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Since the first discovery of Torque teno virus (TTV) in 1997, many researchers focused on its epidemiology
and transcriptional regulation, but the function of TTV-encoded proteins remained unknown. The function of
the TTV open reading frame (ORF) in the nuclear factor kB (NF-«kB) pathway has not yet been established.
In this study, we found for the first time that the TTV ORF2 protein could suppress NF-kB activity in a
dose-dependent manner in the canonical NF-«kB pathway. By Western blot analysis, we proved that the TTV
ORF?2 protein did not alter the level of NF-kB expression but prevented the p50 and p65 subunits from entering
the nucleus due to the inhibition of IkBa protein degradation. Further immunoprecipitation assays showed
that the TTV ORF2 protein could physically interact with IKKp as well as IKKe, but not IKK<y. Luciferase
assays and Western blot experiments showed that the TTV ORF2 protein could also suppress NF-kB activity
in the noncanonical NF-kB pathway and block the activation and translocation of p52. Finally, we found that
the TTV ORF2 protein inhibited the transcription of NF-kB-mediated downstream genes (interleukin 6 [IL-6],
IL-8, and COX-2) through down-regulation of NF-kB. Together, these data indicate that the TTV ORF2 protein
suppresses the canonical and noncanonical NF-kB pathways, suggesting that the TTV ORF2 protein may be
involved in regulating the innate and adaptive immunity of organisms, contributing to TTV pathogenesis, and

even be related to some diseases.

Nuclear factor kB (NF-«kB) plays a central role in the regu-
lation of diverse biological processes, including immune re-
sponses, development, cell growth, and survival (1, 19, 25, 55).
The mammalian NF-«kB family contains five members: NF-«kB1
(p105 and p50), NF-kB2 (p100 and p52), RelA (p65), RelB,
and c-Rel. They share a highly conserved N-terminal Rel ho-
mology domain responsible for DNA binding, homo- or het-
erodimerization, and nuclear translocation (20). In mammals,
there exist two major NF-kB pathways: the canonical NF-«kB
pathway and the noncanonical NF-kB pathway. The canonical
NF-«B pathway is triggered by proinflammatory cytokines and
dependent on the inhibitor of kB (IkB) kinase (IKK), which is
composed of two catalysis subunits (IKKa and IKKB) and a
regulatory subunit, IKKy or NEMO (NF-«kB essential modu-
lator) (15, 31, 48). Among these subunits, IKKp is known as a
major kinase and IKKy is required for the full activation of
IKKB upon proinflammatory stimulation (27, 49, 50). Nor-
mally, NF-«B resides in the cytoplasm, forming complexes with
IkB (5). When stimulated with proinflammatory stimuli, such
as tumor necrosis factor alpha (TNF-a) or lipopolysaccharide
(LPS), the IKK complex phosphorylates specific serines within
the IkB proteins, triggering their ubiquitination by a ubiquitin
ligase. The IkB protein is then degraded by the 26S protea-
some, thus allowing the release, modification, and transloca-
tion of the NF-kB dimer (p65 and p50 subunits) into the
nucleus to regulate gene transcription (25). In the noncanoni-
cal NF-kB pathway, the NF-kB dimer (RelB and p52 subunits)
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is activated by members of the TNF-a family, such as lympho-
toxin-B, CD40L, and BAFF (B-cell-activating factor of the
TNF family) (12, 13, 14, 34, 53). Unlike the canonical NF-kB
pathway, this activation does not require IKKB phosphoryla-
tion and degradation but depends on the activation of IKKa by
NF-kB-inducing kinase (NIK). NIK recruits IKKa to p100,
phosphorylates the N terminus of p100, and leads to the gen-
eration of p52. Then the p52/RelB complex translocates into
the nucleus and regulates the transcription of target genes (8,
53). Through the two pathways described above, NF-kB con-
trols the expression of genes, including those for the proin-
flammatory cytokines (e.g., interleukin 1 [IL-1], IL-2, IL-6,
TNF-«, BAFF, and Blys, etc.), chemokines (e.g., IL-8, MIP-1q,
MCP1, RANTES, eotaxin, B-lymphocyte chemoattractant, and
secondary lymphoid tissue chemokine, etc.), adhesion mole-
cules (e.g., intercellular adhesion molecule 1, vascular cell ad-
hesion molecule 1, and E-selectin), inducible enzymes (e.g.,
COX-2 and inducible nitric oxide synthase), growth factors,
some of the acute-phase proteins, and immune receptors, all of
which play critical roles in controlling most inflammatory pro-
cesses (2, 36).

In 1997, the Japanese researchers Nishizawa et al. identified
Torque teno virus (TTV) by representational-difference dis-
play analysis with the serum of a Japanese patient with acute
posttransfusion hepatitis of unknown etiology (37). The virus
was first named after the initials of the patient and then was
renamed Torque teno virus or transfusion-transmitted virus.
TTV is a small, unenveloped, single-stranded, and circular
DNA virus with a genome of approximately 3,800 nucleotides
and was originally classified as belonging to the Circoviridae
family (33, 35, 58). Until now, at least 39 genotypes of TTV
have been identified, and they can be classified into five dis-
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tantly related groups (44). Molecular epidemiological studies
reveal a wide spectrum of TTVs displaying over 30% nucleo-
tide diversity (39). Like chicken anemia virus (CAV), which is
the other member of the Circoviridae family, TTV has two
main open reading frames (ORFs) (ORF1 and ORF2), which
can be deduced directly from the nucleotide sequence. By
analogy with VP1 of CAV, ORF1 might encode a structural
protein corresponding to the capsid of the virus. Moreover, the
presence of conserved motifs related to the Rep protein sug-
gests that replication of TTV might follow a rolling circle
mechanism (38, 59). ORF2 might encode nonstructural pro-
tein that possesses the activity of a novel dual-specificity pro-
tein phosphatase, possibly involved in viral replication or an-
other function of regulation. A conserved motif, WX7HX3C
X1CXS5H, present in VP2 of CAV is also found in the TTV
group (7, 40, 45). Later analysis of the TTV transcription
pattern in COS-1 and bone marrow cells has revealed the
existence of at least three species of spliced mRNA molecules
of 2.9 to 3, 1.2, and 1.0 kb in length, with common 5" and 3’
termini, suggesting that more ORFs emerged through mRNA
splicing, even though their functions are not clear (24, 42, 46).

Since the first isolation of TTV, most studies have shown
that it might be relevant to liver disorders and liver damage
and have a possible association with fulminant hepatitis, cryp-
togenic liver disease, non-A-G hepatitis, posttransfusion hep-
atitis, liver cirrhosis, and hepatocellular carcinoma (11, 22, 37,
41, 57, 65). At the same time, epidemiological associations of
TTV with B-cell lymphoma, Hodgkin’s disease, aplastic ane-
mia, idiopathic pulmonary fibrosis, acute respiratory disease,
and autoimmune rheumatic disorders have also been described
(6, 16, 29, 30, 32, 52). Although TTV is potentially related to
many diseases, its actual function is still questioned. Due to its
global presence in healthy populations and the lack of mor-
phological or molecular abnormalities of TTV-infected cells,
there exist many conflicting opinions about its association with
several diseases, and whether TTV is the major or minor cause
of any human diseases is still under investigation (17, 23).

Until recently, most researchers have focused on the epidemi-
ology of TTV, and its potential function was rarely mentioned. In
this study, we found that the TTV ORF2 protein (SANBAN
isolate, which belongs to a novel group 3 TTV genotype) sup-
pressed NF-kB activity and subsequent products. It is probable
that TTV is involved in regulating the innate and adaptive immu-
nity of an organism by altering the expression of key inflammatory
molecules.

MATERIALS AND METHODS

Plasmid construction and polyantibody production. The cDNA of TTV ORF2
was amplified by PCR from pCR-SBFL (provided by Tetsuro Suzuki, National
Institute of Infectious Diseases, Japan) by using the forward primer 5'-A GTC
GGA TCC ATG GGC AAG GCT CTT AGG GTC-3' and reverse primer 5'-G
GCT GAATTCTTA CTG TGC GTC GTC TTC GAT-3' or the forward primer
5'-A TAC GCT AGC ATG GGC AAG GCT CTT AGG GTC-3' and reverse
primer 5'-G GCT GAA TTC TTA CTG TGC GTC GTC TTC GAT-3") and
then cloned into the prokaryotic expression vector pET-His (Invitrogen) or
eukaryotic expression vector pcDNA3.1(—) (Invitrogen) by using standard clon-
ing methods, which resulted in pET-His-TTV2 and pcDNA3.1(—)-TTV2, re-
spectively. The recombinant plasmids were analyzed by restriction digestion and
PCR, and their sequences were confirmed by sequencing. The plasmid pET-His-
TTV2 was transformed into the Escherichia coli strain BL21(DE3) to produce
the TTV ORF2 protein. Anti-TTV ORF2 polyclonal serum was obtained by
immunizing rabbits with purified ORF2 protein (64). The plasmid expression
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vector for pcDNA3.1(+)-NIK and dominant negative NIK [pcDNA3.1(+)-
dnNIK], which has the kinase-dead mutation K429A/K430A, were kindly pro-
vided by Brian M. J. Foxwell and Alison Davis (Kennedy Institute of Rheuma-
tology Division, Imperial College School of Medicine, London, United
Kingdom). The plasmids pGL3 COX-2-p-Luc and its mutant pGL3 COX-2-p-
Luc (ANF-kB), pGL3 IL-6-p-Luc and its mutant pGL3 IL-6-p-Luc (ANF-kB),
and pGL3 IL-8-p-Luc and its mutant pGL3 IL-8-p-Luc (ANF-«B) were gifted by
Ying Zhu (State Key Laboratory of Virology, College of Life Science, Wuhan
University). The plasmids pcDNA3.1(—)-Flag-IKKa and pCMV-Flag-IKKB
were gifted by Rohit Mittal (Neurobiology Division, MRC Laboratory of Mo-
lecular Biology, Cambridge, United Kingdom).

Cell lines and cell culture. HepG2, HeLa, HEK293, and RAW264.7 cells were
obtained from the China Center for Type Culture Collection (Wuhan, China).
HepG2, HeLa, and HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco), while RAW264.7 cells were cultured in RPMI 1640 (Gibco).
All these cell lines were maintained at 37°C with 5% CO, and supplemented with
10% heat-inactivated fetal bovine serum (HyClone), 100 U of penicillin per ml,
and 100 wg of streptomycin per ml.

Plasmid transfection; TNF-o, LPS, and/or MG-132 treatment; and luciferase
assay. DNA transfection was performed using Lipofectamine 2000 (Gibco) ac-
cording to the manufacturer’s instructions. Each transfection was normalized
with appropriate vector plasmids. At 48 h posttransfection, the cells were har-
vested for the subsequent experiments. For the TNF-a or LPS treatment, the
posttransfected cells were maintained without serum overnight and then treated
with TNF-a (10 ng/ml; Sigma), LPS (1 pg/ml; Sigma), and/or MG-132 (20
wmol/liter; Alexis). For the luciferase assay, the cells were cotransfected with the
plasmids indicated in the figures, luciferase reporter vectors, and the Renilla
luciferase reporter tk-Renilla-Luc (Invitrogen), which was an internal control for
transfection efficiency. Luciferase activity was measured by the dual-luciferase
assay system (Promega) according to the protocol recommended by the manu-
facturer. The luciferase assay was done in triplicate, and the results are shown as
means * standard errors (SE).

Preparation of cytoplasmic and nuclear fractions. At 48 h posttransfection,
the treated or untreated cells were washed three times with ice-cold phosphate-
buffered saline and added to hypotonic buffer (10 mM HEPES [pH 7.9], 5 mM
KCl, 1.5 mM MgCl,, 1 mM NaF, and 1 mM Na;VO,) supplemented with 1 mM
dithiothreitol, phenylmethylsulfonyl fluoride (1 mM), aprotinin (2 wg/ml), leu-
peptin (2 pg/ml), and soybean trypsin inhibitor (37.5 pg/ml). After lysis for 15
min on ice, the cytoplasmic fraction was prepared by centrifugation at 3,000 rpm
for 5 min, and it was cleared by centrifugation at 12,000 rpm for 15 min before
further analysis. To prepare the nuclear fraction, the cell pellet generated after
initial centrifugation was washed three times with the hypotonic buffer and
suspended in high-salt buffer (20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.2 mM
EDTA [pH 8.0], 420 mM NaCl, 25% [vol/vol] glycerol, 50 mM B-glycerophos-
phate, 1 mM NaF, and 1 mM Na;VO,) supplemented with 1 mM dithiothreitol,
phenylmethylsulfonyl fluoride (1 mM), aprotinin (2 wg/ml), leupeptin (2 pg/ml),
and soybean trypsin inhibitor (37.5 pg/ml). The suspended cell pellet was incu-
bated for 30 min on ice with occasional vortexing, and the nuclear fraction was
collected after centrifugation at 12,000 rpm for 10 min.

Western blot assay and immunoprecipitation. At 48 h posttransfection, total
cell lysate was washed with cold phosphate-buffered saline and dissolved in lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM
MgCl,, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 1 mM
sodium orthovanadate, and 0.06 mg/ml aprotinin) on ice for 30 min. After
centrifugation at 12,000 rpm for 15 min, the supernatants were separated and the
protein concentration was determined. Proteins were then separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred to nitrocellulose membranes with a mini Trans-blot cell (Bio-Rad).
The specific immunoreactive proteins were detected by enhanced chemilumines-
cence (Pierce) and exposed to X-ray film (Eastman Kodak). For the immuno-
precipitation assay, total cell lysate was prepared with immunoprecipitation assay
cell lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1%
sodium orthovanadate, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS) sup-
plemented with phenylmethylsulfonyl fluoride (1 mM), aprotinin (2 pg/ml),
leupeptin (2 pg/ml), and soybean trypsin inhibitor (37.5 pg/ml). Then, 1 to 2 g
of appropriate antibodies were added to precleared cell lysate and incubated
overnight at 4°C. Immune complexes were captured with 30 pl of protein A-
Sepharose (Santa Cruz Biotechnology) for 30 min at 4°C and washed five times
with immunoprecipitation assay buffer. Antibodies used in our study were as
follows: anti-COX-2, anti-B-actin, anti-GAPDH (anti-glyceraldehyde-3-phos-
phate dehydrogenase; Santa Cruz Biotechnology), and anti-TTV ORF2 (pre-
pared in this study) polyclonal antibodies and anti-p65, anti-p50, anti-IkBe,
anti-p100/p52, anti-Rel-B (Santa Cruz Biotechnology), anti-Flag (Sigma), anti-



VoL. 81, 2007

A Hela HepG2 RAW264.7
pecDNA3L()  + - + z + =
pDNASL()-TTVZ - + = . ¥
1 2 3 4 5 6

B 300

Rehtive luiferase activity

RAW264.7
INF« - - + + - -+ + - -+ F
peDNA3LE)  + -+ - * s = Hor o
peDNAZIEOTTVZ - + - + I < i o
C s
700
g oo
[
-1
& s
z
1 400
2
2 300
K-
£ 200
100
0
Hela
TNFa - - + o+ o+ o+
lJl‘DNAJ.l(—)-TT“: ” e 4

1 2 3 4 5 6

FIG. 1. The TTV ORF2 protein suppresses NF-kB activation by
TNF-a in a dose-dependent manner in HeLa, HepG2, and RAW264.7
cells. (A) A Western blot analysis detected the expression of the TTV
ORF?2 protein in HeLa (lanes 1 and 2), HepG2 (lanes 3 and 4), and
RAW?264.7 (lanes 5 and 6) cells. Cells were transfected with 0.8 ug of
pcDNA3.1(—) as a control (lanes 1, 3, and 5) or with 0.8 pg of plasmid
pcDNA3.1(—)-TTV2, expressing the TTV ORF2 protein (lanes 2, 4,
and 6). At 48 h posttransfection, cell extracts were prepared and
expression was determined using rabbit anti-TTV ORF2 antibody.
(B) HeLa, HepG2, and RAW264.7 cells were cotransfected with 0.1 g
of pNF-kB-Luc and 10 ng of tk-Renilla-Luc along with 0.6 pg of
pcDNA3.1(—)-TTV2 or 0.6 ng of pcDNA3.1(—) as a negative control.
At 48 h posttransfection, cells were treated with TNF-a (10 ng/ml) or
left untreated for 1 h as indicated and then harvested for luciferase
assay. (C) HelLa cells were cotransfected with 0.1 pg of pNF-kB-Luc
and 10 ng of tk-Renilla-Luc along with different amounts of
pcDNA3.1(—)-TTV2 (lane 3, 0 ng; lane 4, 200 ng; lane 5, 400 ng; lane
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IKKa, anti-IKKB, anti-IKKy, and anti-phosphoserine IkBa (Cell Signaling
Technology) monoclonal antibodies.

Reverse transcription (RT)-PCR. At 48 h posttransfection, total RNA was
extracted by using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. The cDNA was reverse transcribed from 1.0 pg total RNA with ran-
dom hexamer primers using an avian myeloblastosis virus-reverse transcriptase
kit (TaKaRa) as recommended by the supplier. Subsequently, the cDNA prep-
arations were used as the templates for PCR to amplify the GAPDH, COX-2,
IL-6, or IL-8 gene by using the forward primer 5'-ATC ACT GCC ACC CAG
AAG AC-3' and reverse primer 5'-AGG ATG AGC TGC CCT ATG ATG-3’
for GAPDH, the forward primer 5'-AGA GGC TAG TGC CTC AGA GAG
AA-3" and reverse primer 5'-TCG CAT ACA CAA CCC AAA TTC CC-3' for
COX-2, the forward primer 5'-CAA AAG TCC TGA TCC AGT TCC-3’ and
reverse primer 5'-ACA TAA TTT CTG TGC CCA GTG-3' for IL-6, and the
forward primer 5'-ATG ACT TCC AAG CTG GCC GTG GCT-3' and reverse
primer 5'-TCT CAG CCC TCT TCA AAA ACT TCT-3' for IL-8. The PCR
conditions were as follows: denaturation at 94°C, annealing at 56°C, and exten-
sion at 72°C, for 25 cycles using rTaq (TaKaRa).

Measurement of IL-6 and IL-8 in the supernatant of cultured cells. At 48 h
posttransfection, RAW264.7 cells were stimulated with LPS. IL-6 and IL-8 in the
culture supernatant of RAW264.7 cells were measured by using enzyme-linked
immunosorbent assay (ELISA) kits (Bender MedSystems) according to the man-
ufacturer’s instructions.

Statistical analysis. The results of our study are expressed as the means = SE
of results of experiments performed in triplicate. Statistical analysis was per-
formed using the Statistical Package Social Sciences (SPSS) program, version
11.5, with one-way analysis of variance, and significant differences among groups
were determined by least significant difference analysis. The accepted level of
statistical significance was a P of <0.05.

RESULTS

TTV OREF2 protein suppresses NF-kB activity in a dose-
dependent manner in HeLa, HepG2, and RAW264.7 cells. The
expression of TTV ORF?2 protein in the pcDNA3.1(—)-TTV2-
transfected cell lines was confirmed by Western blotting, as
shown in Fig. 1A. The effect of TTV ORF2 protein on NF-«kB
activity in these cell lines was investigated by a luciferase assay.
The results in Fig. 1B showed that the TTV ORF2 protein
significantly suppressed the activity of NF-«kB elicited by
TNF-a stimulation, compared with its activity in control HeLa,
HepG2, and RAW264.7 cells. With the increase in the con-
centration of pcDNA3.1(—)-TTV2 (0, 200, 400, and 600 ng),
NF-«kB activity was suppressed in a dose-dependent manner
(lanes 3 to 6) in HeLa cells (Fig. 1C). Similar results were also
obtained for the two other cell lines (data not shown).

TTV ORF2 protein does not alter the expression of NF-xB
but affects its nuclear translocation. To investigate the molec-
ular mechanism of NF-«B suppression in TTV ORF2-express-
ing cells, the total quantity of NF-kB in HeLa cells was exam-
ined by Western blot analysis using antibodies specific for
the subunits of NF-kB. As shown in Fig. 2A, the levels of the
NF-kB subunits pS0 and p65 remained the same as in the
control, no matter when the cells were stimulated or if they
were not stimulated (compare lane 1 with lane 2 and lane 3
with lane 4), suggesting that the TTV ORF2 protein did not
alter the expression of NF-kB. To determine the localization of

6, 600 ng). The total amount of plasmid was adjusted with the empty
vector pcDNA3.1(—). At 48 h posttransfection, cells were treated with
TNF-a (10 ng/ml) or left untreated for 1 h as indicated and then
harvested for the luciferase assay. Luciferase activities correspond to
an average of results from at least three independent experiments, and
data are shown as means * SE (%, P < 0.05).
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FIG. 2. TTV ORF2 protein does not alter the expression of NF-kB
but affects its nuclear translocation in HeLa cells. (A) HeLa cells were
transfected with the empty vector pcDNA3.1(—) as a control (lanes 1
and 3) or with pcDNA3.1(—)-TTV2 (lanes 2 and 4). At 48 h posttrans-
fection and after stimulation with TNF-a (10 ng/ml) for 1 h (lanes 3
and 4), cell extracts were prepared and detected by Western blot
analysis with anti-p65, anti-p50, and anti-B-actin antibodies. (B) HeLa
cells were transfected with 0.8 pg of either the empty vector
pcDNA3.1(—) or pcDNA3.1(—)-TTV2. At 48 h posttransfection and
after stimulation with TNF-a (10 ng/ml) for 1 h, cytoplasmic and
nuclear fractions were prepared as described in Materials and Meth-
ods. Both cytoplasmic proteins and nuclear proteins were analyzed by
SDS-PAGE and Western blotting with anti-p65 and anti-pS0 antibod-
ies to reveal the localization of NF-«kB subunits. Nucleus-specific anti-
YY1 antibody and anti-GAPDH antibody were used as controls. Re-
sults are representative of three different experiments.

w

NF-kB, cytoplasmic and nuclear fractions were prepared and
detected by Western blot analysis using the above-named an-
tibodies. The nucleus-specific antibody anti-YY1 was used as a
control to exclude the possibility of cross contamination.
Meanwhile, we used a GAPDH control to ensure the equal
loadings of the cytoplasmic fractions as well as of YY1 in the
nuclear fractions. As shown in Fig. 2B, TTV ORF2 protein
inhibited the translocation of p50 and p65 to the nucleus,
thereby increasing the amounts of cytoplasmic p50 and p65,
which clearly demonstrated that TTV ORF2 protein prevented
p50 and p65 from entering the nucleus and, hence, down-
regulated the activity of NF-«kB.

TTV ORF2 protein inhibits IkBa protein degradation. To
investigate how TTV ORF2 protein suppresses NF-«kB activity,
IkBa was measured by Western blot analysis. When we com-
pared lane 3 with lanes 1 and 2 in Fig. 3A, it was obvious that
TTV ORF?2 protein could substantially increase the quantity of
IkBa protein when the pcDNA3.1(—)-TTV2 plasmid was
transfected (Fig. 3A). The activation of NF-kB depends on the
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FIG. 3. TTV ORF2 protein inhibits IkBa protein degradation.
(A) HeLa cells were transfected with either the empty vector
pcDNA3.1(—) or pcDNA3.1(—)-TTV2. At 48 h posttransfection and
after stimulation with TNF-a (10 ng/ml) for 1 h or no stimulation as
indicated, cell extracts were prepared and IkBa expression was deter-
mined by Western blotting using anti-IkBa antibody. -Actin was used
as a control. (B) HeLa cells were transfected with either the empty
vector pcDNA3.1(—) or pcDNA3.1(—)-TTV2. At 48 h posttransfec-
tion and after being treated with TNF-a (10 ng/ml) and the protea-
some inhibitor MG-132 (20 uM) for the indicated times, cell extracts
were prepared and phosphoserine IkBa levels were determined by
Western blotting using anti-phosphoserine IkBa (P-IkBa) antibody.
B-Actin was used as a control. Results are representative of three
different experiments.

phosphorylation and polyubiquitination of IkBa, but phos-
phorylated IkBa is an unstable intermediate due to its rapid
proteasome-mediated degradation, so we preincubated the
cells with the proteasome inhibitor MG-132 to allow the accu-
mulation of phosphorylated IkBa. As shown in Fig. 3B, the
level of phosphorylated IkBa decreased in pcDNA3.1(—)-
TTV2-transfected cells (compare lane 1 with lane 4, lane 2 with
lane 5, and lane 3 with lane 6). Taking these results together,
it was reasonable to conclude that TTV ORF?2 protein inhib-
ited IkBa protein degradation.

TTV ORF2 protein can physically interact with IKKa and
IKK@ but not IKKy. To understand how the TTV ORF2
protein affects IkBa protein, we examined the physical inter-
action between the IKK complex and TTV ORF2 protein by
an immunoprecipitation assay. As shown in Fig. 4, TTV ORF2
protein coprecipitated with IKKa as well as IKKB but not
IKKy in HeLa cells, suggesting that TTV ORF2 protein can
physically interact with IKKa and IKKB. An immunoprecipi-
tation assay of overexpressed IKKa or IKKB [using the plas-
mids pcDNA3.1(—)-Flag-IKKa and pCMV-Flag-IKKB] and
TTV ORF2 protein was performed, and we obtained similar
results (data not shown).

TTV ORF2 protein also suppresses NF-kB activity in the
noncanonical NF-kB pathway. As we all know, IKKa does not
respond to the phosphorylation of IkBa in the canonical
NF-«kB pathway, while it does affect the processing of p100 into
pS2 in the noncanonical NF-kB pathway, so we assumed that
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FIG. 4. TTV ORF?2 protein interacts with IKKa and IKKB. HeLa
cells were transfected with either the empty vector pcDNA3.1(—) or
pcDNA3.1(—)-TTV2. At 48 h posttransfection and after being treated
with TNF-a (10 ng/ml) for 4 h, cell lysate was prepared for immunopre-
cipitation with monoclonal anti-IKKe, anti-IKK, or anti-IKKy antibod-
ies, with immunoglobulin G (IgG) taken as a control. Immune complex
captured by protein A-Sepharose was separated by SDS-PAGE and
analyzed by Western blotting with anti-TTV ORF2 antibody. One-tenth
of the total cell lysates used for immunoprecipitation was loaded as a
positive control for IKKa, IKKB, and IKKYy. Results are representative of
three different experiments. IP, immunoprecipitation; IB, immunoblotting.

TTV ORF2 protein might be involved in the noncanonical
NF-kB pathway. To examine whether TTV ORF2 protein
could affect the activity of NF-«kB in the noncanonical NF-«B
pathway or not, we performed an NF-kB luciferase assay. As
shown in Fig. SA, TTV ORF?2 protein suppressed NF-kB ac-
tivity elicited by NIK in the noncanonical NF-kB pathway, as
expected. When it was transfected with dominant negative NIK
[pcDNA3.1(+)-dnNIK], there was no difference between
them. By detecting the localization and amount of p100/p52
(Fig. 5B), we got the following prospective result: TTV ORF2
protein could inhibit the activity of NF-«kB in the noncanonical
NF-«kB pathway, and this suppression might be correlative with
the interaction between TTV ORF2 protein and IKKa.

TTV ORF2 protein inhibits the transcription of NF-kB-
mediated downstream genes through the down-regulation of
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NF-kB. 1L-6, IL-8, and COX-2 are all NF-kB-mediated down-
stream genes, and NF-kB can bind directly to their promoters
as a transcript factor, regulating their expression. Now that we
knew that TTV ORF2 protein can suppress NF-kB activity in
vivo, we wished to detect whether TTV ORF2 protein can
affect these genes. From the results of a luciferase assay, it was
verified that TTV ORF?2 protein does affect the activity of the
IL-6, IL-8, and COX-2 promoters through NF-«B sites in dif-
ferent cells (Fig. 6A). Then, we detected the expression of the
IL-6, IL-8, and COX-2 genes at the mRNA and protein levels.
As shown in Fig. 6B, RT-PCR analysis of the extracted mRNA
revealed that LPS caused a remarkable increase in IL-6, IL-8,
and COX-2 mRNA compared with the level in the control
group, while the cells transfected with pcDNA3.1(—)-TTV2,
with the same stimuli, blocked this induction in a dose-depen-
dent manner in the RAW264.7 cells. At the bottom of Fig. 6B,
the quantification of IL-6, IL-8, and COX-2 mRNA expression
as measured by gel analysis software, normalized by calculating
the ratio of mRNA to GAPDH, is shown. In the HelLa cells, we
repeated the experiments under the same conditions and ob-
tained similar results (data not shown). At the protein level,
Western blot analysis of cell lysate using COX-2 antibody
showed that the level of COX-2 expression decreased in TTV
ORF?2 protein-expressing cells treated with LPS compared to
the level in the control in the RAW264.7 cells (Fig. 6C). The
levels of IL-6 and IL-8 were measured by ELISA, and Fig. 6D
shows that the expression of both IL-6 and IL-8 decreased in
pcDNA3.1(—)-TTV2-transfected RAW264.7 cells, even though
their ranges of reduction were not the same.

DISCUSSION

As known to all, NF-«B activation is a protective response of
the host to viral pathogens, and mice deficient in different
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FIG. 5. The TTV ORF2 protein suppresses NF-«B activity in the noncanonical NF-«B pathway. (A) HeLa, HepG2, and RAW264.7 cells were
cotransfected with 0.1 pg of pcDNA3.1(+)-NIK or pcDNA3.1(+)-dnNIK, 0.1 ng of pNF-kB-Luc, 10 ng of tk-Renilla-Luc along with 0.6 pg of
pcDNA3.1(—)-TTV2, or 0.6 pg of pcDNA3.1(—) as indicated below the graph. At 48 h posttransfection, cells were harvested for luciferase assay.
Luciferase activities correspond to averages of results from at least three independent experiments, and data are means = SE (¥, P < 0.05).
(B) HeLa cells were transfected with 0.1 pg of pcDNA3.1(+)-NIK and 0.6 g of either the empty vector pcDNA3.1(—) or pcDNA3.1(—)-TTV2
as indicated below the graph. At 48 h posttransfection, cytoplasmic and nuclear fractions were prepared as described in Materials and Methods.
Both cytoplasmic proteins and nuclear proteins were analyzed by Western blotting with anti-p100/p52 and anti-Rel-B antibodies to reveal the
localization of NF-kB subunits. Nucleus-specific anti-Y Y1 antibody was used as a control. Results are representative of three different experiments.
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FIG. 6. TTV ORF2 protein inhibits the expression of NF-kB-mediated downstream genes through its effect on NF-kB. (A) HeLa and HEK293
cells were cotransfected with 0.1 wg of pGL3 X-p-Luc or pGL3 X-p-Luc (ANF-«B) (where X is COX-2, IL-6, or IL-8) and 10 ng of tk-Renilla-Luc
along with 0.6 pg of pcDNA3.1(—)-TTV2 or 0.6 pg of pcDNA3.1(—) as indicated below the graph. At 48 h posttransfection, cells were treated
with LPS (1 pg/ml) for 6 h and then harvested for luciferase activity. Luciferase activities correspond to averages from at least three independent
experiments, and data shown are means * SE (¥, P < 0.05). (B) RAW264.7 cells were transfected with 0.6 pg of pcDNA3.1(—)-TTV2 or 0.6 pg
of pcDNA3.1(—). At 48 h posttransfection, cells were stimulated with LPS (1 pg/ml) or left unstimulated for 6 h as indicated. The RT-PCR
products of COX-2, IL-6, or IL-8 mRNA were detected by agarose gel electrophoresis. GAPDH was used as a control. IL-6, IL-8, and COX-2
mRNAs were measured by gel analysis software and normalized by calculating the ratio of mRNA to GAPDH. (C) RAW264.7 cells were
transfected with 0.6 wg of the empty vector pcDNA3.1(—) without stimulation as a control or with different amounts of pcDNA3.1(—)-TTV2 (lane
2, 0 ng; lane 3, 200 ng; lane 4, 400 ng; lane 5, 600 ng) and treated with LPS (1 wg/ml) for 6 h. Cell extracts were prepared, and the protein amounts
were determined using anti-COX-2 antibody. (D) RAW264.7 cells were transfected with 0.6 pg of pcDNA3.1(—)-TTV2 or 0.6 ng of
pcDNA3.1(—). At 48 h posttransfection, cells were stimulated with LPS (1 pg/ml) or left unstimulated for 6 h as indicated below the graph. IL-6

and IL-8 in the culture supernatant of RAW264.7 cells were measured using the ELISA method. Results are representative of three different
experiments.

members of the NF-kB family are more susceptible to viral ankyrin repeats that bind to NF-kB dimers, blocking NF-«B’s
infection, suggesting that NF-kB plays a crucial role in the nuclear translocation (47). Since it was first discovered in 1997,
process of viral infection (21, 54, 60). How to regulate and TTV has been considered a chronic and long-standing virus,
evade the monitoring of the host immune system must be an but its pathogenic nature is still a mystery. In our study, we
all-important step for the virus itself. Some viruses have proved that the TTV ORF2 protein of the SANBAN isolate,
evolved strategies to interfere with NF-«kB activation in order which belongs to the group 3 TTV genotype, can interact with

to evade the immune response. For example, vaccinia virus IKKa and IKKB and then inhibit IkBa degradation and sup-
encodes a viral protein, A52R, that is a homolog of the scaf- press the activation of NF-«kB in the canonical and noncanoni-
folding protein MyDS8S, abrogating IL-1-mediated signaling, cal NF-kB pathways, implying that TTV may share with other
which is important for resistance to vaccinia virus (10). An- viruses a mechanism to infect a host, proliferate, and survive.
other example is the human immunodeficiency virus (HIV) Although the signals inducing NF-«kB in cancer cells are still
accessory protein Vpu. It was shown to inhibit NF-kB activa- not well understood, overactivation of NF-kB and the subse-
tion by interfering with the B-transducin repeat-containing quent production of cytokines, chemokines, inflammatory en-
protein-mediated degradation of IkBa and to promote the zymes, growth factors, and antiapoptotic proteins have been
apoptosis of infected cells by suppressing the NF-kB-depen- found to be involved in cancer progression and chemoresis-

dent expression of antiapoptotic factors (3, 9). The African tance. In our study, the inflammation factors IL-6, IL-8, and
swine fever virus A238L protein, a homolog of IkB, contains COX-2, which have been proved to be involved in the forma-
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tion and metastasis of a wide variety of cancers, including
bladder cancer, colorectal cancer, renal cell carcinoma, gastric
cardia adenocarcinoma, lung carcinoma, prostate cancer, and
so on (4, 26, 43, 51, 56, 62), are down-regulated in the presence
of the TTV ORF?2 protein, implying that TTV ORF2 protein
may disable the mechanism that allows up-regulation of the
inflammatory response by means of down-regulating these fac-
tors. This finding might explain why TTV can replicate to a
high DNA copy level without leading to much inflammation,
and it might be a survival mechanism that the virus has devel-
oped over time to avoid being eliminated by immune re-
sponses. Furthermore, this also might partially account for the
fact that TTV infection cannot lead to cancer directly.

Recently, Gergely et al. reported that patients with systemic
lupus erythematosus (SLE) produced autoantibodies to HRES-
1/p28, a 28-kDa nuclear autoantigen encoded by a human en-
dogenous retrovirus. BLAST searching for cross-reactive viral
epitopes to HRES-1/p28 yielded two viral epitopes similar to that
of the TTV OREF?2 protein. These epitopes may be related to the
pathogenicity of TTV in SLE (18). As early as 1999, Wong et al.
reported that, compared with that in normal cells, the activation
of NF-kB activity was significantly decreased in SLE patients (63).
So we can speculate that the high prevalence of TTV DNA in
lupus patients might be caused by the inhibitory effect of the TTV
ORF?2 protein on NF-«B activation.

The viral load of TTV may be dependent on the immuno-
logical status of the host. In 2001, Zhong et al. reported that
93.2% of cancer patients were positive for TTV, as determined
by a cutoff value of more than 250 TTV copies per 10° periph-
eral blood mononuclear cells (66). In HIV ™" patients receiving
highly active antiretroviral therapy, the TTV load decreased
after the highly active antiretroviral therapy probably because
of immunological improvement even in the absence of CD4
improvement (28). In 2007, Thom and Petrik reported that
TTV viral loads of an AIDS patient group were significantly
higher than those in the bone marrow of both HIV-positive
and -negative groups, which shows a link between the deteri-
oration of the immune system and increased viral loads in
studied tissues (61). Considering the significance of NF-«kB in
the innate and adaptive immunity of organisms, more studies
are needed to define the relationship between the NF-kB and
TTV loads and to determine whether the TTV ORF2 protein
plays an important role in this course.

In conclusion, we for the first time demonstrated that the
TTV OREF2 protein could suppress the canonical and nonca-
nonical NF-kB pathways via interacting with IKKf and IKKa,
thereby decreasing 1L-6, IL-8, and COX-2 expression. This
inhibitory effect suggests that the TTV ORF2 protein may be
involved in regulating the innate and adaptive immune re-
sponses of organisms, contribute to TTV pathogenesis, and
even be related to some diseases.
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