subunit 13 like =
5518 PPP2CA protein phosphatase 2, catalytic subunit, alpha isozyme e
5518 PPP2RIA protein phosphatase 2, regulatory subunit A, alpha e
5698 PSMBY proteasome (prosome, macropain) subunit, beta type, 9 (large multifunctional peptidase 2) 2
5757 PTMA prothymosin, alpha 2
5894 RAF1 v-raf-1 murine leukemia viral oncogene homologue 1 z
6142 RPLISA ribosomal protein L18a 2
6167 RPL37 ribosomal protein L37 this study
6238 RRBP] ribosome binding protein 1 homologue 180 kDa (dog) 2
91543 RSAD2 radical S-adenosyl methionine domain containing 2 "
6252 RTN1 reticulon 1 . this study
10313 RTN3 reticulon 3 this study
6424 SFRP4 secreted frizzled-related protein 4 =
81858 SHARPIN SHANK-associated RH domain interactor 2
64754 SMYD3 SET and MYND domain containing 3 =
8470 SORBS2 sorbin and SH3 domain containing 2 »
10174 SORBS3 sorbin and SH3 domain containing 3 »
6714 SRC v-sre sarcoma (Schmidt-Ruppin A-2) viral oncogene homologue (avian) 2
10847 SRCAP Snf2-related CREBBP activator protein =
6741 SSB Sjogren syndrome antigen B (autoantigen La) =
284297 SSCSD scavenger receptor cysteine rich domain containing (5 domains) o
6772 STATI signal transducer and activator of transcription 1 HE
25777 SUN2 Sad! and UNC84 domain containing 2 this study
6850 SYK spleen tyrosine kinase e
4070 TACSTD2 tumor-associated calcium signal transducer 2 =
6880 TAF9 TAF9 RNA polymerase 11, TATA box binding protein (TBP)-associated factor, 32 kDa =
6908 TBP TATA box binding protein =
7046 TGFBRI transforming growth factor, beta receptor | »
7057 THBS! thrombospondin 1 =
374395 TMEMI179B transmembrane protein 179B 2
7110 TMF1 TATA clement modulatory factor 1 2
7137 TPS3 tumor protein p53 =
7159 TPS3BP2 tumor protein ps3 binding protein, 2 =
7186 TRAF2 TNF receptor-associated factor 2 =
11078 TRIOBP TRIO and F-actin binding protein =
2540 dx.dol.org/10.1021/pr3011217 L L Proteome Res. 2013, 12, 2537-2551
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Table 1. continued

gene ID symbol’ G : ‘ dés&iptioﬁ - refs
51061 TXNDC!1 thioredoxin domain containing 11 =

53347 UBASH3A ubiquitin associated and SH3 domain containing A 2

10869 USP19 ubiquitin specific peptidase 19 =

9218 VAPA VAMP (vesicle-associated membrane protein)-associated protein A, 33 kDa i

9217 VAPB VAMP (vesicle-associated membrane protein)-associated protein B and C this study; 2280
10493 VATI vesicle amine transport protein 1 homologue (T. californica) this study
55737 VPS35 vacuolar protein sorting 35 homologue (S. cerevisiae) =

6293 VPSS2 vacuolar protein sorting S2 homologue (8. cerevisiae) =

140612 ZFP28 zinc ﬁngér protein 28 homologue (mouse) this study
9726 ZNF646 zinc finger protein 646 =

Quantitative Reverse-Transcription PCR (qRT-PCR)

Total RNA was prepared from the cell and culture supernatant
using the RNeasy mini kit (QIAGEN, Hilden, Germany) and
QlAamp Viral RNA Mini Kit (QIAGEN), respectively, First-
strand cDNA was synthesized using high capacity ¢cDNA
reverse transcription kit (Applied biosystems, Carlsbad, CA,
USA) with random primers. Each ¢cDNA was estimated by
Platinum SYBR Green qPCR Super Mix UDG (Invitrogen) as
per the manufacturer’s protocol. Fluorescent signals of SYBR
Green were analyzed with ABI PRISM 7000 (Applied
Biosystems). The HCV internal ribosomal entry site (IRES)
region and human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene were amplified with the primer pairs 5’
GAGTGTCGTGCAGCCTCCA-3' and §5'-CACTCG-
CAAGCACCCTATCA-3', and S'-GAAGGTCGGAGT-
CAACGGATT-3" and 5'-GATGACAAGCTTCCCGTTCTC-
3, respectively.'p” The quantities of the HCV genome and the
other host mRNAs were normalized with that of GAPDH
mRNA. RTNI and RTN3 genes were amplified using the
primer pairs purchased from QIAGEN.

Cell Lines and Virus Infection

Cells from the Huh7O0K1 cell line are highly permissive to
HCV JFHI strain (genotype 2a) infection compared to Huh
7.5.1 and exhibit the highest propagation efficiency for JFH1."™
These cells were maintained at 37 °C in a humidified
atmosphere and 5% CO,, in the Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented
with nonessential amino acids (NEAA) and 10% fetal calf
serum (FCS). The viral RNA of JFHI was introduced into
Huh7OK1 as described by Wakita et al.™ The viral RNA of
JFH1 derived from the Flasmid pJFH1 was prepared as
described by Wakita et al.™

Statistical Analysis

Experiments for RNAi transfection and gqRT-PCR were
performed two times. The estimated values were represented
as the mean = standard deviation (n = 2). The significance of
differences in the means was determined by the Student’s t-test.

B RESULTS AND DISCUSSION

Identifying Host Proteins That Interact with HCV NS5A
Protein

We employed an integrated approach that combined an
experimental Y2H assay and comprehensive literature mining
to identify human host proteins interacting with NSSA.

First, we performed an Y2H screening to characterize the
interactions between NSSA and host proteins. The analysis of
positive colonies revealed 17 host factors as interacting partners

2541

31

of NSSA (Tables 1, S1, Supporting Information), 14 of which
are novel. The other three interactions have been characterized
previously; vesicle-associated membrane protein (VAMP)-
associated protein B (VAPB), a membrane trafficking factor,
and FK506-binding protein 8 (FKBP8), an immunoregulation
protein, independently regulate HCV replication via inter-
actions with NSSA;**** Bridging integrator 1 (BINI), a
tumor suppressor.protein, interacts with NSSA and significantly
contributes to HCC.'” Among the newly discovered
interactors, MAP4K4 is overexpressed in HCC, and knock-
down of MAP4K4 expression inhibits HCC progression;™
RTN1 and VAT1 were previously observed to be elevated in
HCV infected cells,” and ARL6IP1, EPHB6, GABARAPL2,
ITSNI1 and NISCH were differentially expressed in HCV
infection in vitro.®® Furthermore, five (ARL6IP1, FKBPS,
RTNI, RTN3, VAPB) of the 17 interactors (29.4%) localize to
the endoplasmic reticulum (ER; GO:0005783; p = 0.0028),
which is consistent with the role of NSSA as a crucial
constituent of the HCV replication complex associated with the
ER.*' These results suggest that the PPIs detected by our Y2H
assay may closely reflect NSSA interactions in vivo.

We next scanned the biomedical literature to expand the
repertoire of NS5A—host interactions. Because of an ever
increasing volume of biomedical literature describing the
pathogenesis of infectious diseases, the identification of specific
host—pathogen interactions and their roles in pathogenicity is a
nontrivial task, and therefore, recent years have witnessed a
rapid development of computational tools for biomedical
literature mining. We performed extensive literature mining
using computational tools that facilitate the retrieval and
extraction of relevant information from the biomedical
literature (Pubmed, EBIMed, Protein Coral) and followed it
up with a careful manual inspection to identify additional host
factors, which directly interact with NSSA and which were not
present in the Y2H data set. One hundred and fifteen pairwise
interactions between NSSA and human proteins (consisting of
93 catalogued by a high throughput study of binary HCV—host
interactions™ and 22 from assorted reports; see Supporting
Information, Table S2) were extracted from the literature in
this manner and were added to the existing interactors. The
resulting NSSA—human interactome thus comprised 132
human host proteins directly interacting with NSSA (Table
1), all of which are expressed in the liver (see Supporting
Information, Table S3).

Network Topological Analysis of the NS5A—host
Interactions: NS5A Preferentially Targets Hubs and
Bottlenecks in the Host Protein Interactome

To further understand the biological significance of the NSSA—
host interactions, we retrieved PPIs for the nodes targeted by

dx.doiorg/10.1021/pr3011217 | L Proteome Res, 2013, 12, 25372551
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Figure 1. Topological analysis of the NSSA infection network. (A) The node degree distributions of the NSSA interatcors in the HPL, NSSA
infection network, and HPI are represented as box plots. The average degree of the NSSA interactors in HP1 (19.02) was higher than those of the
NS5A infection network (8.24) and HPI (5.96). Median node degrees (indicated by thick horizontal lines) of the NS5A interactors in HPI, NSSA
infection network, and HPI are 8, 5, and 3, respectively. (B) The average degree of the nodes targeted by NSSA in HPI was much higher than mean
average degree of 1000 sets of the randomly selected 108 nodes in HPL (C) The shortest path length distributions of the NSSA infection network
and HPL The path length is represented on the x-axis while the y-axis describes the frequency, e, the percentage of node (protein) pairs within the
PPI network with a given shortest path length. For simplicity, only the node frequencies for path lengths 1-S in the HPI are displayed. (D) The
number of bottlenecks among the nodes targeted by NSSA in HP1 was much higher than mean of the number of bottlenecks among 1000 sets of the

randomly selected 108 nodes in HPL *: p < 0.001.

NSSA in the HPI and incorporated them with the initial
interactions to infer an extended NSSA infection network. PPls
for 108 of 132 NSSA interactors were retrieved in this manner;
24 of 132 NSSA interactors had no PPls in the HPI
(Supporting Information, Tables S4, SS5a, SSb). For ‘the
NSSA infection network and the HPI, we computed the
node degree distribution and the characteristic/average path
length measures to capture the topologies of the two networks.
The degree of a protein, which corresponds to the number of
its interacting partners, may often reflect its biological relevance
since a better connected protein is likely to have a higher ability
to influence biological networks via PPIs. Average path lengths
provide an approximate measure of the relative ease and speed
of dissemination of information between the proteins in a
network.

The NSSA infection network consisted of 1442 entities
(nearly all of which are expressed in the liver; see Supporting
Information) with 6263 interactions between them (Supporting
Information, Tables S4, S5a). The average degree (defined as
the number of interactions for a given protein) of the NSSA
infection network (8.24) was notably higher than the degree
inferred for the HPI (5.96) (Figure 1A). Furthermore, the

2542
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average degree of the nodes targeted by NSSA in the HPI
(19.02) was even higher; this number is significantly greater
than the average degree obtained from a sample of randomly
selected nodes (6.17 £ 1.08 with p < 0.001; Figure 1B; see
Supporting Information). Also the degrees inferred for the
majority of the NSSA interactors in the HPI (65 of 108;
60.18%) were higher than the mean degree of the HPI (5.96)
(Figure 1A). Our observations therefore suggest that NSSA
preferentially targets several highly connected cellular proteins
(hubs) with an ability to influence a large number of host
factors in HCV infection. The average (shortest) path length of
the NSSA infection network (3.26) was significantly shorter
than the HPI (4.54), and also the distribution of shortest path
lengths was shifted toward the left (Figure 1C), thereby
suggesting that the NSSA influenced cellular network is more
compact and inclined toward faster communication between
the constituents relative to the host cellular network.

Next, we examined the betweenness measures of the NS5A
interactors in the HPI to assess their significance in the HPI
and the NSSA infection network. The betweenness of a node,
determined by the number of shortest paths passing through it,
reflects the importance of that node in the network; the nodes

dx.doi.org/10.1021/pr30112171 4 Proteome Res. 2013, 12, 2537-2551



Journal of Proteome Research

with the highest betweenness prominently regulate the flow of
signaling information and are therefore “bottlenecks”, repre-
senting central points for communication in an interaction
network.>* Previously, proteins with high betweenness have
been 1mphcated in crucial roles in HCV infection and
pathogenesis. 3351 T investigate if NSSA preferentially targets
bottlenecks (defined as the top 10% of the nodes in the HPI1
ranked by betweenness), we estimated the fraction of NSSA
interactors that were bottlenecks in the HPL A significant
proportion (39 of 108; 36.1%) of the NSSA interactors were
identified as bottlenecks in the HPI (Supporting Information,
Table S6); this number is significantly higher than the number
of bottlenecks among randomly selected nodes (10.72 % 3.17
with p < 0.001; Figure 1D; see Supporting Information). These
include growth factor receptor-binding protein 2 (GRB2),
which plays an important xole in the subversion of host
signaling pathways by NS5A;*® tumor protein 53 (TPS3), a key
mediator of the oncogenic effect of NS5A in HCV-induced
HCC;*® and tyrosine kinase SRC, which regulates the
formation of NSS5A-containing HCV replication complex. 57
Among the NSS5A interacting proteins identified by our Y2H
screening, ITSN1, an endocytic traffic associated protein, and
GABARAPL2, an autophagy associated protein, were identified
as network bottlenecks.

Our observations therefore suggest that NSSA preferentially
interacts with highly central proteins in the host protein
interactome; these interactions may help the virus to regulate
efficiently the flow of the infection-related information in the
host cellular network and manipulate the host metabolic
machinery for its own survival and pathogenesis. Our
observations are consistent with studies that suggested that
viral pathogens tend to interact with well-connected host
proteins that are central to the host cellular networks, thus
Zrol?]l:hné‘ 2§1:§§n to appropriate essential cellular func

Functional Analysis of NS5A Interaction Network

Next, we investigated the NSSA infection network for the
enrichment of specific biological associations (KEGG pathways,
CATH structural domains; GO terms and Reactome Pathways;
Supporting Information, Tables $7a, S7b, S7c and $7d).
Notably, a significant proportion of the proteins in the NS5A
infection network were mapped to the CATH Phosphorylase
Kinase; domain 1, domain (CATH:3.30.200.20; 138 out of
1442, p = 2.61 x 107™) including 23 of the 132 NS5A
interacting host proteins (p = 3.38 X 107"} (13 of which are
bottlenecks in the HPI), based on the Gene3D protein domain
assignments (Supporting Information, Table S7b). These
include two novel interactions between EPHB6 (a kinase
deficient receptor) and MAP4K4 and NS3A, identified by our
Y2H assay (Table 1). The significant representation of cellular
kinases in the NSSA infection network is consistent with the
key roles played by reversible phosphorylation of NSSA in
modulating various NSSA functions in HCV pathogenesis.
Impairing NSSA hyperphosphorylation has been shown to
inhibit HCV replication, and thus, the cellular kinases that
regulate NSSA phosphorylation are important targets for anti-
HCV therapy.”*®™%

The analysis of NSSA infection network revealed an
enrichment of 79 KEGG pathways (Supporting Information,
Table S7a). Furthermore, 31 of the 39 NSSA interacting
bottlenecks (hereafter referred to as bottlenecks) were mapped
to 75 of the 79 enriched KEGG pathways (Supporting
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Information, Table S$). Among the 75 bottleneck-associated
enriched KEGG pathways, the highest numbers were associated

-with various cancers and infectious diseases (31 enriched

KEGG pathways; 27 bottlenecks), followed by immune system,
signal transduction and endocrine system (23 enriched KEGG
pathways; 27 bottlenecks), cell growth and death (4 enriched
KEGG pathways; 9 bottlenecks), nervous system (4 enriched
KEGG pathways; 8 bottlenecks) and cellular communication (3
enriched KEGG pathways; 14 bottlenecks) among others
(Tables 2, S8a, Supporting Information). Below we describe
our observations on the most prominent enriched biological
themes of interest that were associated with the NSSA infection
network, with a specific focus on the bottlenecks.

Cancers and Infectious Diseases

The analysis of the NSSA interaction network revealed that
NSSA specifically targets host factors that participate in various
complex human diseases. Thirty-four NSSA interactors
including 24 bottlenecks were mapped to one or more of the
17 enriched KEGG pathways associated with different
infectious diseases (Supporting Information, Tables $7a, $8a).
Among the most prominent associations, 12 bottlenecks were
mapped to “Epstein—Barr virus infection” (p = 1.36 X 107%);
10 to “Hepatitis C” (p = 347 X 107%); 10 to “HTLV-]
infection” (p = 1.39 X 107%); 9 to “Hepatitis B” (p = 3.33 X
107%); 8 to “Measles” (p = 5.69 X 107"7); 7 bottlenecks were
mapped to “Influenza A” (p = 5.01 X 107"); 7 to “Herpes
simplex infection” (p = 1.47 X 107'%) and 6 to “Tuberculosis”
(p = 3.02 X 107%) (Supporting Information, Tables $7a, $8a).
These associations include infectious diseases induced by
various bacterial and viral pathogens thereby suggesting that
HCV and other pathogens may systematically target specific
host factors, the perturbation of which may contribute to the
onset of various human diseases.

Also, 19 bottlenecks were mapped to one or more of the 16
enriched KEGG pathways associated with various cancers.
Among the most prominent associations, 10 bottlenecks were
mapped to “Viral carcinogenesis” (p = 1.3 X 10™"); 8 each
were mapped to “Prostrate cancer” (p = 427 X 107%),
“Endometrial cancer” (p = 552 X 107™') and “Colorectal
cancer” (p = 4.22 X 107*); 7 to “Pancreatic cancer” (p = 1.94
% 1071%); 6 to “Chronic myeloid leukemia” (p = 1.61 x 107%)
and 5 each to “Non-small cell lung cancer” (p = 8.66 x 107"%)
and “Glioma” (p = 2.38 X 107'") (Supporting Information,
Tables S7a, S8a). The significant association of HCV with host
factors central to various cancer pathways (including tumor
suppressors such as TPS3) is consistent with previous
observations that viral pathogens sxgmﬁcanﬂy targeted host
proteins associated with cancer pathways,*”*** which likely
plays major roles in tumorigenesis.

Immune System and Signal Transduction

HCV infection induces various active and passive host immune
responses including the recognition of viral RNA by host cell
receptors. These events lead to the production of Type I
interferons (IFN-a/f) and inflammatory cytokines in the
infected hepatocytes, initiating the antiviral response. HCV
persistence in the host is determined by the virus’s ability to
impair host immune responses.(’(’“('

The analysis of the NSSA interaction network revealed that
21 of the 132 NSSA interacting proteins, including 16
bottlenecks and their interacting partners, were mapped to
one or more enriched KEGG pathways associated with the
immune system (Supporting Information, Tables $7a, S8a).

dx.dol.org/10.1021/pr3011217 1 L Proteome Res. 2013, 12, 25372551
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g 3 & Eight bottlenecks were mapped to the enriched KEGG pathway
E7 87 3w u 2 “Chemokine signaling pathway” (p = 2.27 X 107'%), which is
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: : N A infection.”” Eight bottlenecks were mapped to the enriched

KEGG pathway “MAPK signaling pathway” (p = 2.4 X 107"
Supporting Information, Tables S7a, S8a). Elements of the
MAPK signaling cascades are directly involved in the
progression of HCV infection, garticularly in association with
HCV Core and E2 proteins,™**”7 thereby suggesting that
NSSA interactions with the key facilitators of MAPK signaling
in the host interactome may play an important role in
regulating the reversible phosphorylation of NSSA and may
contribute to the progression of HCV pathogenesis.
Bottlenecks AKT1, GRB2, GSK3B, PIK3R1 and RAFI and
many of their interactors were mapped to the enriched KEGG
pathway “Insulin signaling pathway” (p = 242 Xx 107
Supporting Information, Tables S7a, S8a); these proteins are
highlighted in Figure 2. Insulin signaling plays an important
role in regulating glucose and lipid metabolism, and the
disruption of this process may contribute to insulin resistance
(IR). IR is linked with steatosis, fibrosis pro ression and poor
interferon-a response in HCV infection. 8789 Suppression of
, AKT1 and GSK3B activity in HCV infection disrupts glucose
metabolism and contributes to IR®*"® Furthermore, PIK3R1
and NSSA interactor PIK3CB (Figure 2) are subunits of
phosphatid!linositol 3-kinase (PI3K), which controls insulin
secretion; ™ PI3K also facilitates the activation of the proto-
oncogene beta-catenin (CTNNBI1) by NS5A, which contrib-
utes to the development of HCC in HCV pathogenesis.*!
Previously, HCV Core protein has been directly implicated in
the induction of IR in HCV infection,® while there is little
evidence suggesting definitive links between NS5A and IR. Our
observations, however, suggest that NSSA directly interacts
with key regulators of insulin metabolism and may, therefore,
play a major role in modulating HCV-induced IR and
eventually HCC.

GPS2, GRB2,

1, CTNNBL, FLNA, FYN,

GSK3B, HSPB1, JAKY, LCK, LYN, PIK3R1, PPP2CA, RAF1, SRC, STATI,

SYK, TBP, TGFBRI, TP53, TRAF2
AKT1, AXIN1, CDK1, CTNNB1, GRB2, GSK3B, HSP90AA], JAKL, LYN,

associated bottlenecks
N, GRB2, GSK3B, JAK1, LCK, PIK3R1, STATI, SYK,

HSPBI, JAK1, LCK, LYN, PIK3R1, PPP2CA, RAF1, SRC, STATI, SYK,
TGFBRI, THBS!

TGFBRI, THBS1, TP33, TRAF2
AKT1, GRB2, GSK3B, LYN, PIK3R1, PPP2CA, RAF], TP33

RAF1, SRC, STATI, SYK, TBP, TGFBRI, THBS1, TP33, TRAF2
PIK3R1, PIN1, RAF1, SRC, STAT1, SYK, TRAF
AKT1, AXIN1, CSKN1Al, CTNNBI, FLN, GRB2, GSK3B, HSP90AAL,

PPP2CA, RAF1, SRC, TGFBRI, THBSI

TRAF2

AKT1, CDKI, GSK3B, PIK3R1, PLKI1, PPP2CA, THBS1, TP33, TRAF2

AKT1, CDKI, GRB2, GSK3B, HSP90AAL, PIK3R], PLK1, RAF1, SRC,
ACTB, AKT1, CSNK2Al1, CTNNBI, FLNA, FYN, GRB2, GSK3B, PIK3R1,

ACTB, AKT1, CTNNBI, FYN, GRB2, GSK3B, HSP90AAL, LCK, LYN,

ACTB, AKT1, CDK1, CSNK:

AKT1, FHL2,

24
16
2
8
10
9
14
2

19

16
16
0
9
5
4
4
3
3

nervous system

cell growth and
death
communication

cell

Table 2. KEGG Pathway Functional Categories (Subclasses) Sorted by the Number of Enriched Pathways (>3) Associated with One or More NSSA Interacting Bottlenecks
transduction
development

infectious
diseases

cancers

immune system

signal

endocrine system
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NS5A interacting bottleneck
Other

KEGG Pathway “Insulin signaling pathway”
NS5A interacting bottleneck mapped to “Insulin signaling pathway”

NS5A interacting protein mapped to “Insulin signaling pathway”

Figure 2. NSSA interacting bottlenecks and their interacting partners associated with the enriched KEGG pathway hsa04910: “Insulin signaling

pathway”.

Cell Adhesion and Communication

The perturbation of adherens and tight junction associated
proteins has been implicated in HCV entry, cell—cell
transmission and hepatoma migration in HCV infection.*~%
In the NSS5A infection network, eight bottlenecks (ACTB,
AKTI1, CSNK2Al, CTNNBI, FYN, PPP2CA, SRC and
TGFBR1) were mapped to either or both of the enriched
KEGG pathways “Adherens Junction” (p = 1.03 x 107'%) and
“Tight junction” (p = 1.19 X 107%), which are associated with
cell adhesion junctions and cellular communication (Support-
ing Information, Tables S7a, $8a). CSNK2ALI is the catalytic
(alpha) subunit of Casein Kinase II (CK2), which phosphor-
ylates NSSA and regulates the production of infectious viral
particles.”> CTNNBI, a key component of cell-adhesion
complexes, is positively regulated by CK2.* Furthermore, the
activation of CTNNBI by NSSA significantly contributes to
HCC.* Taken together, our observations suggest that NSSA
interactions with bottlenecks, which regulate cell—cell adhesion
(CSNK2A1, CTNNBI) and cytoskeletal organization (ACTB),
may significantly contribute to the progression of HCV life
cycle and tumorigenesis in HCV pathogenesis.
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Eleven bottlenecks were mapped to the enriched KEGG
pathway “Focal Adhesion” (p = 1.02 X 1077, Supporting
Information, Tables $7a, S8a), thereby reiterating that focal
adhesion is a major target of NSSA.** Focal adhesion regulates
cell migration and adhesion, and some of its components were
directly implicated in the regulation of HCV replication and
propagation in our earlier study.’* Our observations thus
suggest that NSSA interactions with key components of the
focal adhesion machinery may play important roles in the HCV
lifecycle. For instance, NS5A interacts with bottleneck THBS1
(Thrombospondin-1), a glycoprotein, which was mapped to
the KEGG “Focal Adhesion” pathway. THBSI plays a key role
in NS5A-mediated activation of the cytokine TGF-f1, which
facilitates HCV replication and progressive liver fibrosis in
HCV infection.”® Our observations suggest that direct NSSA
interactions with the bottlenecks THBS1 and TGFBRI (TGF-
p receptor 1; KEGG Pathway “Adherens Junction”), a key
facilitator of TGF-f} downstream signaling, may be crucial in
facilitating HCV replication and tumorigenesis in HCV
pathogenesis.

dx.doi.org/10.1021/pr3011217 L. Proteome Res. 2013, 12, 25372551
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NS5A interacting protein

Figure 3. ER-localized host factors RTNI and RTN3 were found to interact (blue edges) with NSSA in an Y2H screening of human liver cDNA

library using NSSA as bait.
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Figure 4. Effects of knockdown of RTNI and RTN3 on HCV propagation and replication, Host factors RTN1 and RTN3 were suppressed by RNAi
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Cellular Transport

Cellular factors associated with endocytic trafficking are key
facilitators of the HCV life cycle, particularly HCV entry into
the hepatic cells.”' ™ Endocytosis of the extracellular growth
factor receptor (EGFR) in association with the cell surface
glycoprotein CD81 plays a crucial role in HCV inteinalization
and entry and is, therefore, an attractive target of anti-HCV
strategies.” In the NSSA infection network, NSSA interactors
ARAP1 and HSPAIA together with two bottlenecks (SRC,
TGEBR1) were mapped to the enriched KEGG pathway
“Endocytosis” (p = 297 X 107% Supporting Information,
Tables S7a, S8a). ARAPI, a Golgi associated protein, negatively
regulates EGFR traflicking, and decreased ARAP1 expression
contributes to enhanced EGFR endocytosis.” Therefore, NSSA
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interaction with ARAP] may facilitate EGFR internalization
and thus viral entry in HCV infection,

NS5A Interacting Host Proteins RTN1 and RTN3 Function in
HCV Propagation but Not Replication

Traditionally, viral and host proteins associated with the HCV
lifecycle (internalization, replication, assembly and release)
have been preferred targets in the anti-HCV studies. During
infection, HCV localizes to the detergent-resistant membrane
fraction (DRM) derived from the ER, where the viral
replication and assembly take place* Thus, of the novel
interactions identified in our Y2H assay, we focused on two ER-
localized host factors RTNI and RTN3 (Figure 3). RTNI and
RTN3 belong to a group of proteins named Reticulons, which
are integral to maintaining the shape and organization of the

dx.doi.org/10.1021/pr3011217 | /. Proteome Res, 2013, 12, 2537-2551
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ER and have been implicated in facilitating the replication of
varfous positive-strand RNA viruses.”¢"%® Furthermore, both
RTNI and RTN3 have been specifically detected in the very
low density lipoprotein (VLDL) transport vesicle (VTV);”
VTV is a key component of the VLDL secretory pathway,
which plays an essential role in the production and the release
of the infectious HCV particles.'®® Therefore, NS5A
interactions with RTN1 and RTN3 suggested novel and
potentially crucial roles of the two host proteins in the
replication and/or release stages of the HCV lifecycle.

We performed cellular assays to assess the impact of RTN1
and RTN3 siRNA knockdowns on HCV replication and
release. Since the HCV-production systems using the HCV
JFHLI infectious strain (genotype 2a) isolates alone are capable
of both efficient replication and the production of the infectious
HCV particles, JFH1 was used to infect the Huh70K1 cell line
24h after transfection with each siRNA (see Materials and
Methods). The infected cells were harvested after 72 h
postinfection, and the expression of each host protein was
assessed by gqRT-PCR (Figure 4A). The viral titer was
significantly decreased by individual and double knockdowns
of RTNI and RTN3 (Figure 4B). However, RTN1 and RTN3
knockdowns had no effect on the intracellular viral RNA levels
in the HCV infected cells (Figure 4C), suggesting that RTN1
and RTN3 regulate HCV propagation but not HCV replication.

B CONCLUSIONS

We describe here our observations of PPls between HCV
NSSA and host proteins, By employing a multifold approach
involving an experimental Y2H assay and literature mining, we
derived a comprehensive set of experimentally determined
binary interactions between NSSA and host proteins. We
proceeded to map the combined NSSA—host interactions onto
an overall interaction network, which comprised a repertoire of
connections, which potentially enable NSSA to link up with and
modulate the components of the host cellular networks. We
then employed a network-based approach to understand the
biological context of these connections in HCV pathogenesis
with the help of the TargetMine data warehouse.

A functional analysis of the PPI networks highlighted NSSA
interactions with several well connected host factors (hubs) and
centrally located “bottlenecks” in the host cellular networks that
function in cellular pathways associated with immune system
and cell signaling, cellular adhesion and cell transport, cell
growth and cell death and ER homeostasis among others. The
“bottlenecks” include several proteins that were previously
implicated in HCV pathogenesis, thereby suggesting that NSSA
interactions with centrally connected host factors may enable
the virus to influence strongly the host cellular processes in
HCV infection. Notably, many bottlenecks were mapped to
pathways associated with' the infectious diseases induced by
diverse bacterial and viral pathogens of the human host. These
observations thus suggest the presence of some common
themes underlying the onset of various human diseases
associated with pathogenic infection in humans, a better
understanding of which may be helpful in optimizing broad
spectrum approaches to counteracting a wide range of
pathogenic infections.

Cellular assays based on siRNA knockdowns in the HCV
infected and replicon cells demonstrated RTN1 and RTN3,
ER-localized NSSA interacting proteins, to be novel regulators
of HCV propagation, but not replication, and thus promising
novel candidates for anti-HCV therapy.
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Our analysis therefore provides further insights into the role
of NSSA-host interactions in HCV infection, a deeper
understanding of which may aid in the identification of new
clinically relevant targets for optimizing the therapeutic
strategies to manipulate HCV-host interactions and thus
more effectively combating HCV infection. Our analysis also
emphasizes the importance of elaborate network-based
computational approaches that integrate diverse biological
data types in investigating host—pathogen interactions.
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While inhibition of microRNA122 (miR122) function in vivo results in reduced serum cholesterol and
fatty acid levels, the molecular mechanisms underlying the link between miR122 function and lipid
metabolism remains unclear. Because the expression of SREBP1, a central transcription factor involved
in lipid metabolism, is known to be increased by suppressor of cytokine signaling 3 (SOCS3) expression,
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expression of miR122 to decreased fatty acid and cholestero! levels, in the inhibition of miR122 function,
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or in pathological status in chronic liver diseases.
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1. Introduction

MiRNA122 (miR122) is the most abundant and tissue-specific
miRNA in the liver [1], and inhibition of miR122 in vivo was shown
to greatly reduce serum cholesterol and fatty acid levels [2-6]. Re-
cently, miravirsen, a locked nucleic acid-modified DNA phosphoro-
thioate antisense oligonucleotide against miR122, was introduced
practically to reduce hepatitis C virus (HCV) RNA levels in patients
with HCV infection [7]. Although the primary purpose of the trial
was to inhibit HCV replication, lipid levels were also found to de-
crease [7]. Despite consistent results concerning miR-122-medi-
ated lipid metabolism, the underlying molecular mechanisms
remain unclear, and although the expression levels of genes asso-
ciated with lipid metabolism were affected by miR-122 inhibition,
these genes were not direct targets of miR122, as judged by se-
quence similarities.

Members of the family of sterol regulatory element-binding
proteins (SREBPs) are critical regulators of cholesterol and lipid
homeostasis. The SBEBP family belongs to the basic helix-loop-he-
lix-leucine zipper (bHLH-zipper) family of transcription factors
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8655, Japan, Fax: +81 3 3814 0021.
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and comprises SREBP-1a, SREBP-1c, and SREBP-2. The SREBF-1
gene on chromosome 17p11.2 encodes SREBP-1a and SREBP-1c,
which are generated as alternatively spliced variants. Increased
SREBP activity causes chalesterol and fatty acid accumulation by
activating the expression of more than 30 genes dedicated to the
synthesis and uptake of cholesterol, fatty acids, triglycerides, and
phospholipids, as well as the NADPH cofactor required for synthe-
sis of these molecules [8], which increases lipid levels.

The promoter activities of SREBP1 are potently inhibited by
activated STAT3 [9]. In addition, STAT3-mediated inhibition of
SREBP1 expression was shown to be antagonized by co-expression
of the SOCS3 protein [9]. Conversely, SOCS3 inhibition in the liver
in obese mice subjected to antisense treatment was reported to
completely normalize the increased expression of SREBP1, leading
to dramatic amelioration of hyperlipidemia. These results indicate
the importance of SOCS3 in regulating SREBP expression and sub-
sequent lipid metabolism [9].

We recently reported that silencing miR122 in hepatocytes
leads to decreased SOCS3 expression accompanied by hypermethy-
lation of the SOCS3 promater in a Dnmtl-independent manner
[10]. In this study, we first assessed the correlated expression lev-
els of SREBP1 in miR122-silenced and miR122 precursor-over-
expressing cells. In addition, SREBP1 was recovered by enforced
expression or inhibition of SOCS3 in miR122-modulated cells. We
next confirmed the correlations among miR122, SOCS3, and SREBP
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expression levels in human liver tissues in various pathological
states with different miR122 expression levels [11]. Based on these
analyses, we infer a molecular link between miR122 and lipid
metabolism in miR122 inhibition and various liver pathological
states.

2. Methods
2.1, Cells

The Huh7 and Hep3B human hepatocellular carcinoma cell lines
were obtained from the Japanese Collection of Research Biore-
sources (JCRB, Osaka, Japan). Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum.

2.2. Plasmids, viral production, and transduction

A miR122 precursor-expressing plasmid with a puromycin
resistance gene (pCDH-miR122 with puro) and an H1 promoter-
driven antisense miR122 stem-loop-stem RNA-expressing
plasmid (pmiRZIP122 with puro) were constructed as described
previously [10]. For double stable Hep3B cells with miR122 precur-
sor and SOCS3 shRNA expression, a miR122 precursor with
hygromycin resistance gene (pCDH-miR122 with hygro) was con-
structed by replacement of the puromycin resistance gene with a
hygromycin resistant gene using the infusion method (Clontech,
Mountain View, CA). SOCS3 shRNA-expressing lentiviral particles
were purchased from Santa Cruz Biotechnology (Dallas, TX). An
HA-SOCS3-expressing lentiviral construct with a neomycin resis-
tance gene was constructed as described previously [10]. A pCDH
control vector (System Biosciences, Mountain View, CA) was used
as a negative control. Lentiviral particles, produced using pPACKH1
lentivector packaging plasmid mix (System Biosciences) according
to the manufacturer’s recommendations, were used as a negative
control. Cells were transduced with lentiviruses using polybrene
(EMD Millipore, Billerica, MA) and were then selected using
puromycin.

2.3, Reporter plasmids, transient transfections, and luciferase assays

The reporter plasmids used for analysis of miR122 function
were constructed as described previously [12]. Plasmid transfec-
tion was performed using FuGene6 Transfection Reagent (Boehrin-
ger Mannheim, Mannheim, Germany) according to the
manufacturer’s instructions. pGL4-TK, a control plasmid containing
Renilla reniformis (sea pansy) luciferase under the control of the
herpes simplex virus thymidine kinase promoter (Promega, Madi-
son, WI), was used to determine transfection efficiency. Relative
luciferase values were calculated by normalizing firefly luciferase
activity values to sea pansy luciferase activity values to account
for changes in transfection efficiency. Luciferase activity was mea-
sured using a Dual Luciferase Reporter Assay System (Promega)
with a Lumat LB9507 luminometer (EG&G Berthold, Bad Wildbad,
Germany). :

2.4. Northern blotting of miRNAs

Northern blotting of miRNAs was performed as described previ-
ously [23]. Briefly, total RNA was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA). Ten micrograms of RNA was resolved
in denaturing 15% polyacrylamide gels containing 7 M urea in 1x
TBE and then transferred to a Hybond N+ membrane (GE Health-
care, Milwaukee, WI) in 0.25x TBE. Membranes were UV-cross-
linked and prehybridized in hybridization buffer. Hybridization
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was performed overnight at 42°C in ULTRAhyb-Oligo Buffer
(Ambion, Austin, TX) containing a biotinylated probe specific for
miR122 (tgg agt gtg aca atg gtg ttr g), antisense miR122 (caa aca
cca ttg tca cac tcc a), or UG (cac gaa ttt gcg tgt cat cct t), which
had previously been heated at 95 °C for 2 min. Membranes were
washed at 42 °C in 2x SSC containing 0.1% SDS, and the bound
probe was visualized using a BrightStar BioDetect Kit (Ambion).
A pre-stained RNA size marker for small RNA (BioDynamics Labo-
ratory, Tokyo, Japan) was used to estimate band sizes. Blots were
stripped by boiling in a solution containing 0.1% SDS and 5 mM
EDTA for 10 min prior to rehybridization.

2.5. Western blot analysis and antibodies

Western blotting was performed as described previously [12].
Anti-SREBP was purchased from Santa Cruz Biotechnology. Anti-
B-actin was acquired from Sigma-Aldrich (St. Louis, MO). An
anti-HA antibody was obtained from Roche Applied Science (Penz-
berg, Germany). Other antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA).

2.6, Immunohistochemistry

Tissue arrays containing liver tissues (LV1504) were purchased
from US Biomax (Rockville, MD). Immunohistochemistry was per-
formed as described previously [23]. Briefly, after deparaffinization
of the slides, endogenous peroxidase activity was blocked with 3%
hydrogen peroxide buffer. Antigen retrieval was achieved by incu-
bating the slides at 89 °C in 10 mM sodium citrate buffer (pH 6.0)

- for 30 min. To minimize nonspecific background staining, slides

were blocked in 5% normal goat serum (Dako, Glostrup, Denmark).
Tissues were labeled overnight at 4 °C with primary antibodies
raised against SOCS3 or SREBP1. Slides were then incubated with
an anti-mouse horseradish peroxidase-conjugated secondary anti-
body (Nichirei Bioscience, Tokyo, japan) for 1 h. Bound antibody
was visualized by incubation in 3,3’-diaminobenzidine (Nichirei
Bioscience) for 5 min. The slides were counterstained with hema-
toxylin, dehydrated with ethanol, and mounted using Clarion
mounting medium (Biomeda, Foster City, CA).

2.7. In situ hybridization to assess miR122

Locked nucleic acid (LNA)-scramble (negative control), LNA-
anti-U6 (positive control), and LNA-anti-miR122 probes were ob-
tained from EXIQON (Vedbak, Denmark). The expression of
miR122 in liver tissues was examined by in situ hybridization as
described previously [12]. Briefly, after deparaffinization, tissue
sections were treated with 10 pg/ml proteinase K for 5 min at
37 °C, refixed with 4% paraformaldehyde, and' acetylated with
0.25% anhydrous acetic acid in 0.1 M Tris-HCl buffer (pH 8.0). Fol-
lowing prehybridization for 30 min at 48 °C, hybridization was
performed overnight with each LNA probe (20 nM) in hybridiza-
tion buffer (5x SSC buffer, 50% formamide, 500 pig/ml tRNA,
50 pg/ml Cot-1 DNA). After the completion of hybridization, the
sections were washed with 0.1x SSC buffer for 10 min at 52 °C
three times and blocked with DIG blocking buffer (Roche Diagnos-
tics, Basel, Switzerland) for 30 min. Sections were then probed
with anti-DIG (1:500; Roche Diagnostics) for 1 h at room temper-
ature, Detection was performed by incubation in NBT/BCIP buffer
(Promega) overnight. Nuclei were stained with Nuclear Fast Red
(Sigma-Aldrich).

2.8. Histological scoring

Tissue staining was scored as described previously [23]. Briefly,
staining intensity was semiquantitatively categorized into the
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Fig. 1. Establishing of miR122-overexpressing and miR122-silenced cell lines. A, B,
Northern blotting against miR122 and miR122 antisense oligonucleotides in Hep3B
cells (A) and Huh?7 cells (B). UG levels were used as a loading control. Representative
images from three independent experiments are shown. C, D, Luciferase expression
from the reporter construct containing two tandem miR122 responsive elements in
its 3'UTR, which are targeted by miR122, were examined. The suppressive effects of
stably miR122 precursor-overexpressing Hep3B cells (C) and silencing effects on
endogenous miR122 function in stably miR122 antisense-expressing Huh7 cells (D)
are shown, Test values were normalized to those obtained from the cells transduced
with a miRNA precursor-non-expressing negative control, which were set to 1 (nc).
Data represent the mean # standard deviations (SD) of three independent
experiments.

following four categories by two independent investigators: —, no
staining; +, weak staining; ++, moderate staining; and +++, intense
staining. The color scale reflects staining intensity from green (no
staining) to pink (intense staining).

2.9, Statistical analysis

Statistically significant differences between groups were deter-
mined using Student’s t-test. P-values less than 0.05 were consid-
ered statistically significant.

3. Results
3.1. Establishment of miR122-overexpressing and -silenced cell lines

To determine the function of miR122, we modulated miR122
expression levels and function in liver cell lines by overexpressing
an miR122 precursor construct or antisense sequences, respec-
tively, against miR122, as previously reported [10,12]. Because
Hep3B cells have relatively low miR122 expression and Huh7 cells
have relatively high miR122 expression [13], we constructed
miR122-overexpressing Hep3B cells and miR122-silenced Huh7
cells to examine the effects of modulating miR122. Overexpression
of the miR122 precursor construct in Hep3B cells was confirmed by
Northern blotting against miR122 sequences (Fig. 1A). Expression
of the antisense construct against miR122 in Huh7 cells in North-
ern blotting appeared to be lower when using a probe to detect
antisense miR122 (Fig. 1B). In these cells, miR122 levels were also
lower, although miR122 was highly expressed in control Huh?7
cells (Fig. 1B), suggesting that introduction of the antisense con-
struct against miR122 may result not only in sequestration of
endogenous miR122 by binding but also degradation of endoge-

nous miR122 after formation of double-stranded RNA composed
of sense and antisense miR122.

Next, we confirmed the changes in miR122 function using a
luciferase reporter targeted by miR122. As predicted, in miR122-
overexpressing Hep3B cells, luciferase activity decreased by more
than half due to the ectopic miR122 expression (Fig. 1C). In con-
trast, in miR122-silenced Huh7 cells, luciferase activity increased
about three times compared to control cells (Fig. 1D). These results
suggest that modulation of miR122 by overexpressing exogenous
constructs targeting miR122 was efficient.

3.2. S0CS3 and SREBP1 expression is decreased by miR122 silencing

Because we previously reported that miR122 silencing in-
creased methylation in the promoter region of the SOCS3 gene
and decreased its expression [10], we confirmed the expression
levels of SOCS3 in miR122-overexpressing Hep3B cells and
miR122-silenced Huh7 cells. Consistent with previous reports
[10], SOCS3 expression increased and was downregulated in
miR122-overexpressing Hep3B cells and miR122-silenced Huh7
cells, respectively (Fig. 2A and B). SOCS3 is a potent inhibitor of
STAT3 activation [14]. Thus, we examined the phosphorylation sta-
tus of STAT3. While total STAT3 expression levels remained un-
changed, STAT3 phosphorylation decreased in miR122-
overexpressing Hep3B cells and was higher in miR122-silenced
Huh?7 cells (Fig. 2A and B), suggesting that miR122 overexpression
results in decreased STAT3 activation and that miR122 silencing
has the opposite effect. Because a previous report revealed that
STAT3 inhibits the promoter activity of SREBP1, a key regulator
of fatty acid synthesis in the liver, we next examined the
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Fig. 2. SREBP1 expression is regulated by SOCS3. (A and B) SOCS3, SREBP1, and
STAT3 protein expression levels and phosphorylation levels of STAT3 were
determined by western blotting. Representative results from three independent
experiments using Hep3B cells (A) and miR122-silenced Huh7 cells (B) are shown,
(C) The effects of SOCS3 knockdown on SREBP expression in miR122 overexpressing
Hep3B cell were stably transduced with SOCS3 shRNA. Representative results from
three independent experiments are shown, (D) The effects of SOCS3 overexpression
on SREBP expression in miR122-silenced Huh7 cells. Indicated protein expression
levels were determined after miR122-silenced Huh7 cells were stably transduced
with HA-SOCS3 expressing lentiviruses, HA-SOCS3 was visualized using anti-SOCS3
(the upper panel) and anti-HA (the second panel). Representative results from three
independent experiments are shown,
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expression levels of SREBP1 in miR122-modulated cells. The
expression of SREBP1 was found to increase in miR122-over-
expressing Hep3B cells and decrease in miR122-silenced Huh7
cells (Fig. 2A and B).

To confirm the role of OSCS3 in SREBP1 expression, we deter-

mined the effects of knockdown of SOCS3 expression in miR122-

overexpresing Hep3B cells and enforced the expression of SOCS3
in miR122-silenced Huh7 cells (Fig. 2C and D). Knockdown of
SOCS3 in miR122-overexpressing Hep3B cells reduced SREBP1
expression and enforced the expression of SOCS3 in miR122-si-
lenced Huh7 cells increased SREBP1 expression (Fig. 2C and D).
These results suggest that miR122 upregulates SOCS3 expression,
resulting in the inhibition of STAT3 activation and subsequent
upregulation of SREBP1 expression, and that inhibition of miR122
has the opposite effect.

3.3. Correlation of mIR122, SOCS3, and SREBP1 expression levels in
human liver tissues

To confirm the above results in human clinical liver tissues, we
examined 50 human liver tissues for the expression levels of

A

Case 1

miR122, SOCS3, and SREBP1 by in situ hybridization and immuno-
histochemistry (Fig. 3A and B). The expression levels of miR122
varied in liver tissues under various conditions (Fig. 3). When the
expression levels of miR122 were reduced, the expression levels
of SOCS3 and SREBP1 also decreased in more than 70% of cases
(Fig. 3C). As previously reported [11,15], the expression levels of
miR122 tended to decrease in liver cirrhosis, and SOCS3 and
SREBP1 levels typically also decreased under such pathological
conditions (Fig. 3C and Supplementary Table 1). These results
may explain, at least in part, the decreased fatty acid and choles-
terol synthesis observed clinically in the cirrhotic liver.

4. Discussion

In this study, we demonstrated that silencing miR122 function
in liver cells resulted in decreased expression of SOCS3, and subse-
quently, decreased the expression of SREBP1. Because SREBP1
plays a key role in regulating fatty acid and cholesterol synthesis,
reduced expression of miR122, which is frequently observed clini-
cally in various chronic liver diseases [11,15], may be a cause of the
decreased fatty acid and cholesterol synthesis in such pathological

C Expression levels

Low +————————— & High

mRI22

miR122 SOCS3 SREBP1

Fig. 3. Correlation of miR122, SOCS3, and SREBP expression levels in human liver tissues, (A and B), Representative liver tissues from four cases with correlated low (A) and
high (B) expression levels of miR122, SOCS3, and SREBP. MiR122 was visualized by in situ hybridization (blue) and nuclei were stained with Nuclear Red (pink), SOCS3 and
SREBP1 were stained by immunohistochemistry (brown). Bars, 500 jun. Hematoxylin and eosin (H&E)-stained tissues from each case are also shown as references. (C)
Summarized expression levels of miR122, SOCS3, and SREBP1 in liver tissues from 50 cases. The color reflects the expression level of each parameter examined. Green denotes
the lowest expression level and pink the highest, as the color scale bar at the top indicates. In 37 cases (indicated by black bars to the right), the differences between the
expression scores of the three parameters are within one point on the color scale. , Case 1 (A); w+, Case 2 (A); w#+, Case 3 (B); ==+, Case 4 (B), (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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states. In addition, silencing miR122 function decreases cholesterol
and fatty acid levels [2-7]. While miR122 does not directly target
known fatty acid-related molecules based on sequence similarities,
the results of this study may explain the molecular mechanism
linking miR122 silencing to decreased fatty acid and cholesterol
levels.

We previously reported that silencing miR122 leads to de-
creased SOCS3 expression levels and increased SOCS3 promoter
methylation in a Dnmt1-independent manner [10]. Such correla-
tions in human clinical tissues were confirmed in most cases in this
study. However, some cases did not show such a correlation, per-
haps because while SOCS3 expression is mainly regulated by meth-
ylation of its promoter [16,17], such modifications are probably not
mediated solely by miR122. Nonetheless, the decrease in SOCS3
expression that frequently accompanies decreased miR122 expres-
sion in chronic liver pathological states suggests that the SOCS3
expression in hepatocytes is largely regulated by miR122 expres-
sion or function.

The expression of SREBP1 is negatively regulated by activated
STAT3, which inhibits SREBP1 promoter activities [9]. Decreased
SREBP1 expression caused by increased STAT3 activity, which
was itself due to decreased SOCS3 expression, was observed in
miR122-silenced Huh7 cells and in liver tissues with decreased
miR122 expression. Because miR122 expression levels tend to de-
crease as the pathological status of the liver progresses from
chronic hepatitis to liver cirrhosis [11,15], observing a decreased
synthesis of fatty acid and cholesterol in progressed chronic liver
diseases such as liver cirrhosis may be reasonable. .

One complex liver pathological situation from this point of view
is obese subjects with fatty liver and insulin resistance. In these
subjects, persistently elevated cytokine levels may have downreg-
ulated STAT3-mediated signaling by increasing SOCS3 protein lev-
els in the liver [18]. Increased SOCS3 protein levels may in turn
increase fatty acid synthesis by upregulating SREBP1 expression,
presumably through suppression of STAT3 activation [18]. Over-
production of fatty acids and lipotoxicity result in further insulin
resistance [19]. However, as these pathological conditions persist,
liver cirrhosis gradually becomes apparent and fatty acid synthesis
decreases. At this stage, miR122 expression in the liver becomes
low [11]. Thus, in these cases, the effects of decreased miR122
expression may become apparent for the first time at the later
stages of disease progression, which may be one of the reasons
why not all cases showed an exact correlation between miR122
expression and SREBP levels in clinical samples.

Recently, miravirsen, an anti-miR122 oligonucleotide, was suc-
cessfully applied as a novel therapeutic against HCV [7]. Although
the main purpose of applying antisense miR122 in vivo is at pres-
ent to inhibit HCV replication, decreased fatty acid and cholesterol
levels were also reported [7]. In several in vivo experiments, anti-
sense miR122 reduced serum lipid levels [3-5]. In addition, mice
with a miR122 gene deletion in the liver showed reduced fatty acid
and cholesterol levels [2,20], despite SREBP1 not being a direct tar-
get of miR122. The molecular pathway reported here may explain
the reduced lipid levels observed in miR122 inhibition or gene
deletion. Moreover, from these results, inhibiting miR122 may be
a promising approach to controlling serum lipid levels, although
the long-term inhibition of miR122 must be confirmed to be safe
with no unfavorable consequences because miRNAs have pleiotro-
pic effects [21,22].
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Abstract

Background  Accurate data on the incidence of acute liver
disease (ALD) is lacking in most countries. We investi-
gated the incidence of ALD-related admission in Japan
using a large sample in a nationwide Japanese database.
Methods Data {rom the Diagnosis Procedure Combina-
tion database were analyzed for 1 July to 31 December
2007-2010. Patient characteristics, in-hospital mortality,
and clinical practices, including drugs and procedures
during hospitalization, were analyzed.

Results  We identified 10509 patients with ALD from a
total of 11.61 million inpatients in the database. The
median age was 53 years and 54.7 % were male. The
annual incidence of ALD-related hospital admission was
estimated to be 131.1 cases/1 million people. The overall
mortality rate was 59 % (622 cases). The infant
(0-3 years), child (4-18 years), and adult in-hospital
mortality rates were 2.7 % (7/261), 1.0 % (5/494), and
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6.3 % (610/9754), respectively. The infant and child
mortality rates were significantly lower than the adult
mortality rate (Chi square test: P = 0.03 and P < 0.001,
respectively). Hepatitis A virus- and hepatitis C virus-
induced ALD had favorable outcomes, with in-hospital
mortality rates of approximately 2 %. Plasma exchange
and continuous hemodiafiltration were performed in 5.3 %
(556 cases) and 3.4 % (360 cases) ol all ALD cases,
respectively.

Conclusions  In-hospital mortality ol ALD in Japan was
acceptably low, and was affected by the etiology and
patient background characteristics. The present study adds
important information on the incidence and prognosis of
ALD in Japan. Improvement of public health surveillance

systems is necessary for population-based patient
monitoring.
Keywords Acute hepatitis - Diagnosis Procedure

Combination - Nationwide database - In-hospital mortality -
Clinical practices
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HAV Hepatitis A virus
HBV Hepatitis B virus
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related health problems, tenth revision
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Introduction

Acute liver disease (ALD) is characterized by acute
inflammation with varying degrees of necrosis and collapse
of the hepatic architectural framework. ALD is generally a
transient self-limiting disease regardless of the etiology.
However, the severity of the disease is variable, and some
patients progress to a fatal form, acute liver failure (ALF).
ALF is a serious but rare clinical syndrome marked by
sudden loss of hepatic function in a person with no prior
history of liver discase. Clinically, the syndrome manifests
itsell as a severe impairment of liver function with hepa-
tocellular necrosis, leading to hepatic encephalopathy,
systemic inflammation, and multiorgan failure [1, 2].

In Japan, the definition and classification of fulminant
hepatitis (FH), which was the representative disease entity
associated with ALF, were originally established at the
Inuyama Symposium in 1981 [3]. However, because of the

differences in the demographic and clinical features of

ALF between Japan and Europe or the United States, the
diagnostic criteria for FH in Japan differed from those for
ALF in Europe and the United States [4, 5]. Therefore, the
diagnostic criteria for FH in Japan needed to be revised to
correspond to those for ALF in Europe and the United
States, and the Intractable Hepato-Biliary Disease Study
Group of Japan recently determined the diagnostic criteria
for ALF [6, 7].

Since the wide variety of symptoms in ALD makes it
challenging to establish surveillance systems, accurate data
on the incidence of ALD is lacking in most countries. Even
in countries with a reporting system for infectious discases,
which are the major causes of ALD, there are few reliable
data on the incidence of viral infection because reporting is
not always mandatory and many cases are left unreported.

The Diagnosis Procedure Combination (DPC) database
is a database containing discharge abstract and adminis-
trative claims of inpatients who are admitted to secondary
or tertiary care hospitals in Japan [8-10], and represents
approximately 40 % of inpatient admissions to such hos-
pitals. The database contains a large number of samples,
and can, thus, be used (o investigate the incidence of ALD
on an objective basis. The present study analyzed the
incidence of admission related to ALD in Japan using the
DPC database. In the database, clinical data to define the
presence of ALF (i.e., prothrombin time, degree of
encephalopathy, or length of illness) were not accessible.
Therefore, we analyzed patients with ALD, who may
include the entire cases of ALF, in a comprehensive
manner. The aim of the present study was to collect
detailed information on the clinical consequences for hos-
pitalized ALD patients and estimate the public health
burden of ALD in Japan.
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Materials and methods
Data source

The DPC database contains the following information:

hospital  location;  patient - demographics; ~ diagnosis,
comorbidities at admission, and complications after

admission recorded with Japanese text and International
Classification of Discases and Related Health Problems,
Tenth Revision (ICD-10) codes; therapeutic procedures
encoded by Japanese original codes; length of stay; dis-
charge status, including in-hospital death; and total costs. A
survey of the DPC hospitals is conducted by the DPC Study
Group between 1 July and 31 December each year, and is
funded by the Ministry. of Health, Labour and Welfare,
Japan. All 82 university teaching hospitals in Japan are
obliged to adopt the DPC system, whereas adoption by
community hospitals is voluntary. The survey started in
2003 with 82 teaching hospitals, and the numbers of par-
ticipating hospitals and registered patients have since
increased. The numbers of cases in the database were 2.99,
2.86, 2.57, and 3.19 million in 2007, 2008, 2009, and 2010,

“respectively, and represented approximately 40 % of all

inpatient admissions to secondary and tertiary care hospi-
tals in Japan.

The requirement for informed consent was waived in
this study, because of the anonymous nature of the data.
Study approval was obtained from the institutional review
board of The University of Tokyo.

Samples

We obtained impatient data for 2007-2010. First, we iden-
tified patients with ICD-10 code-based diagnoses of hepatitis
by any causes (ICD-10 codes, K70-K77), and those with
viral, bacterial, or parasitic infections that may cause ALD
through infectious diseases (A00-B99), from the 11.61
million inpatients included in the DPC database for
2007-2010. We then identified patients with Wilson’s dis-
case (E830), Budd-Chiari syndrome (I1820), and acetami-
nophen overdose (T391), which are independent from the
items of hepatitis (K70-K77) in the DPC database. Second,
we manually checked the registered diagnoses in the Japa-
nese texts for all of the screened cases to confirm the diag-
nosis of ALD. We excluded cases with a “suspected”
diagnosis. We then excluded cases with diagnoses of chronic
hepatitis (B170, B180-B189, K713-K715, and K721-
K739) and liver cirrhosis (K702, K703, K717, K740-K742,
K745, and K746) as well as cases with gastric and esophageal
varices (I850,1859, and I864), which may imply the presence
of chronic hepatitis. We also excluded cases with malig-
nancy and those with a past history of liver transplantation.



