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Fig. 1. Possible signaling path-
ways coupling TLRs to IFN
induetion. TLR9 (also possibly
TLR7) can signal exclusively via

IRAK1

lb IRF-7

E1ED wry

MyD88 to activate IRF-7 and
NF-«B. IRF-7 activation activates
the IFN-o promoter in pDCs. TLR3
uses TICAM-1 but not MyD88 in
mDCs to induce activation of IRF-3
and the IFN-p promoter. TICAM-1
can recruit RIP1l, which together
with TRAF6 activates NF-«B. TLR4
can signal via both MyD88 and
TICAM-1 in mDCs. Mal/TIRAP and
TICAM-2 are adapters involved
in coupling TLR4 to MyD88 and
TICAM-1, respectively.  Either
MyD88 or TICAM-1 promotes activa-
tion of NF-xB and MAPKs, leading
to transcription of cytokine genes.
TICAM-1 in the TLR4 pathway
also activates IRF-3, allowing weak
IFN-B production.
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also IRF-3 (12, 13). Judging from their similarity and
analogy, we here hypothesize that the two kinase com-
plexes similarly assemble, at least in a certain situation.
On infection, viruses activate type I IFN, possibly via
so-called virus-activated kinase (VAK) involving IKKe
and TBK], and IRF-3 and IRF-7 (14). We will focus on
how the TLR3-TICAM-1 pathway links the kinases that
activate IRF-3 during viral infection, and then summarize
the structure-function relations of the family of molecules
that bridge TICAM-1 and IRF-3-activating kinases.
Downstream of TICAM-1—TICAM-1 is an essential
molecule for IFN-B production through TLR3 and

Fig. 2. Trimolecular interac-
tions of two kinases and their
regulatory subunits in the TLR
pathway. IKKy, TANK and NAP1
do not act as kinases, but act as
regulatory subunits for kinase com-
plexes. TBK1 and IKKe (or IKKi)
assemble with NAP1 or TANK to
activate IRF-3 and to a lesser extent
NF-«xB. IRF-3 is preferentially acti-
vated in the TLR pathway. IKKy
couples with IKKa and IKKSB,
which allows the activation of
NF-xB. IRF-3/7 are not activated
via this complex. The three non-
kinase subunits are structurally
similar to one another.

NF-:B

TLR4 (15). We recently reported that NAP1 interacts with
TICAM-1 (16). It has been reported that NAP1 directly
interacts with TBK1 (also called NAK) and triggers
NF-xB activation through TBK1 (17). TICAM-1 recruits
NAP1, either directly or indirectly, to its N-terminal
region. NAP1 forms a trimolecular complex with IKKe
and TBK1, and this complex mainly targets IRF-3. Besides
IRF-3 activation, TICAM-1 induces NF-xB and MAPK
activation, There are three molecules that reportedly
participate in NF-xB activation through TICAM-1. Firstly,
the NAP1 complex binds TICAM-1 to activate NF-xB
in the TLR3 pathway (16) in a manner similar to in the
TNF-a-inducing pathway that involves the TBKV/IKKe
complex (I7). Secondly, TRAF6 interacts with the
N-terminal region of TICAM-1 and then mediates NF-«B
activation (18). TRAF6 binds IRAK1/4, activates the
TAK/TABI/TAB2 complex, and subsequently activates
the IKKo/B/y complex on TLR4-ligand stimulation. This
trimolecular complex degrades IkB and liberates NF-xB.
It is notable that IRAK1 and IRAK4 are not involved in
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TLR3-mediated signaling. After ubiquitination, TRAF6
may interact with other molecules besides IRAK1/4 and
form a complex with IKKe/p/y (19). Thirdly, RIP1 binds
TICAM-1 vie a RIP homotypic interaction motif (PHIM)
domain located in its C-terminal region (20). RIP1 associ-
ates with TRADD, leading to activation of the IKKo/B/y
complex following TNF-a stimulation, and leading finally
to NF-xB activation. Thus, twe different kinase complex
properties effectively function downstream of TICAM-1in
the NF-xB activation pathway. The reported kinase com-
plex consisting of TANK, IKKe and TBK1 should therefore
be present in addition to the complex of NAP1, IKKe and
TBK1. However, the role and function of the former com-
plex downstream of TICAM-1 remain to be elucidated.

The Properties of the Kinase Complex—The three mole-
cules NAP1, TANK and IKKy show significant structural
similarities, suggesting that they comprise a protein
family with similar functional characteristics (Fig. 2a).
In most cell types, for activation of TBK1 and IKKe leading
to IRF-3-mediated IFN-f induction, NAP1 plays the main
role in TBKVIKKe-driven signaling. Similar to NAPI1,
TANK has been reported to assemble with TBK1 and
TKKe (21, 22). However, TANK does not form a molecular
complex with TICAM-1 in HEK293 or other cells (16).
Thus, the functional properties of the TANK-TBK1-IKKe
complex, if any, have not been well characterized. It is
likely that this complex is placed downstream of other
adapter or DNA/RNA-binding proteins.

Structurally, NAP1 is 20.3% similar to IKKy and 18.2%
gimilar to TANK (Fig. 2b). NAP1 consists of 391 a.a. (17),
TANK of 426 a.a. (21), and IKKy of 419 a.a. (23). Their
TBK1-binding regions have been reported to reside within
158-270 in NAP1 and 1-190 in TANK. The IKKo/B-binding
region is within 44-85 in IKKy (Fig. 3). Comparison of
the a.a. sequences of these three proteins suggested that

158-270

TiKy QELRDAIRQSNQILRERCEELLHFQAS
TANK KELQQKTENYEQRIREQQEQLSLQQTI
NAPL

SDLKIELQKAKQTDPYQ-EDNLKSROL
ks .ok .o .

R v

Fig. 3. Seqence similarity between the three regulatory
subunits. NAP1 consists of 391 a.a. and binds TBK1 in the region
of 158-270 a.a. (17). TANK is a 426 a.a. protein with binding
capacity as to TBK1 at 1-190 a.a. (21). IKK-y comprises 419 a.a.,
and its IKKB-binding region has been identified as 44-85 a.a. (23).
Clustal W alignment analysis suggested the presence of a
highly conserved region in these family proteins. This conserved
region lies within the predicted coiled-coil region in each protein.
Solid bars, coiled coil regions; gray boxes, reported TBK1- or IKKf-
binding regions; thick underlines, the highly congserved regions
in the TBK1 and IKKy-binding sites, the sequences of which are
shown below the picture.
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there are sequence-conserved regions in the TBK-binding
regions of these proteins (Fig. 3). The conserved regions
are located within the expected coiled-coil domain, sup-
porting the previous notion that these three molecules
bind kinase molecules to regulate downstream signal-
ing (17, 21, 23). The mechanism underlying differential
selection of kinase complexes by each regulatory protein,
however, remains undetermined.

IFN-p Induction via Virus Infection—Virus infection
generally causes IFN-o/B production. This has been con-
firmed using various species of RNA viruses and some DNA
viruses. The TLR3-TICAM-1 pathway is crucial in mCMV
infection (24). This pathway may participate in Westnile
virus and influenzavirus infections (25, 26). Interestingly,
TICAM-1 is a substrate of NS3/4A protease of HCV (27).
Poly(I:C) as well as dsRNA appear to activate IRF-3
at least in part via the TLR3-TICAM-1 pathway. Such
activation occurs even when they are exogenously added.
However, poly(I:C) introduced into the cytoplasm of
mDC induces strong activation of IRF-3 and type-I IFN
induction even without TLR3 (28). Thus, the TLR3-
independent pathway for activation of IRF-3 should be
present inside the cells.

Recently, a CARD domain-containing helicage named
RIG-1 was reported to participate in signaling for TLR3-
independent IFN-B-induction. RIG-1 recognizes dsRNA in
the helicase domain and induces activation of IRF-3 in
the CARD domain (29). Similar results are obtained with
another RIG-I family protein, MDAS5, in Sendai and
some other virus species (30). PKR might participate in
dsRNA-mediasted IFN-o/p induction (31). Thus, it remains
unclear if RIG-I represents the TLR3-independent IRF-3
activation pathway. In the TLR3-TICAM-1 pathway,
NAP1 downstream of TICAM-1 participates in poly(I:C)-
dependent intracellular activation of IRF-3. The RIG-1
pathway was examined using several viruses and polyI:C,
and the NAP1-IKKe/TBK1-IRF-3 pathway was found to
participate in TLR3-independent IFN-B induction (32).
In the model proposed by Nakanishi et al. (33), NAP1
assembles with TBK1 and IKKe kinases to activate
NF-xB. This and a recent report (32) suggest that the
NAP1-TBK1-IKKe complex is placed downstream of
both TICAM-1 and RIG-/MDAS5, resulting in IFN-B
production. This kinase complex, called virus-activated
kinase (VAK), acts via both intra- and extra-cellular
routes to activate IRF-3 in response to poly(L:.C) (Fig. 4).
Which of the pathways mainly takes part in IRF-3 activa-
tion, what molecule associates with TICAM-1 and NAP1
or RIG-I and NAP1, and whether or not NAP1 is involved
in the targeting of viral factors for activation of VAK in
any given cell line remain unknown. However, the current
literature in this area suggests that the two pathways
(TLR3-dependent and -independent), converge on the tri-
molecular kinase complex in mDCs (34, 35).

Perspectives—The TLR3-TICAM-1 pathway is intri-
guing since dsRNA is an essential prerequisite for its
activation. TLR3 resides in putative endosomes whereas
dsRNA is generated in the cytoplasm during viral replica-
tion. How they interact in mDCs and virus-infected cells
remains to be investigated. An important issue to be
resolved is why this pathway is conserved in mDCs.
These cells participate mainly in antigen-presenting and
TLR3-mediated IFN-B production. Furthermore, they are
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Fig. 4. The TLR3-TICAM-1 path-
way converges with the RIG-I
pathway, The trimolecular complex

Poly(l:C}) of NAP1, TBK1 and IKKg is pre-

" " sumed to be virus-activated kinase

aniry receptor (VAK), and to be activated via

TLR3 and RIG-I in response to

dsRNA. TLR3 recognizes dsRNA

TIGAM-1 mp&catlon in certain endosomes in mDCs,
whereas RIG-I recognizes it in the

000X  dsRNA cytoplasm (see the text for the

g \ differential roles of TLR3 and

Rita-} PKR RIG-I in mDC-mediated antigen-

unequivocally involved in cross-priming, an pivotal event
for endocytosed antigen presentation via MHC class I in
mDCs. Systemic type I IFN production is governed by
pDCs via the TLR7/9-MyD88-IRF-7 pathway. Hence, the
role of the TLR3-TICAM-1 pathway cannot be simply
meant for type I IFN induction alone. Virus-infected
apoptotic cells or cell debris may contain viral antigens
as well as dsRNA, which can be phagocytosed by mDCs.
In such situations, endosomal TLR3 may recognize
dsRNA and MHC class II presents the antigen in the
phago-endosome. Although the exact molecular mech-
anism remains to be determined, the endosomal uptake
antigen could be followed by class I-restricted CTL induc-
tion if co-existing dsRNA activates endosomal TLRS3 in
mDCs. In fact, OVA-specific CD8" CTLs are induced via
cross-presentation in a TLR3-dependent manner by mouse
mDCs (CD8" splenic DC), which phagocytose poly(I:C)
and apoptotic cells (36). This, together with a recent review
(37), allows us to hypothesize that TLR3 and TICAM-1-
mediated IRF-3 activation is assigned with cross-priming
for class Il/class I switching, which might augment antigen
presentation in mDCs. This could be the reason for con-
servation of this pathway in mDCs. Precise comparison of
class I antigen presentation and the gene-inducing sequen-
tial process in mDCs would allow us to elucidate the role of
the TLR3-TICAM-1 pathway in the immune process and
its unique function in comparison with the RIG-I pathway.
Through such studies, the role of participating cells in
infectious lesions, particularly those of mDCs and pDCs,
and their subsets, will be clearly revealed. Furthermore,
the differential roles played by these agents in a cell-
specific manner will be determined at the molecular level.
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Absiract The Kaposi’s sarcoma-associated  herpesvirus
(KSHV)-encoded latency-associated nuclear antigen (LANA)
is known to modulate viral and cellular gene expression. We
show that LANA directly associates with an interleukin-6 signal
transducer, signal transducer and activator of transeription 3
(STAT3) and that LANA enhances the franscriptional activity
of STAT3. Coimmunoprecipitation studies documented a physi-
cal interaction between LANA and STAT3 in transiently trans-
fected 293T cells as well as the KSHV-infected primary effusion
lymphoma (PEL) cell line. Furthermore, small-interfering RNA-
mediated reduction of LANA expression decreased the STAT3-
dependent transeription in KSHV-positive PEL cells, whereas
overexpression of LANA enhanced STAT3 activity in KSHV-
negative B lymphoma cells. These data demonstrate that LANA
is a transcriptional co-activator of STAT3, and may have impli-
cations for the pathogenesis of KSHV-associated discases.

© 2005 Federation of European Biochemical Societies. Pub]ished.

by Elsevier B.V. All rights reserved.

Keywords: Signal transducer and activator of transcription 3;
Kaposi’s sarcoma-associated herpesvirus; Latency-associated
nuclear antigen; Transcription

1. Introduction

Signal transducer and activator of transcription 3 (STAT3)
was originally cloned as an acute-phase response factor acti-
vated by interlenkin-6 (IL-6) in mouse liver, and also by
homology to STATI [1,2]. Growth factors, such as epidermal
growth factor, platelet-derived growth factor and colony-stim-
ulating factor-1, can also stimulate STAT3 activity [1,2].
STAT3 is also known to play crucial roles in early embryonic
development as well as in other biclogical responses inctuding
cell growth and apoptosis [1-3]. Furthermore, STAT3 is con-
stitutively activated in oncogene-transformed cells and various

*Corresponding author. Fax: +81 11 706 4990.

E-mail address: tmatsnda@pharm. hokudai.acjp (T. Matsuda).

! These authors contributed equally to this work.

Abbreviations: STAT, signal transducer and activator of transcription;
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primary tumors and cell lines [4]. Several tumor viruses are
also known to be associated with STAT3 activation, STAT3
is constitutively activated in human T cell lymphotrophic virus
I-transformed. T cells and Epstein-Barr virus (EBV)-related
lymphoma cell lines {5-7]. The herpesvirus saimiri tyrosine ki-
nase-interacting protein Tip-484 also activates STAT3 [8].

The Kaposi’s sarcoma-associated herpesvirus (KSHYV), also
known as human herpesvirus 8, has been associated with
HiV-related and -unrelated cases of Kaposi’s sarcoma, pri-
mary effusion lymphoma (PEL), and multicentric Castleman
disease [9-11]. The majority of KSHV-infected cells harbor
the virus in a latent form. During viral latency, latency-associ-
ated nuclear antigen (LANA), is critical to the persistence of
KSHYV cpisomes and functions in this capacity by tethering
viral episomes to chromosomes during mitosis {12-14]. Viral
11-6, the KSHV homolog of human IL-6, is known to serve
as an autocrine growth factor for KSHV-infected PEL cells
[15]. Furthermore, STAT3 plays a critical role in promoting
survival of KSHV-infected PEL cells [16]. LANA physically
interacts with cellular proteins, such as p53, pRB and GSK38,
resulting in inhibition of p53-mediated apoptosis, dysregula-
tion of P-catenin and the Wnt signaling pathway [17-19].

In present study, we examined the physical and functional
intcractions between STAT3 and LANA in a KSHV-infected
PEL cell line. Furthermore, RNA interference and overexpres-
sion experiments confirmed that LANA modulates STAT3
activity in the KSHV-infected or -uninfected human B lym-
phoma cells. Thus, these data show that LANA is a transerip-
tional co-activator of STAT3.

2. Materials and methods

2.1. Reagents and antibodies

Recombinant human I1-6, interferon (IFN)-f and erythropoietin
(EPQO) were kindly provided from Ajinomoto (Tokyo, Japan), Sumi-
tomo Pharmaceuticals (Osaka, Japan) and Kirin Company. (Tokyo,
Japan), respectively. Recombinant human LIF was purchased from
INTERGEN (Purchase, NY). Expression vectors, epitope-tagged
STAT3, STAT3YF, STAT3-LUC, STAT3-C, EPO receplor, ISRE-
LUC, STATS5-LUC were provided by Dr. T. Hirano (Osaka Univer-
sity, Osaka, Japan), Dr. J.F. Bromberg {Rockefeller University, New
York, NY), Dr. J.N. Ihle (St. Jude CRH, Memphis, TN) and Dr. D.
Wang (The Blood Res. Inst., Milwaukee, WI), respectively [20,21].
FLAG-LANA {pDY52) and LANA-SIRNAs (siN-LANA and siC~
LANA) cloned into pSuper plasmid were previously described (18],
FLAG-LANA deletion mutants were generated by PCR  and
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sequenced (primer sequences are avajlable upon request). Anti-LANA
mAb was purchased from Advanced Biotechnologies Inc. {(Maryland
USA). Anti-Myc, anti-GST, anti-STAT3, anti-cyclin DI and anti-
cdk4 antibodies were purchased from Santa Cruz Biotechnology {San-
ta Cruz, CA). Anti-phosphoSTAT3 (Tyr705) was purchased from Cell
signaling Technologies (Beverly, MA). Anti-FLAG M2 mAb, rabbit
polyclonal anti-FLAG antibody were purchased from Sigma (St.
Louis, MO). Fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
1gG, rhodamine-conjugated anti-mouse [gG, anti-Actin were pur-
chased from Chemicon (Temecula, CA).

2.2. Cell culture, fransfections, and luciferase assays

Human embryonic kidney carcinoma cell line, 293T was maintained
in DMEM containing 10% fetal bovine serum (FBS) and transfected
by the standard calcium precipitation protocol. Luciferase (LUC) as-
say was performed as described [22]. Human hepatoma cell line Hep3B
was maintained in DMEM containing 10% FBS and transfected with
using jetPEl (PolyPlus-transfection, Strasbourg, France) according to
the manufacturer’s instructions {23]. Before stimulation, the cells were
cultured for 12 h in DMEM containing 1% FBS followed by treatment
with IL-6.

2.3. Nucreofection and reporter assay of B cells

HBL6 cells (KSHV*, EBV*) and DG7S5 cells (KSHV ™, EBV™) were
grown in RPMI 1640 medium containing 10% FBS. 5x 10° of HBL6
(or DG75) cells were nucreofected with 2.5 ug of STAT3-LUC,
0.3 ng of pRL-TK (for internal control) and 2.5 pug of LANA siRNA.
plasmid (or FLAG-LANA) [19] by Human B Cell Nucleofector Kit
(Amaxa biosystems, Cologue, Getmany). Cells were resuspended in
0.2 ml of lysis solution, passive lysis buffer (Promega, Madison, WI)
for LUC assay.

2.4. Immunoprecipitation, immunoblotting and indirect
impwnofluorescence
Immunoprecipitation, Western blotting and indirect immunofiuores-
cence were performed as described previously [24].

3. Results and discussion

3.1. STAT3 and LANA physically interact in vivo

TL-6/STAT3 signaling has been documented to play crucial
roles in the development of the KSHV-associated diseases
[15,16]. These facts led us to examine the molecular interac-
tions between an 1L-6 signaling molecule, STAT3 and a most
abundant latent protein, LANA in KSHV-infected cells. We
first examined whether LANA. physically interacts with
STAT3. To demounstrate in vivo binding of LANA. to STAT3,
we performed coimmunoprecipitation studies in 293T cells
that were transiently transfected with FLAG-LANA and
Myc-STAT3 expression constructs. The transfected 293T
cells were lysed and subjected to mmunoprecipitation with
anti-FLAG antibody. Immugoprecipitates were then used in
Western blot analysis with anti-Mye antibody. As shown in
Fig. 1A, STAT3 interacted with LANA in 293T cells. To
further establish the relevance of the interaction between
endogenous LANA and STAT3, we performed co-immuno-
precipitation studies on the KSHV-positive BC3 PEL cell line.
In KSHV-positive PEL cells but not negative B lymphoma
cells, STAT3 was constitutively tyrosme-phosphorylated
(data not shown). Immunoprecipitates with anti-STAT3, but
not control IgG, successfully pulled down LANA as demon-
strated by Western blotting with an anti-LANA antibody
(Fig. 1B). Similar immunoprecipitation studies on KSHV-
negative B lymphoma DG75 cells as well as immunoprecipita-
tion with an IgG control antibody, served as negative controls
(Fig. 1B).
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To next delineate the domains in the LANA that mediate the
protein-protein interactions between LANA and STATS3, co-
mmunoprecipitation experiments were performed with a series
of mutant LANA proteins (Fig. 1C). As shown in Fig. 1D (left
panels), Deletion of LANA. central repeat domain (LANA-
NC, A332-931) and the C-terminal domain of LANA
(LANA-C, 932-1162) interacted with STATS3, whereas the
N-terminal domain of LANA (LANA-N, 1-331) failed to
interact with STAT3. These data suggest that the C-terminal
domain is required for LANA to tnteract with STAT3.

To characterize further the nature of the interaction between
STAT3 and LANA, we attempted to determine where this
interaction occurs in cells. LANA localized in the nucleus in
the presence or absence of IL-6-stimulation, while 1L-6 stimu-
lation induced translocation of STAT3 into nucleus in Hep3B
cells (Fig. 1E). The cytoplasmic STAT3 did not co-localize
with LANA. However, after IL-6 stimulation, STAT3 translo-
cated into nucleus and co-localized with LANA {Fig. 1D).
Consistent with the in vivo interaction data presented above,
these results suggest that the activated STAT3 interacts with
LANA in the nucleus.

3.2. LANA augments transcriptional activation of STAT3 in
293T cells

To assess the functional relevance between LANA and
STAT3, we tested whether LANA affects STAT3-mediated
transeriptional activation using transient transfection experi-
ments in 293T cells. The STAT3-mediated transcriptional re-
sponses were measured by using STAT3-LUC, in which the
e2-macroglobulin promoter drives expression of the LUC re-
porter gene [20]. 293T cells were transfected with STAT3-
LUC together with or without LANA, and treated with LIF
and LUC activities were determined. When cells were co-
transfected with LANA, the transcriptional activation of
STAT3-LUC augmented in a dose-dependent manuer
(Fig. 2A). Co-expression of a dominant negative STAT3, STA-
T3IYF inhibited LANA-mediated augmentation of STAT3
activation, suggesting that LANA affected the STAT3-medi-
ated transcriptional activity. To next assess the direct interac-
tion between STAT3 and LANA, we used a constitutively
active form of STAT3, STAT3-C [21]. 293T cells were trans-
fected with STAT3-LUC and expression vectors for LANA
and/or STAT3-C. As shown in Fig. 2B, STAT3-LUC activa-
tion by STAT3-C was augmented by LANA ia a dose depen-
dent manner. We also tested whether LANA induces IL-6
mRNA in 293T cells by RT-PCR. However, any IL-6 mRNA
expression was observed after LANA expression in 2937 cells
(data not shown). We next examined the effects of LANA on
the IFN-p-induced STAT1 and EPO-induced STATS activa-
tion using similar transient transfection experiments. However,
LANA affected neither STATI nor STATS activation (Fig. 2C
and D). These results indicate that LANA activates STAT3
transeriptional activity but not STAT1 and STATS5, suggesting
LANA acts on STAT3 in a specific manner. To further under-
stand the molecular mechanisms responsible for LANA-
mediated enhanced STAT3 activation, we examined whether
LANA  expression affects phopshorylation, dimerization,
nuclear translocation/retention or DNA binding activity of
STAT3, however, we could not observe any significant effect
on these issues by LANA expression in 293T cells (data not
shown). We also examined whether LANA physically interacts
with unphosphorylated STAT3, such as STAT3YF. In 293T
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Fig. 1. STAT3 and LANA physically interact in vivo. (A) 293T cells (1 x 107 cells) were transfected with FLAG-LANA (20 ng) together with or
without Myo-8STAT3 (10 pg). Forty-eight hours after transfection, the cells were lysed, and immunoprecipitated with anti-FLAG antibody and
immunoblotted with anti-Myc (upper panel) or anti-LANA antibody (middle panel). Total cell lysates (1%) were blotted with anti-Myc or anti-
LANA antibody (lower panels). (B) Human Burkitt’s lymphoma DG75 (KSHV-negative) or primary effusion lymphoma (PEL) BC3 (KSHYV-
positive) cells (2 x 10) were lysed, and immunoprecipitated with control IgG or anti-STAT3 antibody and immunoblotted with anti-LANA antibody
(upper panels) or anti-STAT3 antibody (lower panels). (C) Domain structure of LANA and mutant fragments are schematically shown. (D) 2937
cells (1 x 107 cells) were transfected with Myc-STAT3 (10 ug) together with or without LANA-N (1-331), LANA-C (932-1162) and LANA-NC
(A332-931) (10 pg). Forty-cight hours after transfection, the cells were lysed, immunoprecipitaied with anti-Mye antibody and immunoblotted with
anti-FLAG or anti-Myc antibody (left panels). Total cell Iysates (1%) were blotted with anti-FLAG or anti-Myc antibody (right panels) to monitor
the expression of LANA or STAT3 proteins. The asterisks indicate the migration position of LANA mutants. (E) Hep3B cells werc transfected with
Myc-STAT3 (1 pg) and FLAG-LANA (1 ug). Thirty hours after transfection, cells were treated with or without YL-6 (100 ng/ml) for 40 min, and
then fixed and reacted with rabbit anti-FLAG polyclonal and mouse anti-Myc monoclonal antibody and visualized with FITC-conjugated anti-
rabbit antibody or rhodamine-conjugated anti-mouse IgG antibody.

cells, we could detect a direct interaction between LANA and However, LANA-mediated enhanced STAT3 activation was
STAT3YF (data not shown), suggesting that phosphorylation observed only alter LIF stimulation. These results indicate
of STAT3 may be not necessary for their physical interactions. that STAT3 can interact with LANA in the nucleus after its
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Fig. 2. LANA augments transcriptional activation of STAT3 in 2937 cells. (A) 293T cells in 2 12-well plate were transfected with STAT3-LUC
(0.2 ug) and/or indicated amounis of empty vector, expression vector for LANA. or STAT3YF. Thirty-six hours after transfection, the cells were
stimulated with LIF (100 ng/ml) for additional 12 h. The stimulated cells were harvested, and LUC activities were measured. (B) 293T cells in a 12-
well plate were transfected with STAT3-LUC (0.2 pg) together with or without STAT3-C (500 ng) .and/or indicated amounts (100-400 ng) of
expression vector for LANA. Forty eight hours after transfection, the cells were harvested, and LUC activities were measured. (C)293T cellsin a 12-
well plate were transfected with ISRE-LUC (0.4 pg) and/or indicated amounts (100460 ng) of expression vector for LANA. Thirty-six hours after
transfection, the cells were stimulated with-IFN-B (50 U/ml) for additional 8 h. The stimulated cells were harvested, and LUC activities were
measured. (D) 293T cells in a 12-well plate were transfected with STAT5~LUC (04 pg) together with EPO. receptor (0.05 pg) and/or indicated
amounts (100-400 ng) of expression vector for LANA. Thirty-six hours after transfection, the cells were stimulated with EPO (0.03 U/ml) for
additional 12 h. The stimulated cells were harvested, and LUC activities were measured. The above results are indicated as fold induction of LUC
activity from triplicate experiments, and the error bars represent the S.D.

phosphorylation and translocation. Further detailed work will
be required to clarify the molecular mechanisms of LANA-
mediated enhancement of STAT3 activation.

3.3. LANA acts as-a transcriptional activator for STAT3 in B
cells

To undetstand the physiology of molecular interactions be-
tween STAT3 and LANA, we further examined the effects of
LANA gene silencing on STAT3 activity in KSHV-infected
PEL cells. We co-transfected STAT3-LUC construct with the
LANA -or control siRNA into HBL6 cells and assessed reporter
gene expression. LANA siRNA reduced expression of cellular
LANA expression by about 50% compared to control siRNA
(Fig. 3A). Importantly, the LANA siRNA markedly reduced
the STAT3 target gene expression, such-as cyclin D1 and cdk4
[21] as well as-the reporter- gene expression from the STAT3-
LUC construct compared to the control siRNA, although the
phosphorylation level of STATS3 did not alter by treatment of
LANA siRNA (Fig. 3A). To further confirm the enhanced effect
of LANA on STAT3 activation, we overexpressed LANA to-

gether with the STAT3-LUC construct in a KSHV-negative
DGT5 cells. As shown in Fig. 3B, ectopically expressed LANA
markedly augmented STAT3-LUC in DG7S5 cells. These data
indicate that LANA plays a critical role in the enhanced STAT3
activation in KSHV-infected PEL cells.

3.4. Concluding remarks

STAT3 s constitutively phosphorylated and activated in
various primary human tumors and in transformed cell lines
and: is implicated in tumorigenesis [2-4].- However, molecular
mechanisms of the persistent activation of STAT3 in human
tumor cells are.largely unknown. Recently, the hepatitis C
virus (HCV) core protein has been shown to directly interact
with and activate STAT3 through phosphorylation of the crit-
ical. tyrosine residue [25]. Chronic infection by HCV is known
to associate with development of liver cirrhosis and hepatocel-
lular carcinoma. HCV core protein is also proposed to be in-
volved in the virus-induced transformation, indicating that
the HCV core protein cooperates with STATS, which leads
to cellular transformation.
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Fig. 3. LANA acts as a transcriptional activator for STAT3 in B cells. (A) To abolish expression of endogenous LANA and measure LUC activities
from STAT3 signaling, HBL6 cells were nucreofected with 2.5 pg of LUC reporter (STAT3-1LUC), 0.3 pg of pRL-TK and and 2.5 g of LANA
siRNA expressing plasmid (1.25 pg of siN-LANA and 1.25 pg of siC-LANA) or 2.5 pg of control siRNA plasmid by nucreofection with Haman B
Cell Nucleofector Kit according to their optimized protocol. Cells were harvested after 2 (Bxp. #2) and 3 days (Exp. #1) and resuspended in 0.2 mi of
- lysis solution for LUC assay. One part of lysate was subjected to Western blofting analysis using anti-LANA rat mAb to confirm the knock down of
LANA expression. The same samples were also subjected to Western blotting analysis nsing anti-phosphoSTAT3 (Tyr705), anti-STATS3, anti-cyclin
DI or anti-cdkd antibodies. (B) DG75 cells were nucreofected with 2.5 pg of STAT3-LUC, 0.3 ug of pRL-TK and 2.5 ug of FLAG-LANA by
nucleofector as well as HBL6 and cells were harvested after 5 (Exp.#1) and 6 days (Exp. #2). Nucreofection was done with a total of 5 pug of DNA
(adjusted with vector plasmid as a carrier) per each sample. Cells lysate were subjected to TUC assay and Western blotting with anti-LANA rat mAb.

In this study, we propose a novel interaction between
STAT3 and the KSHV-derived LANA in PEL cells. LANA
augmented transcriptional activity of STAT3 in 293T cells.
Furthermore, small-interfering RNA-mediated reduction of
LANA expression decreased the STAT3-dependent transcrip-
tion in KSHV-positive PEL cells, whereas overexpression of
LANA enhanced STAT3 activity in KSHV-negative B cells.
Thus, further understanding of the detailed molecular interac-
tions between STAT3 and LANA may provide a novel thera-
peutic strategy for the KSHV-associated tumors.
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The hepatitis C virus -(HCV) non-structural protein 3 (NS8) is a multifunctional
enzyme with protease and helicase activities. It is essential for HCV proliferation and
is therefore a target for anti-HCV drugs. Previously, we obtained RNA aptamers that
inhibit either the protease or helicase activity of NS3. During the present study, these
aptamers were used to create advanced dual-functional (ADD) aptamers that were
potentially more effective inhibitors of NS3 activity. The structural domain of the hel-
icase aptamer, #5A, was conjugated via an oligo(U) tract to the 8'-end of the dual func-
tional aptamer NEQ-III-14U or the protease aptamer G9-II. The spacer length was
optimized to obtain two ADD aptamers, NEO-35-s41 .and G925-s50; both were more
effective inhibitors of NS3 protease/helicase activity in vitro, especially the helicase,
- with a four- to five-fold increase in inhibition: compared with #5 and NEQ-ITI-14U.
Furthermore, G925-s50 effectively inhibited NS3 protease activity in living cells and
HCV replication in vitro. Overall, we have demonstrated rational RNA aptamer
design based on features of both aptamer and target molecules, as well as successfully
combining aptamer function and increasing NS3 inhibition.

Key words: hepatitis C virus, NS3 helicase, NS3 protease, RNA aptamer, RNA design.

The hepatitis C virus (HCV) is the major etiological agent

-of non-A, non-B hepatitis, with a worldwide carriage rate
of 3%. Most patients develop chronic hepatitis, and per-
sistent infection often leads to liver cirrhosis or hepato-
cellular carcinoma: Recently, combination therapy with
interferon and ribavirin has been found to be most effec-
tive against HCV. However, not all subtypes respond to
treatment, and the drugs can cause serious side effects
(1). The development of anti-HCV drugs with greater
safety and efficacy is therefore a priority.

HCV is a single-stranded RNA virus that belongs to -

the Flaviviridae family (2). The ~9.6-kb genome with pos-
-itive polarity encodes a precursor polyprotein (~3,010
amino acids) that is processed to structural (core protein
C, and envelope glycoproteins E1 and E2) and non-struc-
tural (NS2, NS3, NS4A, NS4B, NS5A and NS5B) pro-
teins by -a host signal peptidase and two viral proteases,
NS2-3 and NS3 (3). The NS3 protein is a multi-functional
enzyme with a trypsin-like protease within the amino
(N)-terminal ene-third, and an NTP-dependent RNA/
DNA helicase in the remaining two-thirds-(4-6). It is gen-
erally accepted that the protease domain cleaves the
- junctions between the non-structural proteins, together
with cofactor NS4A (7). The helicase domain unwinds the
double-stranded RNA generated by the RNA-dependent
RNA polymerase NS5B during genome replication (8, 9).
As NS3 is essential for HCV replication and proliferation,
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6085, Fax:-+81-298-61-6159, E-mail: satoshi-nishikawa@aist.go jp
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new anti-HCV . drugs could potentially be directed
against this protein (10, 11).

Previously, we used in vitro selection to obtain aptam-
ers with activity against the NS3 protease or helicase

- domain, The aptamers G9-I, -II and -III bound specifi-

cally to the protease domain and strongly inhibited its
activity (12). Functional and structural analysis of the
major clone aptamer G9-I allowed a minimized aptamer,
ANEO-ITI, to be constructed (13). The three G9 aptamers
were transfected into cultured cells where G9-II showed
the most efficient NS3 protease-inhibitory activity (14,
15). NS3 has been reported to bind preferentially to the
poly(U) sequence at the (+) 3'-untranslated region (UTR)
of the HCV genome (16, 17). We previously tested the
effect of adding an oligo(U) 14-mer to the 8'-end of ANEO-
III (NEO-III-14U). This produced a dual-functional

-aptamer causing both NS3 protease and helicase inhibi-

tion (I18). The introduction of the oligo(U) tail not only
increased binding and protease inhibition, but also
resulted in an additional helicase-inhibitory -activity. It
has also been reported that the anti-helicase aptamer
“#5” binds strongly and inhibited this enzyme. Aptamer
#5 comprises a 5’ single-stranded region that interacts
with a cleft in the NS3 helicase domain, and a 3'-region
with a conserved stem-loop structure that prevents NS3

.sliding along single-stranded region of #5. It was thought

that aptamer #5 traps NS3 and acts as a substitute for
the HCV genomic RNA (19).

The aim of the present study was to develop a novel
aptamer with enhanced dual-inhibitory activities for the
protease and -helicase functions of NS3. We rationally

© 2005 The Japanese Biochemical Society.
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designed advanced dual-functional (ADD) aptamers by
fusing previous aptamers with known anti-protease and
anti-helicase activities. The ADD aptamers were then
characterized in detail using in vitro and .cell-culture
assays. This approach was successful for the rational
design of aptamers with enhanced inhibitory activity
toward HCV NS3.

MATERIALS AND METHODS

Design and Construction of ADD Aptamers—Two types
of ADD aptamer, NEO-35-sX (introduced 8-50-mer
spacer) and G925-sX (introduced 5-50-mer spacer), were
designed, and their secondary structures were confirmed
using the Mulfold program, which is based on the Zuker
algorithm (20). First, we constructed longer spacer
aptamers (>31-mer) using six primers; 5-AGTAATAC-
GACTCACTATAGGGAGAACCAGCTGGTTT-3' and b5'-
(A)eAGGAGAGAGGAAGG-3' were used for the NEO-356
type, B5-AGTAATACGACTCACTATAGGGAGAATTCC-
GACCAGAAG-3' and 5-(A);)AGAAGAGGAAGGAGAG-
AGGA-3' were used for the G925 type and 5'-(T)y;GG-
‘GGACGGAGCCCTTAATG-3' and 5'-TGGCTGCGCGTC-
ATG-3" were used for #5A. The homopolymeric tracts Ay,
or Ty; were introduced by PCR to the 3'-end of NEO-III-
14U and G9-II, or the 5'-end of #5A template DNA (Ex-
Taq, Takara). The products were used as overlapping
primers in a second. PCR. Conjugated aptamers with spac-
ers of various length (31-50-mer) were obtained randomly,
and clones NEO-35-3831, -g41 and -850, and G925-s32, -s40
and -s50, were selected. Additionally G9-1I-20U was con-
structed by cloning the fist. PCR product of G9-I1 type.

Aptamers with shorter spacers, NEO-35-38 and -s15,

and G925-s5 and -s15, were constructed using the same

procedure with spacer-length primers; 5'-CGTCCCCAA-

AAAAAAAGGAGAGAGGAAAGGTAGTC-3' (for NEO-

" 35-s8), 5'-CGTCCCCAAAAAAAAAAAAAAAAGGAGAG-
AGGAAAGGTAG-3' (for NEO-35-815), 5-CTCCGTCCC-
CAAAAAAGGAGAGAGGAAAGGGTCCC-3' (for G925-
s5) and 5'-CGTCCCCAAAAAAAAAAAAAAAAGGAGAG-
AGGAAAGGGTC-3' (for G925-515).

RNA was transcribed from the DNA templates using
an Ampliscribe T7 transcription kit (Epicentre) and puri-
fied by electrophoresis through a 7 M urea 8% polyacryla-
mide denaturing gel.

Expression and Purification of NS3 Protein—The expres-
sion plasmid (pT7/His-NS3) containing full-length HCV-
NS3 with a His-tag fused to the N-terminus was con-
structed previously (19). Escherichia coli strain BL21
(DE3) was transformed with the plasmid, and recom-
binant NS3 was expressed and purified. E. coli cells were
pre-cultivated in 20 ml LB medium overnight at 37°C.
The culture was added to 1 liter LB medium and grown
continuously at 30°C for 12 h without IPTG induction.
The cells were harvested and resuspended in lysis buffer
{20 mM Tris-HCI (pH 7.6), 500 mM NaCl and 5 mM imi-
dazol]. After sonication, the lysate containing NS3 was
loaded onto a Ni-NTA column (Amersham). The column
was washed with PBS [20 mM PBS (pH 7.4) and 500 mM

- NaCl] containing 60 mM imidazol, and the bound pro-
teins were eluted with PBS containing 100 mM and then
200 mM imidazol. The fractions containing NS3 were
monitored using SDS-PAGE, pooled and then dialyzed

fitting the following equation: binding (%) =

T. Umehara et al.

against TNE [10 mM Tris-HCI (pH 7.6), 50 mM NaCl and
1 mM EDTA]. After microcon concentration YM-50 (Mill-
ipore), the NS3 was stored at —20°C mixed with an equal
volume of glycerol (0.5x TNE and 50% glycerol).

NS38 Protease-Inhibition Assay—The protease-inhibi-
tion assay was similar to that reported previously (12).
A dansyl-labeled synthetic peptide substrate (NS5A/5B
junction sequence, 17-mer amino acid, 43 uM) was added
to the premixture [50 mM Tris-HCl (pH 7.8), 5 mM
MgCl,, 5 mM. CaCl,, 10 mM DTT, 1.2 uM NS3, 13.5 uM
NS4A cofactor peptide and various concentrations of
.aptamers]. The cleavage reaction was incubated at 25°C
for 60 min, and then stopped by adding NaOH to a final
concentration of 0.4 M. The reaction products were sepa-
rated by reverse-phase HPLC (TSK gel ODS-120T) and
the cleavage. efficiency was quantitated. The assay mix-
ture in the presence of 3 mM ATP was incubated at 37°C
for 20 min and analyzed as described above.

NS3 Helicase-Inhibition Assay—The helicase-inhibi-
tion assay was carried out as reported previously (I18). A
partial-duplex DNA substrate (0.13 nM), comprising a 5'-
32pP_]abeled DNA -oligonucleotide (n = 30) annealed to
bacteriophage M13mp18(+) ssDNA, was added to the

-premixture [25 mM MOPS-NaOH (pH 7.0), 2.5 mM DTT,

100 pg/ml BSA, 5 mM MgCl,, 5 mM CaCl,, 3 mM ATP
and 100 nM NS3] and aptamers at various concentra-
tions. The unwinding reactions were incubated at 37°C
for 30 min, then-stopped by adding 5 pl stop solution [0.1
M Tris-HCI (pH 7.6), 20 mM EDTA, 0.5% SDS, 0.1%
nonidet P40, 0.1% bromophenol blue 0.1% xylene cyanol
and. 25% glyceroll. The reaction' products were loaded
onto an 8% native polyacrylamide gel containing 0.5x
TBE, and unwinding activity was analyzed using a
BAS2500 (Fuji Film),

Filter-Binding Assay—The filter-binding assay for

NEO-35-341 or G925-s50 and NS3 was performed using

the same conditions as for the helicase assay, but ATP
was omitted. NS3 (0.032—-500 nM) was added to the reac-
tion mixture, which contained internal labeled aptamers
(5 nM). The binding reactions were incubated at 37°C for
30 min and passed through an MF"-membrane filter 0.45
pm HA (Millipore). The membrane was washed immedi-
ately with 1 ml of binding buffer without ATP, and the
radioisotope activity on the membrane was counted using
a BAS2500. The relative binding ratio was calculated,
and the binding parameters [maximum binding (B,,),
the equilibrium-dissociation constant (K,) and the Hill
coefficient (743)] were analyzed using a non-linear curve
100 x
B« [NS31"/(K; + [NS3]").

UV Cross-Linking and Electrophoretic Mobility-Shift
Analysis (EMSA)—The reaction mixture used to perform
UV cross-linking (10 pl) contained 0.2 uM %2P-internal
labeled NEO-35-s41 or G925-s50 in 25 mM MOPS-NaOH
(pH 7.0), 2.5 mM DTT, 100 pg/ml BSA, 5§ mM MgCl, 5
mM CaCl, and 2 uM NS3. The reaction was incubated at
room temperature for 30 min and then exposed to UV
irradiation (254 nM) for 30 min using a transilluminator

- (Mineralight UVGL-57) from a distance of 3 ¢m. The

cross-linked samples were separated by electrophoresis
through a gradient SDS polyacrylamide. gel (4-20%;
SuperSep, Wako) and detected using a BAS2500. The

J. Biochem.
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Fig. 1. Design and construction of two types of conjugated
aptamers, NEQO-35.sX and G925-sX (X indicates spacer
length). They were conjugated with #5A (gray area), which is the
structural domain of the helicase aptamer #5, at the 3'-end of the
protease aptamer NEQ-III-14U or G9-II via an oligo(U) spacer (5-

molecular weight was estimated by comparison to preci-
sion-plus protein standards (Bio-Rad).

Detection of Protease-Inhibition Activity of Aptamers in
HeLa Cells—The transfection of cultured cells was as

Vol. 137, No. 3, 2005 -

50-mer). The protease aptamer, NEQ-I1I-14U, was identified in our
recent -report (Z8). G9-11-20U has a 20-mer oligo(U) stretch intro-
duced at the 3'-end of G9-II and in the middle of the G925-sX con-
struction. Secondary structures were predicted using the Mulfold
program.

reported previously, with some modifications (14). One
day before the first transfection, a 24-well plate was
seeded with 0.8 x 105 cells per well in D-MEM, 5% heat-
inactivated FBS and no antibiotics, and then incubated
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Fig. 2. Screening of ADD aptam-’
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at 37°C in 5% CO,. The cells were 70% confluent at the
time of transfection. The cells were cotransfected with
the NS3-expression vector pCMV/34s-2-FLAG or its
‘mutants pCMV/34s-2-M (500 ng) and the .substrate-
expression vector pChabY (25 ng) using Lipofectamine
2000 (1.5 pl; Invitrogen) according to the manufacturer’s
instructions. pCMV/34s-2-M was used as a negative con-
trol. After incubation for 24 h, the cells were transfected
“with RNA aptamers (90 pmol) using DMRIE-C (4 ul; Inv-
itrogen). Positive and negative control cells were trans-
fected using DMRIE-C without RNA. The cells were incu-
bated for 1 day and harvested in passive lysis buffer
(Promega). The fluorescence resonance-energy transfer
(FRET) per microgram of total protein in each lysate was-
measured using a CytoFluor II (excitation at 430 nm;
emission at 530 nm; Applied Biosystems). The relative
inhibition efficiencies in HeLa cells were calculated from
the FRET values using the following equation: inhibition
(%) = 100 x [M — R)/[M — W]. M, R and W represent the
‘FRET values of the negative control (NS3 mutant cell
lysate), RNA aptamer-transfected cell lysate and positive
control (NS3 cell lysate), respectively.

Detection of FLAG Tag Fused NS3 by Immunoblot-
ting—Cell lysates (2 pg total protein) were -separated by
gradient SDS-PAGE (4-20%; Wako) and transferred to a
nitrocellulose membrane (0.1 um). The membrane was

“blocked with 10% skimmed milk in Tris-buffered saline
with 0.1% Tween 20 (TBS-T)..The primary antibody was
-anti-FLAG M2 monoclonal antibody (Sigma) diluted with
TBS-T 10% skimmed milk (1:1,000 dilution). The mem-
brane was washed with TBS-T, and the secondary anti-
body, HRP-goat anti-mouse IgG HRP (Zymed Laborato-
ries), which was also diluted with TBS-T 10% skimmed
milk, was added (1:1,000 dilution). The FLAG-tagged

G925-sX

NS3 was detected by enhanced chemiluminescence
(Amersham) and by exposure to X-ray film (Kodak).

Preparation of an In Vitro- HCV-Replication System—
An in vitro HCV-replication system was prepared from
HCV replicon cells based on the procedure of Hardy et al.
(21). The cells were cultivated in a T-175 bottle until they
reached 90% confluence. The  cells were harvested,
homogenized and the ER membrane fractions (P15) were
separated by centrifugation. The P15 fraction was sus-
pended in 100 pl hypotonic buffer {10 mM Tris-HCI (pH
7.8) and 10 mM NaCl] and stored.at —80°C. Assays were
performed in the presence of RNA aptamers (0.1, 1 and
10 uM), and the products were separated using a 0.8%
denaturing agarose gel containing 1x MOPS-EDTA and
18% formaldehyde. The gel was dried and the radioactiv-
ity incorporated into the replicated RNA was analyzed
using a BAS2500.

RESULTS

Design of Advanced Dual-Functional (ADD) Aptamers—
During préevious studies of the human HCV NS3, we
developed RNA aptamers against the protease and heli-
case domains: the protease inhibitors were designated
G9-1, IT and III (12), and the helicase inhibitor was desig-
nated #5 (19). The present study was undertaken to
design ADD aptamers against both enzymatic activities
of NS3 (Fig. 1). Two different 5’ components were used:
ANEO-III, which is a minimized form of G9-I (13), or G9-
11, which is the most efficient aptamer against NS3 pro-
tease in HeLa cells (14, 15). Recently, we found that the
binding and inhibitory activity of ANEO-III for NS3 pro-
tein was increased by conjugating an oligo(U) stretch to
the 3’-end NEO-I1I-14U) (18).

J. Biochem.
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Table 1. ICy, against NS3 protease or helicase.

Protease (1.2 pM) - Helicase (100 nM)
NEO-HI-14U 0.55+0.20 pM 100.0+ 13.6 nM
NEO-35-541 0.20+0.02 M 21.0+ 7.92nM
G9-11-20U 0.53 +0.17.uM 28.3+ 7.25 nM
G925-s50 0.26+0.11 uyM 17.5+ 5.59nM
#5 ND . 75.0+35.9 nM

-The protease assays were performed in the presence of 0.12, 0.24,
0.6, 1.2, 2.4, 6 and 12 uM aptamer. The helicase assays were per-
. formed in the presence of 1-1,000 nM aptamer (NEO-III-14U = 5,
25, 50, 500 and 1,000 nM; G9-1I-20U = 1, 5, 10, 25, 50, 100, 500 and
1,000 nM; NEO-36-541 and G925-s50 = 1, 5, 10, 25, 50 and 100 nM).
ND, not detected.

The 3' component was the #5 helicase aptamer. The 5'
single-stranded region of #5. could be changed to other
sequences without structurally changing the 3'-domain
(#5A) (19). The NS3 helicase domain preferentially binds
to poly(U) or poly(U/C) tracts in the 3'-UTR of the posi-
-tive strand [(+) 3'-UTR] of the HCV genome (17, 22).
Therefore, we inserted an oligo(U) tract between the 5
and 3’ aptamers. We expected that the oligo(U) would
function as a spacer between the two- ADD aptamer
domains, thereby preventing steric hindrance and main-

taining the aptamer structure on both sides. Two types of .

ADD aptamer were constructed that simultaneously tar-
geted the two important domains of NS3, NEO-35-sX and
(3925-sX, which contained spacers of varying lengths (5—
50-mers) as indicated by X (Fig. 1).

- Selection of the Most Efficient ADD Aptamers—NS3
protease and helicase inhibition assays were used to
-identify the most efficient.inhibitory aptamers among
our constructs. Equal amounts of each aptamer were
added to a protease-inhibition assay .mixture in which
NS3 digested a synthetic peptide substrate. The level of
inhibition by each anti-protease aptamer was increased
slightly by extending an oligo(U) stretch at the 3'-end
(Fig. 2A; NEO-I11-14U and G9-1I-20U). The inhibition
-efficiencies of the ADD aptamers were similar when
either NEO-III-14U or G9-11-20U was used (Fig. 2A). The
one exception was NEO-35-s8, with the shortest spacer,
which had reduced protease inhibition efficiency. The
folding of the NEO-35-38 secondary structure for both the
anti-protease and helicase aptamers was retained even
with the U8 spacer. Thus, it appears that steric hin-
drance associated with the short spacer in NEO-35-s8
prevented it from binding to NS3. NEO-35-sXs showed
greater inhibition relative to the (3925-sXs aptamers

under these conditions, although there seemed to be little

difference between them kinetically (as described later).
The partial duplex DNA substrate was unwound by
NS3 and the reaction was inhibited in the presence of
ADD aptamers. The efficiency of helicase inhibition was
-increased by extending the length of the spacer (Fig. 2B).
This result supports the idea that NS3 predominantly
binds to the single-stranded region of ADD.aptamers.
The unwinding activity of the helicase decreased to 31%
with NEO-35-s41 and to 25% with G925-s50. These two
conjugated aptamers achieved the greatest inhibition
- among those tested. We focused next on NEQ-35-s41 and
(G925-s50, and characterized their activity in detail.
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Fig. 3. Inhibition of NS3 protease activity by aptamers in the
presence or absence of ATP, Equal amounts of each aptamer
against 1.2 yM NS3 were added to the NS3 protease assay in the
absence or presence of ATP (final concentration = 3 mM), and the
reaction mixtures were incubated at 37°C for 20 min.

Determination of ICy, against NS3 Protease and Heli-
case Activities—The kinetics of the NEO-35-s41 and
(925-550 inhibitory activities were analyzed by.compar-
ing -their NS3 protease and helicase IC;, values with
NEO-III-14U, G9-II-20U and #5 (Table 1). The ICg, of the
aptamers against proteolysis was determined using a
proteolytic assay containing 1.2 pM NS3 in the presence
of 0.12-12.uM of aptamers. The ICy, values of NEO-35-
s41 and (925-s50 were 0.2 and 0.26 uM, respectively.
These values were lower than those for NEO-III-14U
(0.55 pM) and G9-I1I-20U (0.53 pM). The anti-helicase
activities were measured using 100 nM NS3 in the pres-
ence of 1-1,000 nM aptamers. The IC;, values of NEO-35-
s41.and G925-s50 were.21 and 17.5 nM, respectively.
These values were four-fold lower than that of the anti-
helicase aptamer #5 alone (75 nM). Furthermore, G9-II-
20U had a lower ICy, value than that of the NEO-III-14U.
These data imply that ADD aptamers of G9-II types are
basically superior to that of NEOQ-III type in preventing

-translocation of trapped helicase without #5A. Thus it is

considered that helicase-inhibitory efficiency is also due
to a protease aptamer region of the ADD aptamer in

- addition to the #5A effect.

Inhibition of NS3 Protease Activity in the Presence of
ATP—An RNA aptamer with a single-stranded region
might become a substrate for NS3 helicase, and might be
unwound in the presence of ATP. The protease inhibition
activities of the aptamers under helicase working condi-
tions were examined by performing the protease-inhibi-
tion assay in the presence of ATP (Fig. 3). NS3 helicase
was confirmed to function under the protease-assay con-
ditions (data not shown). Protease inhibition by G9-II-
20U, NEO-35-841 and (G925-s50 was unaffected by the
presence or absence of ATP. However, the inhibitory abil-
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Table 2. Summary of binding parameters.

Low concentration (0.032-4 nM)

High concentration (4-500 nM)

T. Umehara et al.

Bzt (%) Ky (M) N Bz (%) Ky nM) Dhe
NEO-35-s41 179+13 019+016 12404 454+11 699+151 1.0x0.1
G925-s50 126+06 011+006 1903 44.9+19 120:449 1.0£02

The parameters were calculated using the non-linear least-squares curve-fitting method (+SD).

ity of NEO-I11-14U decreased from 60 to 40% in the pres-
ence of ATP. This result is also reflected in the IC;, value
of helicase (Table 1). It appears that NEO-III-14U is
opened and unwound by NS3 helicase in the presence of
ATP.

. Determination of the Equilibrium-Dissociation Constant
and Hill Coefficient—The two ADD aptamers, NEO-35-
s41 and G925-s50, showed the strongest helicase-inhibi-
tion activity among the constructs tested. The reason for
this was investigated by analyzing the binding of NEO-
35-341 and G925-s50 t¢ NS3 at different concentrations
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Fig. 4. Saturated binding curves of NS3 and NEOQO-35-s41
(filled triangles) or G925-s50 (open circles) were fitted by the
non-linear least-squares method. (A) represents low concentra-
tions of NS3 (0-4 nM), whereas (B) indicates high concentrations
(4-500 nM).

under the helicase-assay conditions without ATP. As a
result, we observed two plateaus in the binding curves.
The first appeared at 1-4 nM of NS3 and ~10-20% of
ADD aptamers bound to NS3 (Fig. 4A). The second pla-
teau appeared at over 100 nM NS3, where ~40% of the
maximum binding activity was observed (Fig. 4B). The
data were fitted by the non-linear least-squares method
(see Materials and Methods) under low and high NS3
concentrations (Table 2). This indicated that there are
two binding states between ADD aptamers and NS3 that
are affected by its concentration: positive cooperativity
(n > 1) occurs at low concentrations (0.032-4 nM) of NS3
and non-cooperativity (n = 1) occurs at high concentra-
tions (4-500 nM) of NS3. This indicates that NS3 can
bind more easily to ADD aptamers-at low concentrations
than at high concentrations.

Electrophoretic Mobility-Shift Analysis (EMSA) by UV
Cross-Linking—The complexes formed between ADD
aptamers and NS3 were examined directly by performing
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Fig. 5. EMSA employing UV cross-linking and SDS-PAGE. The
complexes formed between NS3 and conjugated aptamers (internal
labeling) were cross-linked by UV irradiation. The samples were
then loaded onto-a 4-20% gradient SDS polyacrylamide gel. Lanes 1
and 4 were UV irradiated within NS3. Lanes 2 and 5 were UV irra-
diated without NS3. Lanes 3 and 6 lacked UV exposure and NS3.
The molecular sizes of the complexes were estimated by comparison
with prestained markers. )
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Fig. 6. (A) NS3 protease-inhibition assay in HeLa cells. The
inhibition efficiency was analyzed by FRET of C5abY substrate pro-
tein. (B) The expression level of FLAG fused N83 in the.cell
lysate was assessed by immunoblotting.

EMSA using %P-labeled aptamers (Fig. 5). The com-
plexes formed by either NEO-35-s41 or G925-s50 with
NS3 after UV cross-linking were detected as broad bands
with a molecular mass over 150 kDa (lanes 1 and 4). The
NEO-35-841 complex was observed as a band at ~150-
250 kDa and also remained within the sample well (lane
1). Interestingly, an 80-kDa band was also observed in
the absence of NS3 (lanes 2 and 3), suggesting that NEO-
35-341 forms a dimer. Thus, dimerized NEO-35-s41 must
form a macromolecule by binding to several NS3 mole-
cules. In contrast, the size of the complex of G925-s50 and
NS3 was ~250 kDa (lane 4). As the molecular masses of
G925-s50 and NS3 are ~52 and 70 kDa, respectively, one
(G925-s50 aptamer could capture three NS3 molecules.
Inhibition of NS3 Protease Activity in HeLa Cell by
ADD Aptamers—The inhibitory activity of aptamers
within living cells was investigated by transfecting Hel.a
cells with various different aptamers (90 pmol). The
HeLa cells were transiently expressing NS3 and a sub-
strate protein that comprised two types of GFP deriva-
tives-connected by a NS3 cleavage site (C5abY) (14). This
system allows the inhibition of NS3 protease activity to
be detected easily by FRET. NEO-35-s41 and G925-s50
caused 45 and 75% inhibition of NS3 proteolysis, respec-
tively (Fig. 6A). NEO-35-s41 achieved the. same level of
inhibition as G9-II, but G925-s50 was most effective
among these three aptamers. The level of NS3 expression
was detected by immunoblotting and was not reduced by
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Fig. 7. HCV genome-replication assay of NEQ-35-s41 and
G925-850 using an in vitro HCV-replication system. (A) The
reaction mixtures were separated in a 0.8% denaturing agarose gel
containing 1x MOPS-EDTA buffer. The open arrowhead indicates
the replicated replicon genome. (B) The intensities. of the bands

from the replicated RNA genome were quantitated using a
BAS2500.

transfection: with aptamers (Fig. 6B). We, therefore, pro-
pose that the inhibitory effect of the aptamers is specific
for the protease activity of NS3.

Inhibition of HCV Replication Using an In Vitro HCV
Replicon Genome-Replication System—We evaluated the
ability of NEO-35-s41 and G925-850 to-inhibit HCV repli-
cation in an in vitro system. The aptamers were added at
concentrations of 0.1, 1 and 10 uM (Fig. 7) to a system
containing the components. of HCV replication, that is,
the replicase (non—structural proteins complex) and rep-
licon (genome). The genome can be copied by the repli-
case in this system (21). Thus, this technique is appropri-
ate for the rapid in vitro evaluation of the efficiency of
HCV-replication inhibitors. The replicated band was
detected in the replicon cell lysate but not in the Huh-7
lysate (data not shown). Uy (negative control) and NEO-
35-541 did not affect the replication reaction; however,
(G925-850 caused moderate inhibition (30%). Our data,
therefore, suggest. that G925-850 inhibits the NS3 heli-

case stage of the replication process.

DISCUSSION

In this study, novel RNA aptamers were designed to
attack two important domains of the HCV NS3 protein
(ADD aptamer; Fig. 1) simultaneously. As-expected, all of
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the aptamers had a dual-inhibitory function as a result of
conjugating oligo(U) and #5A to the NEO-III-14U obtained
previously (Fig. 2). Any RNA with a single-stranded
region could, in theory, provide a substrate for the NS3
helicase; however, the ADD. aptamers did not, and they
strongly inhibited both NS3 enzymatic activities (Fig. 3).

Among the constructs tested, NEO-35-s41 and G925-
§50 inhibited both the protease and helicase activities of
NS3 most effectively. The length of the -spacer incorpo-
rated into the ADD aptamer affected the efficiency of the
inhibition. During HCV replication, the NS3 protein
binds to the 3-UTR, (the site for replication initiation)
and unwinds the replicated double-stranded RNA in the
3" to 5’ direction (17). The length of the poly(U/C) tract in
the (+) 3-UTR is important for optimal interaction with
NS3; at least 50—62 nucleotides are required for effective
replication (23). Therefore, we propose that an oligo(U)
spacer of 41-50 residues provides an optimal interaction
with NS3, enhancing the efficiency of the inhibition by
both the anti-protease and anti-helicase aptamers. Fur-
thermore, we reported previously that a variable region
in the (+) 3-UTR regulates the translocation of NS3 heli-
case, and that the higher-order structure correlates with
this regulation (19). Accordingly, the slight difference in
the efficiency of helicase inhibition by NEO-35-s41 and
(G925-s50 -might be due to the stability of the anti-pro-
tease aptamer structure.

The binding of the ADD aptamers NEO-35-s41 and
G925-s50 to NS3 was analyzed using a filter-binding
assay and EMSA. It appeared that several NS3 mole-
cules efficiently bound to each ADD aptamer. Interest-
ingly, this binding cooperativity varied according to the
concentration of NS3: we detected positive cooperativity
at low NS3 concentrations and non-cooperativity at high
concentrations (Fig. 4 and Table 2). Monomeric NS3
forms dimers or tetramers depending on its concentra-
tion. (24, 25). The observed change in cooperativity is
likely to correspond to the point at which oligomer-forma-
tion occurs. Furthermore, EMSA reveals the molecular

e, 4n,
'30{/",6}08“5 .
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size of the complex directly (Fig. 5). We could not identify
the ratio of NEQ-35-s41 to NS3 within this complex,
because the NEO-35-s41.dimerized. and could form mac-
romolecules with an oligomeric NS3 protein. However,
we could clearly identify a 1:3 molar ratio of molecules in
the complex between G925-s50 and NS3 (Fig. 8). It is
likely that ADD-aptamers bind not only to NS3 mono-
mers and dimers, but also to NS3 tetramers. However, as
the EMSA was performed under:denaturing conditions,

-only NS3 that was strongly bound to the ADD aptamer

would be detected. These data indicate that both NEO-
35-341 and G925-s50 interact strongly with several NS3
molecules, regardless of oligomer formation, and this
inhibits helicase and protease activities. Moreover, our
results are.consistent with the difference observed in
inhibition efficiency between protease and helicase activ-
ities. We propose that protease inhibition requires a 1:1
stoichiometry between the ADD anti-protease aptamer
and NS3, whereas helicase inhibition occurs when sev-
eral NS3 molecules interact in the region of the oligo(U)
spacer and anti-helicase aptamer. (G925-s50 appears to
trap at least three NS3. molecules and strongly inhibits
the sliding of NS3 helicase (Fig. 8).

Two ADD aptamers, NEO-35-s41 and G925-s50, were
evaluated as HCV NS3 inhibitors under similar condi-
tions to those found in vivo using a protease assay in liv-
ing cells and an HCV in vitro genome-replication system
(Figs. 6 and 7). The results of both assays indicated that
the aptamer G925-s50 is a more effective inhibitor than
NEO35-s41. The efficiency of the two aptamers was simi-
lar in the protease inhibition assay. When the inhibitors
are applied to living.cells, the instability of the NEO-35-
s41 structure might be magnified, because the ANEO-II1
aptamer requires more calcium ions than magnesium for
the optimal inhibition of NS3 protease, despite the fact

. that G9-II does not (13). Generally, the concentrations of

calcium ions are lower than those of magnesium ions in
living cells. Furthermore, .calcium ions were not added to
the in vitro HCV genome-replication system, as this

.- might inhibit the.effectiveness of NEO-35-s41. Therefore,

we-suggest that G925-s50 offers advantages in terms of
both NS3 protease and helicase inhibition, and should be
the candidate of choice for use as an anti-HCV drug. We
rationally designed novel ADD RNA aptamers by conju-
gating two aptamers and adjusting their distance. Addi-
tional research on the conjugation of other aptamers will
enlarge the field of aptamer application.

We thank Dr. T. Watanabe and Dr. M. Shuda (Tokyo Metropol-
itan Institute of Medical Science, Japan) for helpful discus-
sions.
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Summary. Hepatitis C virus (HCV) causes persistent infection in most patients.
To clarify the mechanisms underlying establishment of this persistent infection,
nucleotide sequences of the E1/E2 region were characterized in 5 patients with
acute and chronic HCV infection. We used direct DNA sequencing methods to
identify the major sequence of HCV in each patient. Each HCV genome displayed
a high frequency of nucleotide sequence variation in the hypervariable region
(HVR) of E2. However, patient-specific conserved nucleotide sequences were
identified in the E1/E2 region during the course of infection and conserved the
higher-order protein structure.

In the acute phase HCV infection, amino acid substltutlon in HVR-1 as the
monthly rate of amino acids substitution per site (%) between each point exceeded
10.2%. In the chronic phase HCV infection, a significantly lower rate of amino
acid substitution was observed in patients. The host immune responses to HVR-1
of each HCV isolates from all clinical courses were characterized using synthetic
peptides and ELISA. One chronic patient serum (genotype 1b) did not react at
all to its own HVR-1 peptides, however another patient (genotype 2b) reacted to
all clinical course. These results indicated that HVR-1 might not always exhibit

Note: DDBJ/EMBL/GenBank accession numbers of E1/E2 sequences reported in this
paper are AB107929-AB107949.
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