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Study of hepatocytes using RNA interference
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Abstract

RNA interference (RNAI) is the process of sequence-specific gene silencing, initiated by small double-stranded RNA
homologous in sequence to the target gene. Various factors involved in the regulation of hepatocyte function have been
identified using RNAI, indicating that RNAI is a useful strategy for characterization. There has been some success in treating
experimental liver dysfunction using RNAI in several model systems, suggesting a promising new therapeutic strategy. A
number of groups have also demonstrated that RNAI can interfere with hepatitis C virus and hepatitis B virus gene

expression and replication in several model systems, suggesting a new approach for the treatment of these viral diseases.
This review summarizes studies of hepatocytes using RNAi.

Key words: Hepatitis B virus, hepatitis C virus, hepatocyte, RNA interference, short hairpin RNA, small interfering RNA

Introduction

RNA interference (RNAi) is a process by which
double-stranded RNA (dsRNA) triggers sequence-
specific silencing of homologous genes (1). This
process is evolutionarily conserved through a variety
of eukaryotic organisms (2,3). The process is in-
itiated by the RNase III-like nuclease Dicer, which
promotes progressive cleavage of long dsRNAs
into 21-27-nucleotide (nt) short interfering RNA
(siRNA) with two-nt 3’-overhangs. Subsequently,
the siRNA unwinds and binds to an activated RNAi-
induced silencing complex. Single-stranded (ss)
siRNAs then bind to target sequences based on
sequence complementarity, resulting in cleavage of
the target sequence (4-10). Although first discov-
ered in the worm Caenorhabditis elegans, it was
demonstrated soon after that RNAIi can be induced
in various mammalian cells by introducing synthetic
21-nt siRNA to obtain strong and specific suppres-
sion (knockdown) of gene expression (11). Exposure
to dsRNAs >30 bp in length induces an antiviral

interferon response that generally represses mRNA
translation through the activaton of dsRNA-depen-
dent protein kinase (PKR) and 2’,5’-oligoadenylate
synthetase (2’,5~OAS) (12,13). This kind of RNAIi
is highly sequence-specific, with even a single mis-
match between the siRNA and its target sequence
being able to dramatically decrease the efficacy of
RNA degradation. Systems for stable and continu-
ous expression of short hairpin RNA (shRNA) and
duplex siRNA transcribed in vitro and in vivo from
DNA templates also suppress gene expression in
mammalian cells (14-17). From a practical perspec-
tive, RNAi has become a powerful non-destructive,
non-mutating tool for the analysis of gene function
in different living systems  (18-20) and one that
holds great promise for the treatment of many
infectious diseases and cancers (21-24).

In this review, efforts to identify factors involved in
the regulation of hepatocyte function, and to treat
experimental liver failure, hepatitis C virus (HCV),
and hepatitis B virus (HBV) disease using RNAI are
summarized.
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Identification of factors involved in the
regulation of hepatocyte function using RNAi

Various factors involved in the regulation of hepato-
cyte function using RNAI are described below and
summarized in Table 1.

Annexin A3

Small hepatocytes are a minor subpopulation of cells
with high replication potential in defined media (25-
27). After 1 day of culture, small hepatocytes express
universal hepatocyte markers, differentiating into
cells expressing differentiated hepatocyte marker or
biliary cell marker protein (28). The molecular
mechanism regulating these characteristic pheno-
types is yet to be elucidated. Niimi et al. (29)
attempted to identify proteins specifically expressed
in isolated small, but not parenchymal, isolated rat
hepatocytes using a proteomic approach. Annexin
A3 was only expressed in the small rat hepatocytes.
Annexin A3 siRNA inhibited stimulation of DNA
synthesis by hepatocyte growth factor (HGF) and
epidermal growth factor (EGF), suggesting that
annexin A3 is necessary for DNA synthesis in
cultured parenchymal rat hepatocytes (30).

Coactivator-associated arginine methyltransferase

De novo glucose production, e.g. gluconeogenesis,
represents a key feature of hepatic metabolism under
fasting conditions to maintain blood glucose levels

Table I. Regulation of hepatocyte function using RNAI.
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and energy substrates for brain function (31).
Phosphoenolpyruvate carboxikinase (PEPCK) and
glucose-6-phosphatase (G6Pase) genes have been
identified as the rate-limiting steps in the gluconeo-
genic pathways. Transcription of these genes is
stimulated by glucagon via intracellular cyclic ade-
nosine monophosphate/protein kinase ‘A (PKA)
(31-33). Coactivator-associated arginine methyl-
transaferase (CARMI1) was originally identified as
a co-factor for the estrogen receptor, working in
combination with members of the pl160 family of
nuclear receptor co-factors (e.g. steroid receptor co-
activator-1/TTF2/glucocorticoid receptor interaction
protein 1), as well as the cAMP-responsive element
binding factor-binding protein CBP/P300 (34,35).

CARM1 siRNA inhibited PKA-induced PEPCK
and G6Pase promoter activities in HepG2 cells,
suggesting that CARML1 plays a role in the stimula-
tion of PEPCK and G6Pase gene expression by PKA
(36).

Aryl hydrocarbon receptor

It has been suggest in numerous reports (37-44)
that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCCD)
promotes Fas-mediated apoptosis. The aryl hydro-
carbon receptor (AhR) is a cytosolic, ligand-acti-
vated transcripton factor that regulates the
expression of several genes in response to polycyclic
and halogenated aromatic hydrocarbon ligands, such
as TCCD (45,46).

Target gene Regulation of hepatocyte function Reference
Annexin A3 Inhibition of Stimulation of DNA synthesis by HGF and EGF 30
CARM1 Inhibition of PKA-induced PEPCK and G6Pase promoter activities 36
AhR Protection of Jo2-induced lethality 47
MIZ-1 Inhibition of T113242-dependent activation of LDL gene and cell growth 49
LRH-1 Down-regulation of APOAI1 gene expression 51
GATA-4 Inhibition of Epo gene expression 59
FOXO1 Decrease of reporter activity derived from CAR 80
ARH Reduction of LDL internalization 85
Pim-3 Attenuation of proliferation rates, stimulation of cell death 90
GR, MR Abolition of UDCA protection against TGF-p1-mediated apoptosis, decrease of protective effect of UDCA 110
in TGF-B1-associated caspase activation and TGF-B1-induced E2F-/Mdm/p53 apoptotic pathway
cFLIP Reversion of anti-apoptotic effect of Dex against TNF-a+ Actinomycin D-induced apoptosis 117
MLCK Inhibition of DNA replication, expression of cdkl and phosphorylation of p70S6K induced by EGF 121
ERK2 Inhibition of phosphorylation of p70S6K induced by EGF 121
p70S6K Suppression of stimulation of DNA synthesis by EGF 121
EndoG Suppression of decrease in TUNEL-positive nuclei 132
DNMT3B Upregulation or downregulation of some important developmental genes and tumor-related genes 135
PTEN Prevention of TNF-activated cell death signaling pathways, prevention of promotion of 147
Bax-induced mitochodrial injury by TNF, prevention of induction of cell death by ethanol
TLR3, TRIF Inhibition of induction of IFN-B promoter activity and ISG56mRNA transcription in response to Poly (I-C) 158
RIG-1 Inhibition of induction of IFN-8, NF-kB-dependent PRDII promoters, inhibition of transcription 158
of ISG mRNA in response to Sen V
TLR3 Override of induction of IFN-B and cell cycle delay 175
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Park et al. (47) investigated the role of AhR in Fas-
mediated apoptosis by using adenovirus (Ad) ex-
pressing siRNA against AhR. Treatment of mice
with siRNA protects against Jo2-induced lethality.
Furthermore, AhR expression in primary hepato-
cytes from AhR™/'~ mice increases Fas ligand-
induced apoptosis. These findings indicate that
AhR predisposes hepatocytes to Fas-mediated apop-
tosis and subsequent lethality in animals.

Myc-interacting protein 1

Myc-interacting protein 1 (MIZ-1) was identified by
virtue of its ability to bind to Myc.

MIZ-1 is sequestered in the cytoplasm by associa-
tion with microtubules. Upon drug-induced micro-
tubule depolymerizaton, MIZ is free to enter the
nucleus where it binds to target sequences, such as
low-density lipoprotein receptor (LDLR) gene pro-
moter, and activates transcription (48).

Using the microtubule disrupting agent T113242,
Ziegelbauer et al. (49) demonstrated that MIZ-1
siRNA inhibited T113242-dependent activation of
the LDL gene in HepG2 cells, inhibiting cell growth.

Liver recepror homolog-1

The orphan nuclear receptor liver receptor homolog-
1 (LRH-1) regulates the scavenger receptor class B
type 1 gene (50) that mediates selective uptake of
high-density lipoprotein (HDL) and plays a key role
in reverse cholesterol uptake. Apolipoprotein Al
(APOA1), the major protein component of HDL,
plays a role in reverse cholesterol transport.

Delerive et al. (51) demonstrated that LRH-1
siRNA downregulated APOA1 gene expression in
HepG2 cells, suggesting that LRH-1 plays a role in
the stimulation of APOA1 gene expression.

GATA-4

Erythropoietin (Epo) production sites developmen-
tally change and switch from the fetal liver to adult
kidney (52,53). GATA transcriptional factors belong
to the family of zinc DNA-binding proteins and
play critical roles in cell growth and differentiation
(54,55). GATA-4, one of six members of the
GATA family, is expressed in the liver during mu-
rine embryogenesis (56). Expression of GATA-4 is
detectable late in gestation only in endothelial/
epithelial cells surrounding the hepatic vessels. In a
recent study (57) it was demonstrated that GATA-4
cooperates with hepatocyte nuclear factor-3 to
stimulate the albumin gene in liver progenitor cells.
Hep3B is a hepatoma cell line similar to fetal

hepatocytes and is generally accepted as a good
model for hepatic Epo gene regulation (58)

Dame et al. (59) demonstrated that GATA-4
shRNA inhibited Epo gene expression, suggesting
that GATA-4 plays a critical role in Epo gene
regulation in Hep3B cells.

FOxo01

FOXO1, a forkhead transcription factor, activates
gluconeogenic genes by binding to an insulin re-
sponse element (IRS) located on those genes
(60—-64). Insulin phosphorylates FOXO1 via a
phosphatidylinositol 3-kinase~Akt pathway (60,65,
66) and inactivates FOXO1 by decreasing the
binding affinity of FOXO1 to IRS and/or exporting
FOXO1 from the nucleus (67-70). Insulin represses
the induction of drug-metabolizing enzymes by
certain drugs in diabetic livers (71-73) and rat
primary hepatocytes (74-76). In contrast, the nu-
clear receptor CAR plays a central role in the
induction of drug-metabolizing enzymes, such as
cytochrome P450s, by certain drugs (77-79).

Kodama et al. (80) demonstrated that FOXO1
siRNA decreased reporter activity derived from CAR
in HepG2 cells, suggesting that FOXO1 may play a
role in regulating CAR-mediated transactivation in
HepG2 cells.

Autosomal recessive hypercholesterolemia

LDLR plays a pivotal role in the regulation of
cholesterol metabolism (81). LDLR is a ubiquitous
cell surface glycoprotein which is able to bind LDL,
the major cholesterol transport vesicle in plasma.
The autosomal recessive hypercholesterolemia
(ARH) protein contains an = 130-residue phospho-
tyrosine-binding domain evolutionarily related to
other adaptor proteins. These adaptor proteins,
including ARH, bind the conserved sequence motif
NPXY located in the cytoplasmic domain of various
cell surface receptors and mediate several functions,
including trafficking and endocytosis. The L.DLR
cytoplasmic tail contains a single NPXY motif
required for clustering and endocytosis of the
receptor in fibroblasts. Transformed lymphocytes
and monocyte-derived macrophage obtained from
ARH patients are unable to take up and degrade
'2I.LDL (82-84), suggesting that ARH is required
for efficient endocytosis of LDL in these cells.

A quantitative immunofluorescence analysis per-
formed by Sirinian et al. (85) indicated that ARH
siRNA causes a reduction in LDL internalization,
suggesting that ARH is an endocyte-sorting adaptor
that actively participates in internalization of the
IDL-1DIR complex.



Pim-3

Among human cancers, the greatest number of
deaths result from hepatocellular carcinoma
(HCC). Most cases of HCC arise from chronic
infection with human HBV or HCV (86). Host
responses are assumed to be involved in the devel-
opment of HCC, as these viruses lack apparent
oncogenes and infected patients develop HCC after
suffering from chronic hepatitis-related pathology
(87,88).

Nakamoto et al. (89) used a mouse model of
HCC, established using an HBV surface antigen
(HBsAg) transgenic mouse, t0 compare gene ex-
pression in the non-tumor portion of this disease,
examining pre-malignant lesions and normal tissue
(90). Gene expression of Pim-3, which is involved in
EWS/ETS-mediated malignant transformation of
NIH 3T3 cells (91), was enhanced in pre-malignant
regions. siRNA against Pim-3 attenuated prolifera-
tion rates and caused cell death in HuH7 cells,
suggesting that Pim-3 can cause autonomous cell
proliferation or prevent apoptosis in HuH?7 cells.

Glucocorticoid receptor and mineralocorticoid receptor

E2F-1 is the best-characterized member of the E2F
family of transcriptional factors, regulating a number
of genes involved in apoptosis (92,93). Unbound
E2F-1 modulates transforming growth factor
(T'GF)-Bl-induced apoptosis'in hepatic cells (94—
96). The ability of E2F-1 to promote apoptosis
involves stabilization of tumor suppressor protein
p53 via transcription of p14*FY, which markedly
inhibits the p53 repressor Mdm-2 (93,94). Urso-
deoxycholic acid (UDCA) interrupts the apoptotic
pathway by interfering with mitochondrial pathways
in both hepatic and non-hepatic cells (97-100), and
interfering with the E2F-1/p53 apoptotic pathway
(94). UDCA also modulates activation of glucocor-
ticoid receptor (GR) (101), probably by interaction
with distinct regions of its ligand-binding domain,
thus suppressing, for example, nuclear factor (NF)-
kB-dependent transcription (102). Dexamethasone
(Dex), a strong activator of GR, prolongs cell
viability, inhibits the development of apoptotic
morphology, and stabilizes the expression of procas-
pase-3 in both human and rat hepatocytes (103),
plus inhibiting TGF-Bl-induced apoptosis in rat
hepatoma cells (104). Mineralocorticoid receptor
(MR) also has a predominantly anti-apoptotic role
in several neuronal systems (105-109).

Sola et al. (110) demonstrated that both GR and
MR siRNAs abolished UDCA protection against
TGF-Bl-mediated apoptosis. Both GR and MR
siRNAs also decreased the protective effect of
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UDCA in TGF-Bl-associated caspase activation
and the TGF-Bl1-induced E2F-1/Mdm/p53 apopto-
tic pathway. These results demonstrate that UDCA
protects against apoptosis through GR and MR, and
that the E2F-1/Mdm/p53 apoptotic pathway appears
to be a prime target for UDCA-induced GR and MR
activation. ‘

FLICE inhibitory protein

Hepatocyte apoptosis can be initiated by exposure to
toxic substances or ligation of members of the death
receptor family, including tumor necrosis factor
(TNF)-a receptor (TNF-R) and Fas (111). Dex
inhibits apoptosis in primary human and rat hepa-
tocytes (103). Although several sets of genes have
been characterized as being involved in the ant-
apoptotic effect of Dex in spontaneous apoptosis of
cultured primary hepatocytes (112), the mechanism
behind the anti-apoptotic effect of Dex has rarely
been investigated in death receptor-mediated apop-
tosis. FLICE inhibitory protein (cFLIP) is a cellular
inhibitor for caspase-8 activation in death receptor-
induced apoptosis (113), inhibiting apoptosis in-
duced by death receptor-activating ligands, such as
TNF-a, FasL' (114), and TNF-related apoptosis-
inducing ligand (114-116).

Oh et al. (117) found that Dex upregulated
cellular cFLIP expression. siRNA against cFLIP
reversed the anti-apoptotic effect of Dex by increas-
ing caspase-8 activation in TNF-o+actinomycin D-
induced hepatocyte apoptosis. These results indicate
that Dex exerts a protective role in death receptor-
induced hepatocyte apoptosis by upregulating cFLIP
expression.

Mpyosin light-chain kinase, extracellular signal-regulated
kinase-2 and p70S6K

Inhibition of myosin light-chain kinase (MLCK)
blocks DNA synthesis in hepatocytes cultured on
high-density fibronectin (118). p70S6K has been
implicated in the regulation of hepatocyte prolifera-
tion, and extracellular signal-regulated kinase (ERK)
has been reported to phosphorylate p70S6K in
hepatocytes (119,120).

Bessard et al. (121) investigated the role of MLCK
in cell-cycle progression in cultured rat hepatocytes
by using siRNAs against MLCK, ERK2, and
p70S6K. MLCK siRNA inhibited DNA replication
and the expression of cdkl, a marker of S phase
progression, and cyclin E, a major player in initial S
progression in EGF-treated cells. ML7, an inhibitor
of MLCK, inhibited cyclin D1, an important reg-

~ ulator of late G1 phase progression at the mRNA

level. Both MLCK and ERK2 siRNAs inhibited



168 S. Niimi et al.

phosphorylation of p70S6K induced by EGEF.
p70S6K siRNA suppressed stimulation of DNA
synthesis by EGF. These results underline the fact
that there is an MLLCK-dependent restriction point
in G1/S transition which occurs downstream of
ERK2 by means of regulation of p70S6K activation.

Endonuclease G

Apoptosis is a major cellular response against
oxidative stress, the mechanisms of which have
been extensively discussed (122-127). Inhibition of
catalase and glutathione peroxidase activities by 3-
amino-1,2,4-triazole (ATZ) and mercaptosuccinic
acid (MS) caused sustained endogenous oxidative
stress and apoptotic cell death without caspase-3
activation, respectively in rat primary hepatocytes
(128,129). Endonuclease G (EndoG), an executive
cause of DNA fragmentation, has been shown to be
caspase-independently translocated from mitochon-
dria to nuclei in response to apoptotic stimuli, with
subsequent induction of nucleosomal DNA frag-
mentation (130,131).

Ishihara et al. (132) demonstrated that EndoG
siRNA significantly suppressed decreases in terminal
deoxynucleotide transferase-mediated dUTP nick-
end labeling (TUNEL)-positive nuclei, indicating
that EndoG is involved in DNA fragmentation
induced by ATZ and MS.

De novo methyltransferase 3B

De novo methyltransferase 3B (DNMT?3B) is one of
several DNMT?3 isoforms involved in establishing
genomic methylation patterns (133,134). Expression
of DNMT?3B was minimally observed in some non-
tumor livers and normal liver cell lines, but was
much higher in HCCs and in HCC cell lines,
suggesting that DNMT3B has a role relevant to
liver cancer.

Jun et al. (135) investigated the influence of
DNMT3B in gene expression by using siRNA
against DNMT3B in the human HCC cell line
SMMC-7721. Microarray analysis identified 26
down- and 115 upregulated genes in cells treated
with DNMT3B siRNA. These genes included im-
portant developmental and tumor-related genes,
such as SNCG, NOTCH1, MBD3, WNT11,
MAOA, and FACLA4.

Phosphate and tensin homolog deleted from
chromosome 10

TNF is a central agent in the genesis of alcoholic
liver disease (136—140). When hepatocytes are
exposed to ethanol, they exhibit increased sensitivity

to TNF-induced cell death (141,142). Activated Akt
acts as an inhibitor of apoptosis (143-145) and
phosphatidylinositol 3,4,5-triphosphate (PIP3) is
necessary for its activadon. TNF receptor (TNFR)
stimulates Akt activation by activating phosphatidy-
linositol 3-kinase, phosphorylating PIP, to generate
PIP;. When primary hepatocytes and the hepatoma
cell line HepG2E47 are exposed to ethanol, these
cells exhibit a decrease in stimulation of Akt activity
by TNF (146). In contrast, phosphate and tensin
homolog deleted from chromosome 10 (PTEN) is a
tyrosine phosphatase with dual protein and lipid
phosphatase activity. PTEN recognizes PIP; as a
substrate and removes the D3 phosphate from the
inositol ring, which is likely to cause a decrease in the
concentration of PIP; and thus inhibit TNF-stimu-
lated Akt activity.

Shulga et al. (147) investigated the role of PTEN
in ethanol-induced signaling pathways that elicit
sensitization to TNF cytotoxicity using siRNA
against PTEN. PTEN expression increased in eth-
anol-exposed HepG2E47 cells. PTEN siRNA pre-
vented TNF-activated cell death signaling pathways,
such as p38 activation, apoptosis signaling kinase 1
phosphorylation, and translocation of Bax from
cytosol to the mitochondria in ethanol-exposed cells.
PTEN siRNA also prevents TNF from promoting
Bax-induced mitochondrial injury, such as the loss
of cytochrome C from mitochondria and localization
to the cytosol, plus cell death, in ethanol-exposed
cells. These findings indicate that PTEN is involved
in the increased sensitivity of ethanol-exposed cells
to TNF-induced cytotoxicity.

Toll-like receptor-3, Toll-interleukin-1 receptor domain-
containing adaptor-inducing interferon-f and retinoic
acid-inducible gene 1 -

Innate cellular antiviral defenses are likely to influ-
ence the outcome of infections by many human
viruses. Toll-like receptors (TLRs) are a class of
pathogen-associated molecular partners that detect
infection by many types of pathogen, including
viruses (148). TLR3 is engaged specifically by
dsRNA present either in the viral genome or
generated during viral replication, and is involved
in cellular recognition of RNA viruses and the
induction of type 1 interferon (IFN) responses
(149). TLR-3 signaling requires the adaptor protein
Toll-interleukin (IL)-1 receptor (TIR) domain-con-
taining adaptor-inducing IFN-B (TRIF)/TIR do-
main-containing adaptor molecule 1 (TICAMI)
(150-153). However, it has been indicated in several
recent studies (154—-156) that viral infection can also
activate the host response through TLR3-indepen-
dent pathways. Retinoic acid-inducible gene



1 (RIG-1) is a cytoplasmic RNA helicase that
putatively binds viral dsDNA within its helicase
domain, resulting in activation of IFN regulatory
factor 3 and NF-kB (157). Although the liver is a
very important site of persistent viral infection in
humans, very little is known about how these path-
ways function, specifically in hepatocytes.

Li et al. (158) investigated antiviral signaling
pathways active in the hepatocyte-derived cell line
PH5CHS using siRNAs against TLR3, TRIF, and
RIG-1. PH5CHS cells are derived from non-neo-
plastic hepatocytes transformed with T antigen from
non-neoplastic liver tissue of a HCV-related HCC
patient (159,160). Poly (I-C) activated the IFN-B
promoter, resulting in robust expression of IFN-
stimulated genes (ISG) in the cells. TLLR3 siRNA or
TRIF siRNA inhibited induction of IFN-B promoter
activity and ISG56 mRNA transcription in response
to Poly (I-C), but not Sendai virus (Sen V). RIG-1
siRNA inhibited induction of IFN-f, NF-xB-depen-
dent PRDII promoters, and transcription of ISG
mRNA in response to Sen V. However, RIG-1
siRNA did not inhibit Poly (I-C) induction of
ISG56 transcription. These findings indicate that
hepatocytes contain two distinct antiviral signaling
pathways leading to expression of type 1 IFNs, one
dependent on TLR3 and the other on RIG-1, with
little evidence of significant cross-talk between them.

NS5B

Although persistent infection with HCV is a major
cause of various human liver diseases, as described
below, the molecular mechanisms remain elusive.
Unregulated cell-cycle progression may be a cause of
malignant transformation of normal cells. Inhibition
of cell-cycle progression through the S phase may
cause replication errors during DNA replication,
inducing genomic instability and malignant trans-
formation. Therefore, it is important to clarify the
effect of HCV proteins on cell-cycle progression in
order to determine molecular mechanisms under-
lying the pathogenesis of HCV. Although it

Table II. Treaument of experimental liver dysfunction using RNAi.
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was suggested in a number of previous reports
(161-164) that several HCV proteins are involved
in modulating cell-cycle progression, the conclusions
of those studies are still being debated (165-171).
However, several findings (159, 172-174) indicate
that the PH5CHS cell line described above is more
relevant for studying the role of HCV proteins
during hepatocarcinogenesis.

Naka et al. (175) investigated the effect of HCV
NS5B, an RNA-dependent RNA polymerase, on the
pathogenesis of HCV using siRNA against TLR3 in
the PH5CHS cell line. Infection with a retroviral
vector encoding HCV NS5B delayed cell-cycle
progression through the S phase and promoted
IFN-f production in the PH5CHS cell line, and an
anti-IFN-B antibody restored the cell-cycle delay.
TLR3 siRNA overrode the induction of IFN-f and
the cell-cycle delay. These findings indicate that
NS5B delays cell-cycle progression by inducing
IFN-B through activation of the TLR signaling
pathway.

Treatment of experimental liver dysfunction by
RNAI

RNAi targeting the key factors involved in the
development of liver dysfunction can effectively treat
experimentally induced dysfunction in several model
systems. Several of these findings are described
below and summarized in Table II. RNAI represents
a promising new strategy for the treatment of liver
dysfunction.

Rejection after hepatocyte transplantation/Fas

Fas-mediated apoptosis has also been implicated in
hepatocyte apoptosis upon allogenic hepatocyte
transplantation (176). Blockade of Fas and Fas
ligand interactions promotes repopulation of allo-
genic liver cells in recipient spleen (177).

Wang et al. (178) investigated the protective ef-
fects of siRNA against Fas on allogenic hepatocytes

- transplanted into mouse spleen. Transplantation of

Target gené Treatment of liver dysfunction Model Reference
Fas Decrease of apoptosis, improvement of decrease of survival Rejection after hepatocyte transplantation 178
Caspase 8  Prevention of apoptosis, reduction of liver damage, Fas-mediated ALF 184

improvement of decrease of survival

Fas-mediated acute liver injury and ALF 188

TGF-pII Suppression of expression of several TGF-B-responsive genes,
prevention of cell damage, prevention of release of
aminotransferases, improvement of decrease of survival

Fas Abrogation of necrosis and inflammatory infiltration, prevention

of elevation of serum transaminases, improvement of decrease in
survival

Fas-mediated liver failure and fibrosis

194
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hepatocytes treated with Fas siRNA into recipient
spleen after 21 days resulted in a decrease in
apoptosis of ~50% and increased survival of trans-
planted hepatocytes approximately twofold. These
results suggest that Fas silencing by RNAi holds
promise for inhibiting acute rejection after hepato-
cyte transplantation.

Fas-mediated acute liver failure/caspase-8

Acute liver failure (ALF) is a dramatic clinical
syndrome in which a previously normal liver fails
within days or weeks and is associated with high
mortality rates. In ALF, signals from death recep-
tors, such as Fas (CD95), TNF-a, and TNF-related
apoptosis-inducing ligand, trigger suicide pathways
(179-181), leading to the activation of caspase
cascades that subsequently induce the apoptotic
death of hepatocytes. Consequently, an attractive
strategy to treat patients with ALF would be to
inhibit death receptor-mediated apoptosis to main-
tain liver function and save the organ.

Zender et al. examined the efficacy of siRNA
against caspase 8, a key enzyme in death receptor-
mediated apoptosis (182,183), to protect against
ALF using different mouse models (184). Systema-
tic application of caspase 8 siRNA prevents Fas
(CD95)-mediated apoptosis of hepatocytes. Protec-
tion of hepatocytes by caspase 8 siRNA results in
reduced liver damage after application of activating
anti-Fas (CD95) antibody (Jo2) or Ad-expressing
Fas ligand (AdFasL). Survival improved after de-
layed treatment of mice with caspase 8 siRNA
following administration of AdFasL or Ad wild
type. These findings demonstrate the therapeutic
potential of RNAI targeting caspase 8 in ALF.

Fas-mediated ALF and ALF! TGF-f recepror II

In the liver, TGF-B plays an essential role in
hepatocyte apoptosis, growth inhibition, and the
progression of fibrogenesis. The pathology under-
lying ALF involves overefficient apoptosis and the
inhibition of hepatocyte regeneration associated with
TGF-B signaling (185,186). TGF-B receptor II
(TGF-BR-II) is considered a key target for interfer-
ing with TGF-B signaling (187). However, the
potential use of in vivo RNAi in therapy and
analytical activity by suppressing TGF-BR-II in the
TGF-B signaling pathway has not yet been estab-
lished or documented.

To approach this problem, Mizuguchi et al. (188)
investigated the effect of the shRNA against TGF-
BR-II using hepatocyte injury in mouse BNL,
CL.2 cells, and liver injury models. TGF-PR-II
shRNA suppressed the activation of SMAD?2 and

the induction of several TGF-B-responsive genes by
TGF-B1 in the mouse cells. TGF-BR-II shRNA
suppressed inhibition of cell proliferation and stimu-"
laton of apoptosis by TGF-Bl. In a mouse acute
liver injury model induced by Jo2 antibody, TGF-B-
RII shRNA suppressed several TGF-B-responsive
genes, prevented cell damage, and prevented the
release of aminotransferases from damaged hepato-
cytes. In a survival study with Fas-mediated ALF,
TGF-B-RII shRNA protected mice from death.
These findings indicate that the use of shRNA
targeting TGF-BR-II has great potential as an
analytic tool for TGF-BR-II in TGF-B signaling
and gene-specific therapeutics for human disorders.

Fas-mediated liver failure and fibrosis/Fas

Fas-mediated hepatocyte apoptosis is implicated in a
broad spectrum of liver diseases, including the
development of liver fibrosis in chronic hepatitis
(189-192). Fas-deficient Ipr mice survive challenge
with factors that induce fulminant hepatitis in
normal mice (190,193), and show reduced fibrosis
after chronic hepatic insult (191).

Song et al. (194) investigated the effect of siRNA
against Fas for protecting mice from liver failure and
fibrosis in two models of autoimmune hepatitis.
Hepatocytes isolated from mice treated with Fas
siRNA were resistant to apoptosis when exposed to
Jo2 in vitro or co-cultured with hepatic mononuclear
cells harvested from concanavalin A (ConA)-treated
mice. Hepatocytes from mice treated with Fas
siRNA were resistant to cytolysis by hepatic mono-
nuclear cells from ConA-treated mice. Treatment
with Fas siRNA 1 day before ConA treatment
abrogated hepatocyte necrosis and inflammatory
infiltration, as well as aimost completely preventing
elevation of serum transaminases. Treatment with
Fas siRNA, beginning 1 week after the initiation of
weekly ConA treatment, protected mice from liver
fibrosis. In a more aggressive hepatitis model using a
Fas-specific antibody, 82% of mice treated with Fas
siRNA survived for 10 days, whereas all control mice
died within 3 days. These results indicate that
siRNA-directed Fas silencing may be of therapeutic
value in preventing liver injury by protecting hepa-
tocytes from cytotoxicity.

Inhibition of HCV gene expression and
replication by RNAi

HCV is an enveloped virus with a ss 9.6-kb RNA
genome of positive-stranded polarity (195). The
5" non-translated region of the genome contains
an internal ribosome entry site (IRES) that directs
translation of a single long reading frame (196-198).
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Fig. 1. Schematic representation of the HCV genome.

The HCV open reading frame (ORF) encodes a
single polyprotein that is 3008-3037 amino acids in
length and is post-translationally modified to pro-
duce at least 10 different proteins: core, the envelope
proteins E1 and E2, p7, and the non-structural
proteins NS2, NS3, NS4A, NS4B, NS5A, and
NS5B (Fig. 1) (162,199). These viral proteins are
not only involved in viral replication but may also
affect a variety of cellular functions (162,200). Based
on nt sequence comparisons, HCV genomes can be
grouped into at least six genotypes, or clades, that
differ from each other by 31-34%. Furthermore,
several subtypes have been defined, with an nt
sequence diversity of 220%. HCV has infected an
estimated 170 million people worldwide, making it a
global health problem (201). HCV is one of the main
causes of liver-related morbidity and mortality; it
establishes a persistent infection of the liver, leading
to the development of chronic hepatitis, liver cirrho-
sis, and HCC (202). It is estimated that 40-60% of
infected individuals progress to chronic liver disease,
with many of these patients ultimately requiring liver
transplantation (203). At present, HCV infections
can be wreated with IFN-B, either alone or in
combination with ribavirin. Standard therapy has a
poor response rate (204), and thus alternative
therapeutic approaches for chronic HCV are needed.
To overcome this situation, a number of groups have
attempted to verify the usefulness of RNAi as a
therapeutic tool in several model systems, as de-
scribed below. The findings indicate that siRNA and
shRNA against HCV interfere efficiently with HCV
gene expression and replication.

McCaffrey et al. (205) investigated the effect of
siRNA and plasmids expressing shRNA against
HCV NS5B on the expression of an HCV NS5B
fragment fused with luciferase RNA in mouse liver
using hydrodynamic injection. Quantitative whole-
body imaging showed that siRNA and shRNA
decreased luciferase expression by 75% and 90%,
respectively.

Wilson et al. (206) investigated the effect of
siRNA on the expression of HCV-specific proteins
and RNA synthesis in Huh cells containing an HCV
subgenome replicon. siRNA against NS5b and NS3
inhibited expression of NS3 and NS5b protein and
reduced HCV replicon RNA levels by >94%. These
siRNAs protected native Huh7 cells from challenge
with HCV replicon RNA by >95%. Treatment of
the cells with the siRNAs was effective for >72 h,
but the duration of RNAi treatment could be
extended beyond 3 weeks through stable expression
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of complementary strands of siRNA under the
control of two separate H1 promoters by using a
vector. The vector-based siRNA. protected native
Huh?7 cells from challenge with HCV replicon RNA
by 70%. .

Wilson et al. (207) wondered whether the small
percentage of surviving Huh cells challenged with
HCV replicon were resistant to RNAIi in general or
to the specific siRNA being used. After several
treatments with a highly effective siRNA, growth of
replicon RNAs resistant to subsequent treatment
with the same siRNA was observed. Sequence
analysis of the siRNA-resistant replicon showed the
generation of point mutations within the siRNA
target sequence. Use of a combination of two
siRNAs severely limited escape mutant evolution.

Kapadia et al. (208) investigated the effect of
siRNA, NS3-1948, and NS5B-6133 (named on the
basis of their nt location in subgenomic replication)
on ongoing HCV replication and protein expression
in Huh7 cells that stably replicate HCV RNA.
siRNAs decreased HCV replication ~20-fold. The
RNAI effect was effective for at least 6 days. siRNAs
decreased NS3 and NS5B proteins on Day 4. The
siRNAs induced several IFN-induced genes to a
much lesser extent compared to IFN, suggesting that
the inhibition of HCV replication was not due to
dsRNA-induced activation of the IFN pathway.
siRNAs did not affect the cell cycle, suggesting that
inhibition of HCV replication was not due to an
effect on cell-cycle progression.

Randall et al. (209) investigated the effect of
siRNA against 5’ core and NS4B regions on the
NS5B protein, as well as cytoplasmic replication of
HCV RNA in Huh7.5 cells containing HCV-Conl
and HCV-C/LB. HCV-Conl is a full-length geno-
type 1b replicon with a highly adaptive serine to
isoleucine substitution at amino acid 2204 of the
HCV polypeptide. This has previously been de-
scribed as Con/Fl-neo (S22041) (210). HCV-C/
LB is a chimeric replicon in which Conl sequences,
including part of NS3, all of NS4A, -4B, and -5A,
and part of NS5B, were replaced with the corre-
sponding region from the genotype 1b LB strain.
siRNA against the 5’ core region (siHCV) decreased
NS5B protein to an undetectable level in HCV-
Conl and HCV-C/LB cells on Day 4. siRNA against
the NS4B region also decreased the NS5B protein to
an undetectable level in HCV-Conl cells, but not in
HCV-C/LB cells. siHCV decreased the HCV RNA
level 80-fold at Day 4 in the HCV-Conl cells, and
this level was maintained after 4 days. siHCV
decreased the number of NS5A staining cells by
>99%. Randall et al. also assessed the efficacy of
siHCV in clearing Huh7.5 cells of replicating full-
length HCV. The measurement was based on the
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phenomenon that the ability to form G418-resistant
colonies depends on persistent expression of
neomycin phosphotransferase from replicating
HCV RNAs. siHCV decreased the formed G418-
resistant colonies by 99.6%.

The 5 untranslated region (UTR) and the up-
stream portion of the core region are the most
conserved parts in the HCV genome, with an nt
identity of 99.6% (211,212). Therefore, the 5 UTR
appears to be an ideal target for siRNA. Yokota et al.
(213) investigated the effect of siRNA targeting the
5" UTR on HCV IRES-mediated translation, HCV
replication, and protein expression. siRNA de-
creased luciferase activity by 81% at a concentration
of only 2.5 nM in Huh?7 cells transiently transfected
with an HCV IRS reporter gene vector. This vector
expresses mRNA consisting of the HCV 5’ UTR and
the upstream part of the core region, connected in-
frame with the firefly luciferase (FL) gene as
reporter. siRNA decreased luciferase activity, the
non-structural viral proteins NS3, -4, and -5, and
intracellular replication of HCV genome RNA in
Huh?7 cells stably expressing an HCV Feo replicon
that expressed mRNA consisting of FL. and NS3, -4,
-5A, and -5B.

The high degree of sequence diversity between
different HCV genotypes and the notoriously error-
prone replication of HCV are the major problems in
the development of siRNA-based gene therapies.

Kronke et al. (214) developed two alternative
strategies to overcome these obstacles. In one
approach, they used endoribonuclease-prepared siR-
NAs (esiRNAs) to simultaneously target multiple
sites of the HCV genome and investigated the effect
of esiRNAs on the replication of subgenomic and
genomic HCV replicon in Huh cells transfected with
HCV replicon encoding FL as a reporter. siRNAs
directed against various regions of the HCV coding
sequence as well as the 5" UTR efficiently inhibited
reporter gene expression to ~1%. siRNAs also
reduced the number of subgenomic replicon RNAs
to =1%. In an alternative approach, pseudotyped
retroviruses encoding shRNA were generated. A
retroviral vector expressing shRNA targeting domain
IV or nearby coding sequences inhibited reporter
gene expression in Huh cells.

Takigawa et al. (215) utilized two methods to
express shRNAs: one utilizing an expression plasmid
and the other utilizing a recombinant lentivirus
vector. The efficacy of a number of shRNAs directed
against different target regions of the HCV genome
in Huh cells transfected with HCV subgenomic
replicon was determined. In both systems, shRNAs
against NS3-1 (nucleotides 2052-2060) and NS5B
(nucleotides 7326-7344) most efficiently sup-

pressed expression of NS3 protein and reduced the
amount of HCV replicon RNA.

The proteasome o-subunit PSMA7 modulates
HCV-IRES activity in cell culture (216). The Hu
antigen R (HuR) is a member of the ELAV-like
protein family (217), which binds to HCV 3’ UTR
RNA sequences (218).

Korf et al. (219) investigated the effect of a panel
of DNA-based retroviral vectors expressing siRNAs
against the highly conserved HCV-5’ and -3’ UTRs
or the putative HCV cofactors PSMA7 and HuR on
HCV IRES-mediated translation and subgenomic
replication. siRNAs directed against highly con-
served HCV-5" and -3’ UTRs reduced HCV-IRES
activity from the dual-gene luciferase reporter in
Huh7 cells. These cells had been transfected with
the dual-gene HCV-IRES reporter construct driven
by the SV40 promoter to direct cap-dependent
translation of renilla luciferase and cap-independent
HCV IRES-mediated translation of FL. siRNAs
inhibited HCV replicon RNA and HCV-NS5B
protein expression in Huh cells harboring single-
gene, subgenomic HCV replicons composed of
regions such as the HCV 5 UTR, nucleotides
342-389 of the core-encoding sequence, the HCV
non-structural proteins NS3 to -5B, and the HCV 3’

‘UTR. siRNAs directed against PSMA7 and HuR

reduced HCV-IRES activity from the dual-gene
HCV-IRES reporter construct. siRNAs inhibited
HCV replicon RNA and HCV-NS5B protein ex-
pression in Huh cells harboring single-gene, sub-
genomic HCV replicons. Selected combinations of
HCV-directed siRNAs and siRNAs targeting
PSMA7 and HuR or a combination of two siRNAs
against these cofactors caused an additive inhibitory
effect to that of subgenomic HCV replicons in
Huh cells harboring single-gene, subgenomic HCV
replicons.

HBV X protein induces HIV-1 replication and
transcription through NF-xB binding sites in the
HIV-1 long terminal repeat promoter (220). Speci-
fically, the NS5a HCV protein activates NF-xB, in
turn activating the promoter function of HIV-LTR
(221,222).

Strayer et al. (223) exploited these findings to
illustrate the potental applicability of such condi-
tional expression approaches to drive the transcrip-
tion of siRNA targeting HCV mRNA. siRNA was
delivered with Tag-deleted SV40-derived vectors
containing HIV-1 LTR. siRNA reduced the HCV-
NS5A mRNA level by >98% in HepG2 cells stably
expressing the HCV full genome. Specificity was
confirmed by the finding that the siRNA delivered
with the SV40-derived vector containing mutated
HIV-1 LTR had no effect on the mRNA level.



Hamazaki et al. (224) synthesized shRNAs target-
ing the HCV IRES core gene transcript using T7
RNA polymerase and investigated the effect of
shRNAs on the replication of HCV RNA in an
HCYV replicon stably expressing the HCV subge-
nome. shRNAs inhibited HCV replication by
>90%. shRNAs did not induce luciferase activity
in Huh?7 cells or an HCV replicon transfected with a
luciferase reporter gene-expressing vector with IFN-
regulatory factor-3 binding regions. shRNAs did not
induce IFN-B and did not activate PKR or 2’,5-
OAS in Huh7 cells and HCV replicon. These
findings indicate that the shRNAs inhibit replication
of HCV RNA without inducing an IFN response.

Inhibition of HBV gene expression and
replication by RNAi

HBV is an enveloped virus with a partially ds
relaxed-circular 3.2-kb  DNA genome encoding
polymerase, X protein, core antigen (C), and surface
(PreS and S) (Fig. 2). With an estimated 400 million
chronic carriers worldwide, HBV infection remains
one of the most prevalent chronic viral infections in
humans (225). Chronic infections have serious
consequences, including cirrhosis and HCC (226),
and are responsible for >1 million deaths annually
(225). Current treatments for chronic HBV are
suboptimal. Nucleoside or nt analogs, such as
lamivudine and adefovir dipivoxil, suppress HBV
replication effectively (227,228), but suffer from the
selection of drug-resistant mutations and a high rate
of relapse when treatment is discontinued (229).
Although IFN-a and pegylated IFN-a have both
immunomodulatory and antiviral effects, they
achieve a sustained response in only a small percen-
tage of patients and are usually associated with a
wide array of side-effects (230,231). Thus, alterna-
tive therapeutic approaches for chronic HBV are
needed. A number of groups have attempted to
verify the usefulness of RNAI as a therapeutic tool in
several model systems, as described below. The
findings indicate that siRNA and shRNA against
HBV efficiently interfere with HBV gene expression
and replication.

McCaffrey et al. (232) investigated the effect of
U6 shRNAs targeting C and S regions on the
production of HBV intermediates in Huh7 cells,
plus immunocompetent and immunodeficient mice
transfected with a plasmid containing the HBV
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l polymerase

Fig. 2. Schematic representation of the HBV genome.
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genome with some sequences duplicated to allow
complete expression of all genes. shRNA reduced
the amounts of HBsAg in culture medium and
mouse serum by 94.2% and 84.5%, respectively.
Immunohistochemistry indicated that shRNA re-
duced HBV core antigen (HBcAg) by >99%.
Immunocompetent and immunocompromised mice
treated with shRNA had 77% and 92% less HBV
RNA, respectively. shRNA reduced HBV ss and
ds DNA-replicative intermediates to undetectable
levels.

Giladi et al. (233) investigated the effect of siRNA
targeting HBsAg on HBV gene expression and
replication in both HepG2.2.215 cells transfected
with HBV plasmid and in mice transfected with
HBYV plasmid. In their systems, injection of Balb/c
mice with the HBV genomic plasmid resulted in the
production and secretion of HBV-related antigens
and replicative intermediates into the serum for >1
week. By 10 days, viral particle production subsides,
concomitant with the appearance of anti-HBV anti-
bodies. siRNA reduced the amount of HBsAg and
HBV nucleocapsid antigen (HBeAg) in culture
media by >80%. siRNA reduced HBV 3.6-kb and
2.1/2.4-kb mRNA species, and also reduced the
amounts of HBsAg and HBeAg in mouse serum by
90% and 80%, respectively. Immunochistochemistry
indicated that the siRNA diminished HBsAg-posi-
tive cells by >0.1%. siRNA reduced the three
species of mRNAs by ~50%. siRNA diminished
HBV DNA in serum by >100-fold.

Konishi et al. (234) investigated the effect of
siRNA targeting to polyadenylation (PA), precore
(Prec), and S regions on replication of HBV in
HepG2.2.215 cells transfected with HBV plasmid.
HBsAg secretion into culture media was inhibited by
78%, 67%, and 42% with siRNAs against the PA,
PreC, and S regions, respectively. siRNA against the
PA region decreased levels of HBV pre-genomic
RNA and HBV RNA containing the PA signal
sequence by 72% and 86%, respectively. siRNA
decreased the level of HBV core-associated DNA, a
replication intermediate, by 71%. Immunohisto-
chemistry indicated that siRNA decreased HBsAg-
positive cells by 30-40%.

Shlomai and Shaul (235) investigated the effect of
siRNA-producing vectors targeting the C and X
OREF regions at the level of HBV proteins, tran-
scripts, and HBV replicative forms in Huh and
HepG2.2.15 cells. siRNAs against X and C regions
significantly decreased levels of X and C proteins in
Huh7 cells transfected with X and C region plas-
mids, respectively. siRNA against the X region
significantly decreased the number of green fluor-
escent protein-positive cells in Huh7 cells trans-
fected with HBV-GFP plasmid, in which the C
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region was replaced with GFP. siRNA against the X
region decreased core protein in HepG2.2.15 cells
stably expressing HBV. siRNA against the X region
decreased levels of all viral transcripts and viral
replicative intermediates by ~68% and =x95%,
respectively in Huh7 cells transfected with 1.3 X
HBV genome plasmid. siRNA against the C region
decreased levels of all viral transcripts and viral
replicative intermediates by =13% and 40%, re-
spectively in the Huh7 cells transfected with 1.3 X
HBV genome plasmid.

Hamasaki et al. (236) investigated the effect of
shRNA targeting to the core region on replication of
HBV in Huh7 and HepG?2 cells transfected with
HBV genome plasmid. shRNA decreased the
amount of HBeAg in culture media by 4.6- and
4.9-fold in Huh and HepG2 cells, respectively.
shRNA decreased 3.5-kb mRNA of HBV plus the
viral replicative intermediates, open circular and ss
HBV-DNA in Huh cells.

Ying et al. (237) investigated the effect of siRNA
targeting of the C region on viral replication in
HepAD38 cells (producing wild-type virus) and
HepAD59 cells (producing 3TC-resistant YMDD
variant). siRNA inhibited viral DNA synthesis by
98% and 89% in HepAD38 cells and HepAD59
cells, respectively. siRNA decreased HBV core
protein synthesis in HepAD38 cells, in which HBV
replication was induced by removal of tetracycline
from the culture medium.

Klein et al. (238) developed a novel mouse model
to study HBV replication and investigated the effect
of siRNA targeting of the ORFs of the S and C
regions on expression of HBsAg and HBeAg using
this model. In this model it is possible to introduce a
replication-competent vector into hepatocytes and to
activate HBV replication by a high-volume injection
via the tail vein using an HBV replication-competent
vector. siRNA targeting to the ORF of the S region
decreased HBsAg and HBeAg in the serum by nearly
70% and 80%, respectively. siRNA decreased pre-C/
C and S RNA levels in the liver. siRNA targeting to
the ORF of the C region located outside the S region
decreased HBeAg protein in serum and mRNA
levels in the liver by 60% and 74%, respectively,
whereas siRNA had no effect on the HBsAg protein
level.

Chen et al. (239) investigated U6 shRNAs target-
ing different putative secondary structures on HBV
pregenomic RNA, HBV RNA, and HBV replication
in HepG2 cells transfected with HBV plasmids.
Targeted sequences included direct repeat elements
or regions coding for C, PreS, S, polymerase, and X
protein. shRNAs decreased HBV RNA and the
relative copy number of HBV DNA by up to 90%
and by 90-97%, respectively.

Wu et al. (240) investigated the effect of plasmid-
expressing siRNA targeting HBV C region nucleo-
tides 2052—2070 on the replication and expression
of HBV in mice transfected with HBV plasmid
containing a 1.3-fold-overlength genome of
HBYV. siRNA decreased serum HBsAg and HBV C
mRNA levels on Day 6 by x~90% and 85%,
respectively. Immunohistochemistry indicated that
siRNA decreased HBcAg-positive cells from 5.4%
to 0.9%. :

Morrissey et al. (241) introduced some chemical
modifications to siRNAs to improve their stability
and investigated the effect of targeting siRNAs to the
HBYV genome in a mouse and a HepG2 cell model of
HBYV replication. The combination of modifications
included 2’-fluoro, 2’-O-methyl, and 2’-deoxy su-
gars, phosphorothionate linkage, and terminus cap-
ping chemistries, plus complete removal of 2'-OH.
The modified siRNA duplex prolonged the half-life
~900-fold compared with the unmodified siRNA
duplexes in 90% human serum at 37°C. The
modified siRNA targeting a site located at starting
5’ nt 263 in the HBV genome decreased HBsAg in
the culture media by ~80% in HepG?2 cells trans-
fected with replication-competent HBV expression
plasmid. The 263 siRNA decreased the HBV RNA
level by 71% in mice transfected with complete HBV
genome vector. The 263 siRNA and unmodified
siRNA decreased serum HBV DNA by 1037 and
10722 at a dose of 1 pg. Similar results were
obtained for serum HBsAg levels. When the 263
siRNA was delivered 3 days after transfection of
the HBV vector it decreased serum HBV DNA levels
by 10729,

The same group (242) also synthesized stable
nucleic acid-lipid particle (SNALP) formulations of
stabilized siRNA, investigating its efficacy using
several criteria. Stabilized siRNA-SNALP almost
completely eliminated HBsAg protein in culture
media of HepG2 cells transfected with HBV plasmid
with an ICs5 of —1 nM. Stabilized siRNA-SNALP
prolonged the half-life in plasma to approximately
eightfold compared to stabilized siRNA in mice.
Non-stabilized siRNA-SNALP strongly induced
serum IFN-a or inflammatory cytokines (IL-6,
TNF-a), plus serum aspartate aminotransferase
and alanine aminotransferase, whereas such effects
were not observed in the stabilized siRNA-SNALP.
Stabilized siRNA-SNALP reduced serum HBV
DNA by >10"'° in a mouse model of HBV
replication. The reduction in HBV DNA was dose-
dependent and lasted for up to 6 weeks. Further-
more, reductions were seen in serum HBV DNA for
up to 6 weeks with weekly dosing.

Uprichard et al. (243) investigated the effect of
Ad vector expressing U6 RNA polymerase ITI-driven



shRNAs targeting HBV regions overlapping 3.5-,
2.4-, and 2.1-kb RNA on preexisting HBV gene
expression and replication in HBV transgenic mice.
The HBV-specific siRNA numbers, HBV 546 and
HBV 765, refer to the initial nt of siRNA relative to
the unique viral EcoRI site. shRNAs decreased the
amount of HBsAg and HBeAg in serum by five- to
sixfold on Day 4. The reduction in HBsAg and
HBeAg levels continued until 13 days. shRNAs
decreased the 2.1-kb envelope and 3.5-kb viral
RNA in the liver by >50-fold and by four- to
fivefold on Day 20, respectively. The same authors
also did similar experiments using HBV transgenic
mice that are genetically deficient for the expression
of IFN-y and the IFN-o/B receptor, as in vivo Ad
does induce IFNs that clear HBV DNA from the
liver. HBV 765 decreased HBsAg and HBeAg on
Day 26 by ~20-fold and 10-fold, respectively. HBV
765 decreased 2.1- and 3.5-kb RNA on Days 17-26
to an undetectable level and by 10-fold, respectively.
This pattern of HBV RNA inhibition was main-
tained through to Day 26. HBV 765 decreased HBV
replicative intermediate to virtually undetectable
levels on Days 17-26. Immunohistochemistry
indicated that HBV 765 decreased HBcAg-positive
cells in the liver to an undetectable level on Days 17
and 26. ‘ '

Wu et al. (244) investigated the effect of the
human H1 promoter-encoded shRNAs targeting
the S regions on the viral proteins, RNA, and DNA
for three HBV genotypes in several models. shRNA
decreased HBsAg and HBeAg protein in the
culture media on Days 6 and 2 by 98.2% and
62.6%, respectively in Huh7 cells transfected with
HBV genotype A plasmid. shRNA markedly de-
creased HBV RNA in cells and HBV replicative
DNA in culture media and the cytoplasm. shRNA
decreased HBsAg in the serum by >99% on Day
4 in mice transfected with HBV genotype A
plasmid. Immunohistochemistry indicated that
shRNA decreased HBcAg-positive cells in the liver
by >95%. shRNA also decreased HBsAg and
HBeAg in the culture media by 2~95% and 85%,
respectively in Huh7 cells transfected with HBV
genotype B or C plasmids. In these experiments, a
clone from a patient with genotype C was resistant
to shRNA. This mutant clone was found to exhibit
a silent mutation in the target regions and could be
selected out in the presence of shRNA in cell
culture. .

Carmona et al. (245) investigated the effect of a
panel of shRNAs targeting the HBx ORF region on
HBV replication in several models. To facilitate
intracellular processing, the shRNAs included mis-
matches in the 25-bp stem region and a terminal
loop of micro RNA-23. Two shRNAs (—5 and —6)
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decreased HBsAg secretion and HBV-GFP fusion
marker protein without inducing IFN responses by
>95% and ~60% in Huh7 cells transfected with
HBV plasmid and HBV-GFP fusion plasmid,
respectively. The two shRNAs did not affect IFN
response: induction of IFN-B, OAS1, and MxA in
Huh7 cells. shRNAs decreased HBV RNA to ~35%
in Huh7 cells transfected with HBV plasmid.
shRNA5 decreased HBsAg in serum to a back-
ground level over a period of 4 days in HBV
transgenic mice. Immunohistochemistry indicated
that shRNA5 decreased HBcAg-positive cells in the
liver to an almost undetectable level. The two
shRNAs decreased HBsAg and viral particle con-
centration in serum by >99% on Day 4 in mice.
Carmona et al. incorporated the two shRNAs into an
Ad vector to assess the antiviral efficacy of these
shRNAs in a context similar to that of natural HBV
infection. The wo Ad vector shRNAs decreased
HBsAg and HBeAg in serum by >90% and ~50%
by Day 12. Ad shRNAs —5 and —6 decreased the
virion count in serum by 60% and 98% in mice,
respectively.

Kim et al. (246) investigated the effect of siRNA
and U6 shRNAs targeting positions 1374-1392 of
the HBx sequence on the HBx mRNA level
in HepG2-HBX expressing HBx mRNA and
HepG2-K8 producing HBV particle. siRNA and
tU6 shRNA reduced the HBx mRNA level by up to
80-90% in these cells. They also investigated
the effect of siRNA and U6 shRNA on GFP
expression in HepG2 cells transfected with HBx—
eGFP fusion plasmid. siRNA and U6 shRNA
reduced GFP expression by 90%. Chromosomal
integration of U6 shRNA into HepG2 cells was
also confirmed.

Chen et al. (247) investigated the effect of a ds
adeno-associated virus eight-pseudotyped vector
expressing shRNA targeting the S1 region of HBV
on levels of HBV protein, mRNA, and replicative
DNA in HBV transgenic mice. This shRNA
decreased HBsAg protein and HBV genome in
serum by >99% at 14 days. shRNA decreased
2.4/2.1- and 3.5-kb HBV transcripts by 93% and
81%, respectively. shRNA almost completely elimi-

~nated HBV replicative intermediates, intrahepatic

relaxed-circular, and ss linear viral DNA. Immu-
nohistochemistry indicated that shRNA almost
completely eliminated HBcAg-positive cells in the
liver. These reductions persisted for >120 days.
Reductions in HBsAg, HBV DNA, and HBV
replicative intermediates at 120 days were
66.1%, 77.1%, and 75.8%, respectively. shRNA
induced only negligible amounts of IFN-y and -,
and 2',5-OAS.
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