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Human parvovirus B19 frequently causes acute and chronic arthritis in adults. The molecular mechanism
of B19 arthritis, however, remains poorly understood. We previously showed that the transmission of B19 from
rheumatoid synoviocytes to monocytic cells is associated with enhanced secretion of tumor necrosis factor
alpha (TNF-�), which triggers inflammation, and interleukin-6. To determine the role of B19 in the production
of TNF-�, we focused on the function of its nonstructural protein, NS1, and established monocytic U937 lines
transduced with the NS1 gene under the control of an inducible promoter. Production of TNF-� mRNA and
protein was elevated in a manner associated with NS1 expression. Reporter assays revealed that AP-1 and AP-2
motifs on the TNF-� promoter were responsible for NS1-mediated up-regulation. Electrophoretic mobility shift
assay showed specific binding of nuclear proteins from NS1 gene-transduced cells with the AP-1 or AP-2 probe.
Antibodies against transcription factors AP-1 and AP-2 and anti-NS1 antibody inhibited the binding of nuclear
proteins to the corresponding probes. These data indicate that NS1 up-regulates TNF-� transcription via
activation of AP-1 and AP-2 in monocytic cells. The molecular mechanisms of NS1-mediated TNF-� expression
would explain the pathogenesis of B19-associated inflammation.

Human parvovirus B19 belongs to the family Parvoviridae
and the genus Erythrovirus. The B19 genome includes three
major open reading frames coding for the nonstructural pro-
tein NS1 in the left half and structural proteins VP1 and VP2
in the right half (44). B19 is the only parvovirus that has been
clearly linked with disease in humans. Common manifestations
caused by B19 infection include transient aplastic crisis in
patients with histories of chronic hemolytic anemia (37), ery-
thema infectiosum (7), nonimmune hydrops fetalis (9), chronic
pure red cell aplasia in patients with immunosuppression (24),
and arthralgia or arthropathy (59). Acute onset of polyarthritis
is common in adults (mostly women) (60). Joint symptoms last
for 1 to 3 weeks, although they may persist for months or years.
B19 arthritis often meets clinical diagnostic criteria for rheu-
matoid arthritis and can be erosive (12, 19, 35, 53, 59). Because
it has been observed that joint symptoms caused by B19 infec-
tion coincide with the appearance of specific immunoglobulin
G (IgG) and the disappearance of viremia (2) and joint symp-
toms occur in chronically infected subjects after treatment with
immunoglobulin (17), immune complex is thought to cause
acute polyarthropathy. However, molecular mechanisms for
the involvement of immune complexes in joint inflammation
are unclear.

Tumor necrosis factor alpha (TNF-�), a representative
proinflammatory cytokine, is an important mediator in the
inflammatory process associated with many types of infections
and autoimmune diseases through induction of a variety of

cytokines, chemokines, and proteases in autocrine and para-
crine pathways (16, 55). Although various cell types are capa-
ble of producing TNF-�, monocytes and macrophages are the
main sources (29, 55). The regulatory mechanisms controlling
TNF-� expression seem to depend on both the cell type and
differentiation state of the cells. They also depend on activa-
tion signals induced by stimuli, including infection by viruses or
other agents, interaction with adhesion molecules, or treat-
ment with phorbol esters, endotoxins, or cytokines such as
interleukin-1 or even TNF-� itself (55, 58, 62).

A recent study has demonstrated elevated levels of TNF-� in
circulation during the acute and convalescent phases of B19
infection (23). We have detected B19 VP antigen in macro-
phages, follicular dendritic cells, and lymphocytes of the syno-
vial tissue from patients with rheumatoid arthritis after several
years of B19 infection (33). Expression of late viral proteins
suggests persistent infection. In addition, it has been shown
that B19 in the rheumatoid synoviocytes can be transmitted to
monocytic U937 and THP-1 cells in a membrane-separated
coculture system and that transmission is inhibited by anti-B19
VP (50). Higher levels of TNF-� and interleukin-6 were se-
creted in this system, suggesting that B19 protein produced in
newly infected cells mediated enhanced production of proin-
flammatory cytokines. NS1 is the most plausible activator of
TNF-� expression because of its ability to activate several
promoters including the B19 p6 promoter (15, 18, 31, 46).

In the present study, we addressed the question of whether
TNF-� transcription is regulated by B19 NS1, and if so, which
transcription factors are responsible for it. A histiocytic
(promonocytic) cell line, U937 (49), was used as a host cell
line. As isolation and maintenance of stable NS1-producing
cell lines are tightly limited because of the cytotoxicity of NS1
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(36, 48), we adopted an inducible expression system with a
lactose operator and repressor.

MATERIALS AND METHODS

Cells. The promonocytic cell line U937 (49) was provided by the Cell Resource
Center for Biomedical Research, Institute of Development, Aging and Cancer,
Tohoku University. The U937 cell line was cultured in RPMI 1640 medium
(Gibco BRL, Rockville, Md.) supplemented with 10% heat-inactivated fetal calf
serum and 50 �g (each) of streptomycin and penicillin (Gibco BRL) per ml in a
5% CO2 atmosphere at 37°C.

Plasmid construction. The NS1 expression plasmid pOPRSV1-N8NS was
constructed with a vector plasmid of the B19-cloned plasmid N8 (54),
pOPRSV1CAT (Stratagene, La Jolla, Calif.), and the NS1 coding region. The
sequence of the NS1 coding region was amplified by PCR and inserted into the
NotI site of pOPRSV1CAT by the method of Moffatt et al. (31). The reporter
plasmid with the full-length human TNF-� promoter (pTNF1051; from �1051
bases to �126 bases relative to the transcription initiation site) was obtained by
amplifying the region of peripheral leukocyte DNA from a healthy donor who
had given informed consent by the method described elsewhere (51). The am-
plified DNA fragment was cloned into the NotI site of pGEM-T Easy (Promega,
Madison, Wis.). The MluI-NcoI fragment of the resulting plasmid was then
subcloned into a luciferase reporter plasmid, pGL3-basic (Promega). A deletion
series of the TNF-� promoter region (pTNF593, pTNF128, pTNF106, and
pTNF58) was constructed from pTNF1051 by removing restriction fragments. A
substitution mutation series (pTNF593/Egr-1m, pTNF593/Etsm, pTNF593/
CREm, pTNF593/NF-�Bm, pTNF593/AP-1m, pTNF593/SP-1m, and pTNF593/
AP-2m) was constructed by inducing site-directed mutations in pTNF593 ac-
cording to the protocol for the GeneEditor in vitro site-directed mutagenesis
system (Promega). Oligonucleotides used in site-directed mutagenesis are listed
in Table 1. Four tandem copies of transcription factor-binding sequences (Table
1) were synthesized and inserted into the sites upstream of the minimal simian
virus 40 (SV40) promoter in a reporter plasmid, pGL3-promoter (Promega),
which generated pGL3(AP-1)4, pGL3(AP-2)4, and pGL3(NF-�B)4. All plasmids
constructed were verified by DNA sequencing.

Stable transfection. U937 cells at a concentration of 1.6 � 106 cells/0.2 ml were
mixed with 5 �g of p3�SS encoding the LacI repressor gene (Promega) and
pulsed twice for 5 ms at 150 V with an electroporator apparatus, Electro Square
Porator T820 (BTX, San Diego, Calif.). Transfectants were selected in medium
containing 300 �g of hygromycin B (Roche Diagnostics, Mannheim, Germany)
per ml and examined for expression of Lac repressor by Western blotting assay
with rabbit anti-LacI antiserum (Stratagene). LacI-positive clones were further

transfected with pOPRSV1-N8NS or pOPRSV1CAT by the electroporation
method, and transfectants were selected with 300 �g of Geneticin (Wako, Osaka,
Japan) per ml. A number of Geneticin-resistant NS1 clones and chloramphenicol
acetyltransferase (CAT) clones were isolated by a limiting dilution method.
U937/NS17 and U937/NS13 were examined as representative clones of high and
low NS1 producers, respectively. U937/CAT12 was used as a representative clone
of control cell lines.

Mouse anti-NS1 antibody. Plasmid pQE44NS/F, provided by A. Gigler and A.
Von Poblozki (Universität Regensburg) (56), contains the B19 genome coding
for the C-terminal region of NS1 protein (amino acids 493 to 671) and nucleo-
tides coding for six histidine residues at the 5� end of the NS1 gene. pQE44NS/F
was expressed in Escherichia coli DH5�, and the bacterial lysate was passed
through a column of Ni-nitrilotriacetic acid agarose resin (Qiagen, Tokyo, Japan)
to purify the His-tagged truncated NS1, NS/F. BALB/c mice were immunized
with NS/F, and their spleen cells were used to establish hybridomas. Hybridoma
clones were isolated by a limiting dilution method, and the ability of clones to
secrete monoclonal antibodies was evaluated by enzyme-linked immunosorbent
assay (ELISA) using NS/F as a target antigen. Consequently, a single hybridoma
clone, F440, was established. A BALB/c mouse sensitized with 2,6,10,14-tetra-
methylpentadecane (Wako) was peritoneally inoculated with F440 cells for 7 to
10 days, and the ascitic fluid was removed. Anti-NS1 antibody was purified by
passing the ascitic fluid through a protein G affinity chromatography column
(MabTrapG) (Amersham Pharmacia Biotech, Buckinghamshire, United King-
dom). The subclass IgG2b antibody, named mNS440, detects NS/F on a mem-
brane in Western blotting analysis and NS1 protein in B19-infected erythroblas-
toid KU812 cells in immunofluorescence analysis.

Real-time RT-PCR. U937/NS17, U937/NS13, and U937/CAT12 cells at a con-
centration of 2 � 105 cells/ml were treated with isopropyl-�-D-thiogalactopyr-
anoside (IPTG) (Wako) at various concentrations and incubated at 37°C for
various periods (concentrations and incubation times are shown in the figures).
Cells were incubated in the presence of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) at various concentrations for 24 h prior to IPTG treat-
ment in some experiments. Total RNA was extracted from the cells twice with
ISOGEN-LS (Nippon Gene, Toyama, Japan) to reduce traces of DNA. The
RNA samples were subjected to quantitation of B19 NS1 mRNA, TNF-�
mRNA, and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA. The quantity of each mRNA was determined by a method based on the
TaqMan protocol (Applied Biosystems, Foster City, Calif.). This method allows
for the precise quantitation of mRNA loads over 7 orders of magnitude (28).
Reverse transcription and PCR were performed in a one-step reaction (RT-
PCR). The reaction mixture contained 1 U of RiverTra Ace (Toyobo, Osaka,
Japan) and 1.25 U of AmpliTaqGold polymerase (Applied Biosystems) in a

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Position Sequence (5� to 3�)a

Primers for site-directed
mutagenesis

Egr-1m �169 to �160 TCCCCGCCCAGATATGGAGAAGAAAC
Etsm �116 to �112 CACTACCGCTCTTTCCAGATGAGCTC
AP-1/CREm �106 to �99 TTCCTCCAGATCTGTGCATGGGTTTC
NF-�Bm �97 to �88 ATGAGCTCATGGATATCTCCACCAAGG
AP-1m �65 to �59 TTTCCGCTGGTGTAAGGATTCTTTCCC
SP-1m �52 to �45 TGATTCTTTCCGGACCCTCCTCTCGCC
AP-2m �36 to �28 CCTCCTCTCGCCTCATGGACATATAAG

Tandem copies of transcription
factor-binding elements

(AP-1)4 �65 to �59 ctgaacgcgtTGAATGATGAATGATGAATGATGAATGActcgagagtc
(AP-2)4 �36 to �28 ctgaacgcgtCCCCAGGGACCCCAGGGACCCCAGGGACCCCAGGGActcgcgcgtc
(NF-�B)4 �97 to �88 ctgaacgcgtGGGTTTCTCCGGGTTTCTCCGGGTTTCTCCGGGTTTCTCCctcgcgcgtc

Probes for EMSA
AP-1 �65 to �59 TTTCCGCTGGTTGAATGATTCTTTCCC
AP-2 �36 to �28 CCTCCTCTCGCCCCAGGGACATATAAG
Egr-1 �169 to �160 TCCCCGCCCCCGCGATGGAGAAGAAAC
NF-�B �97 to �88 ATGAGCTCATGGGTTTCTCCACCAAGG
AP-1m �65 to �59 TTTCCGCTGGTGTAAGGATTCTTTCCC
AP-2m �36 to �28 CCTCCTCTCGCCTCATGGACATATAAG

a Binding sites are shown in bold type. The linker sequences at the ends of the oligomers are indicated by lowercase letters.
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50-�l aliquot of a solution containing 5.5 mM MgCl2, 50 mM KCl, 10 mM
Tris-HCl (pH 8.3) (at room temperature), 10 mM EDTA, 60 nM Passive Ref-
erence 1 (Applied Biosystems), 0.2 mM (each) deoxynucleoside triphosphate, 0.2
�M (each) primer, 0.1 �M 6-carboxyfluorescein (FAM)- and 6-carboxy-
N,N,N�,N�-tetramethylrhodamine (TAMRA)-labeled probe, and each RNA
sample. The primers and probes used were NS1 forward primer (5�-AAAGCC
ATTTTAGGCGGGC-3�), NS1 reverse primer (5�-TCCAGGCACAGCTACA
CTTCC-3�), NS1 probe (5�FAM-CCCACCAGGGTAGATCAAAAAATGCG-
TAMRA-3�), TNF-� forward primer (5�-CTGCCCCAATCCCTTTATT-3�),
TNF-� reverse primer (5�-CCCAATTCTCTTTTTTGAGCC-3�), TNF-� probe
(5�FAM-CCTCCTTCAGACACCCTCAACCTCT-TAMRA-3�), GAPDH for-
ward primer (5�-GAAGGTGAAGGTCGGAGTC-3�), GAPDH reverse primer
(5�-GAAGATGGTGATGGGATTTC-3�), and GAPDH probe (5�FAM-
CAAGCTTCCCGTTGTCAGCC-TAMRA3�). Thermal cycling parameters
were as follows: (i) 30 min at 60°C; (ii) 10 min at 95°C; and (iii) 35 cycles, with
1 cycle consisting of 15 s at 95°C and 1 min at 60°C. Amplification and detection
were performed using the ABI PRISM 7700 Sequence Detection System (Ap-
plied Biosystems). The target quantity was determined from the standard curve
and expressed relative to GAPDH as recommended by the manufacturer (Ap-
plied Biosystems user bulletin no. 2).

ELISA. U937/NS17, U937/NS13, and U937/CAT12 cells at a concentration of
106 cells/ml were treated with IPTG at 37°C for various periods of time. The
amount of human TNF-� in the culture supernatant was measured with an
ultrasensitive ELISA kit (BioSource International, Inc., Camarillo, Calif.). The
minimum detectable dose of TNF-� was 	0.09 pg/ml, according to the manu-
facturer (as given in the instruction manual for the kit).

Luciferase assay. U937/NS17, U937/NS13, and U937/CAT12 cells were tran-
siently transfected with 3 �g of firefly luciferase reporter plasmids and 0.1 �g of
a Renilla luciferase reporter plasmid by a DEAE-dextran method (50 �g of
DEAE-dextran in 0.5 ml of phosphate-buffered saline). After 24 h of incubation
in culture media, 3 � 105 to 4 � 105 cells/ml of cells were treated with 10 mM
IPTG and harvested after various periods of incubation at 37°C. Luciferase
activity was determined as light units (LU) using a Dual Luciferase Assay Kit
(Promega) and a luminometer (model 1254; BioOrbit, Oslo, Norway). Firefly
luciferase activity indicated the promoter activity tested, and Renilla luciferase
activity showed transfection efficiency. Protein concentration was determined
with a protein assay kit (Bio-Rad, Hercules, Calif.) and used to normalize the
luciferase activity.

Nuclear extract preparation and electrophoretic mobility shift assay (EMSA).
After U937/NS17, U937/NS13, and U937/CAT12 cells (5 � 106 cells) were
treated with 10 mM IPTG for 24 h, nuclear extracts were prepared by the method
of Andrews and colleagues (3). Nuclear extract (5 to 10 �g) was incubated with
20 pmol of fluorescein (FITC)-labeled oligonucleotide probe containing the
putative binding sequence of TNF-� promoter for AP-1, AP-2, NF-�B, or Egr-1
(Table 1) in a 10-�l binding mixture containing 4% glycerol, 1 mM MgCl2, 0.5

mM EDTA, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5) (at room temperature), and
5 ng of poly(dI-dC) (Amersham Pharmacia Biotech); this incubation lasted 30
min and was done at room temperature. The probe bound by nuclear proteins
was separated from free probe in a 4% polyacrylamide gel, and the fluorescence
image was scanned by an FM-BIO II (Hitachi, Tokyo, Japan). For the compe-
tition assay, unlabeled oligonucleotide was added to the binding buffer prior to
the addition of FITC-labeled probe. For the inhibition assay, mouse monoclonal
antibody against human c-Jun, AP-2�, p65 subunit of NF-�B, or Egr-1 (Santa
Cruz Biotechnology, Santa Cruz, Calif.) or mouse monoclonal anti-NS1 antibody
(mNS440; described above) was incubated with nuclear extract overnight at 4°C,
and then the probe was added.

RESULTS

Expression of NS1 gene in stably transfected U937 cells.
U937 cells were stably transfected by the NS1 gene that is
regulated by the Lac repressor. The most effective concentra-
tion of IPTG for inactivating Lac repressor was examined by
evaluating the synthesis of NS1 mRNA in the cells of an NS1
producer, U937/NS17, and a control clone, U937/CAT12. The
RT-PCR method used in the present study detected 610 copies
of NS1 mRNA per ng of total RNA from U937/NS17 cells even
under noninducible conditions (Fig. 1A). It is notable that
PCR with the RNA samples from U937/NS17 cells did not
amplify any NS1 sequence. Repeated extraction by ISO-
GEN-LS seemed to completely remove contaminating DNA
from the samples. Treatment of U937/NS17 cells for 1 h with
5 to 15 mM IPTG induced a four- to fivefold increase of NS1
mRNA, whereas U937/CAT12 cells did not express NS1
mRNA, irrespective of IPTG treatment. On the basis of these
results, 10 mM IPTG was used to induce NS1 gene expression
in experiments. In order to examine the association of NS1 and
TNF-� expression, the kinetics of mRNA production in U937/
NS17, U937/NS13, and U937/CAT12 cells were analyzed after
IPTG induction. There were 498 copies of NS1 mRNA per 106

copies of GAPDH mRNA in U937/NS17 cells and 388 copies
of NS1 mRNA in U937/NS13 cells before induction in a rep-
resentative experiment (Fig. 1B). The quantity of NS1 mRNA
in U937/NS17 cells increased by fourfold 1 h after induction

FIG. 1. Expression of NS1 gene. (A) Induction by IPTG. Cells (2 � 105 cells/ml) were treated with the indicated concentrations of IPTG for
1 h. Total RNA from the cells was prepared, and the amount of NS1 mRNA was determined by real-time RT-PCR as described in Materials and
Methods. The hatched bars indicate the copy numbers of NS1 mRNA in 1 ng of total RNA of U937/NS17 cells, and asterisks indicate the absence
of NS1 mRNA in U937/CAT12 cells. (B) Kinetics of NS1 mRNA production. U937/NS17, U937/NS13, and U937/CAT12 cells were treated with
10 mM IPTG for the indicated periods of time. Total RNA from cells was prepared, and the amount of NS1 mRNA was determined as a copy
number per nanogram of total RNA. The means (
 standard deviations [error bars]) of three wells are shown.
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and then dropped to half of the peak level after 2 h. U937/
NS13 cells showed a 2.6-fold increase of NS1 mRNA. Other
U937/NS clones gave results similar to those of U937/NS17
and U937/NS13 cells (data not shown). U937/CAT12 cells did
not produce mRNA at any time before or after induction.

Enhanced expression of TNF-� gene. U937/CAT cells
showed constitutive production of TNF-� mRNA under non-
inducible conditions (Fig. 2A). U937/NS13 and U937/NS17
cells produced 1.7- and 2.3-fold-more TNF-� mRNA, respec-
tively, than U937/CAT cells did under noninducible condi-
tions. The levels of TNF-� mRNA increased 2.2-fold in U937/
NS17 cells, 1.4-fold in U937/NS13 cells, and 1.2-fold in U937/
CAT cells 45 min to 1 h after induction. Maximum levels were
4.5-fold higher in U937/NS17 cells and 2.1-fold in U937/NS13
cells than in U937/CAT cells. TNF-� mRNA levels rapidly
dropped to levels lower than those at 0 h. Treatment of U937/
NS17 and U937/CAT cells with GM-CSF prior to IPTG induc-
tion stimulated cells to transcribe TNF-� mRNA in a concen-
tration-dependent manner (Fig. 2B). However, the levels of
stimulation were different in cell lines. GM-CSF at a concen-
tration of 4 ng/ml resulted in almost 10-fold-more TNF-�
mRNA in U937/NS cells than in U937/CAT cells. The kinetics
of TNF-� protein production was examined by measuring se-
creted TNF-� in the culture medium of cells (Fig. 2C). Rep-
resentative data showed an increase of TNF-� secretion from
U937/NS17 cells, which reached a plateau of 0.6 pg/ml at 12 h.
U937/NS13 cells also showed an increase in secretion at 0.2
pg/ml. U937/CAT12 cells secreted very low levels of TNF-�
(below 0.05 pg/ml).

NS1-responsive elements in the TNF-� promoter. The acti-
vation of TNF-� production at mRNA and protein levels was
associated with NS1 gene expression. We confirmed these find-
ings by reporter assays with a luciferase reporter plasmid con-
taining the full-length TNF-� promoter region (pTNF1051).
Since the basal levels of NS1 expression are undesirable for
evaluating the role of NS1, we compared IPTG-treated U937/

NS13 cells to that of similarly treated U937/CAT cells. U937/
NS13 cells showed reproducible increases in luciferase activity
(2.5- to 2.8-fold) compared to that of U937/CAT cells (Fig. 3).
The results indicate that the activation of TNF-� production
occurs at the transcriptional level. To define the 5� boundary of
NS1-responsive elements in the TNF-� promoter region,
U937/NS13 and U937/CAT cells were transiently transfected
with a series of plasmids containing progressive truncations of
the sequence between positions �1052 and �58 relative to the
transcription initiation site (Fig. 3). Deletion of the sequence
upstream of position �594, which removes two NF-�B sites at
positions �867 and �622, slightly increased luciferase activity
in the NS1-expressing cells. Removal of a region between po-
sitions �593 and �129, which contains two NF-�B sites at
�585 and �204 and the Egr-1 site at �160, reduced both basal
and NS1-induced activities, indicating no significant effect on
NS1 inducibility. Deletion to position �103, which removed
the Ets site at �112 and disturbed the AP-1/CRE site between
�99 and �106, had no significant effect on basal or NS1-
induced luciferase activities. Finally, deletion to position �59,
which removed the NF-�B site at �88, the cEBP/� site at �74,
and the AP-1 site at �59, dramatically reduced NS1-induced
promoter activity, suggesting that transcription elements acti-
vated by NS1 expression were located in this region.

To determine the NS1-responsive motifs in the TNF-� pro-
moter region, reporter plasmids with specific site-directed mu-
tations were examined. Substitution mutations in the AP-1
(�59) and AP-2 (�28) sites markedly reduced NS1 activation
of the TNF-� promoter (Fig. 4). In contrast, mutations in the
Egr-1 (�160) site had no effect on basal or NS1-induced levels
of TNF-� promoter activity. Mutations in the Ets (�112),
AP-1/CRE (�99), and NF-�B (�88) sites reduced both basal
and NS1-induced promoter activities. These results are consis-
tent with the results of deletion constructs. U937/NS17 cells
provided similar results (data not shown).

The contribution of the transcription factor-binding motif

FIG. 2. Activation of TNF-� gene expression. (A) Induction of TNF-� mRNA. Cells were treated with 10 mM IPTG for the indicated periods.
Total RNA was prepared, and the amount of TNF-� mRNA was determined by real-time RT-PCR. The means (
 standard deviations [error
bars]) of three wells are shown. (B) TNF-� mRNA induction after treatment with GM-CSF. Cells were treated with various concentrations of
recombinant human GM-CSF (PeproTech EC Ltd., London, England) for 24 h and then induced with 10 mM IPTG for 1 h. Cellular RNA was
processed as described above for panel A. (C) Secretion of TNF-�. Cells (106 cells/ml) were treated with 10 mM IPTG for the indicated periods.
Supernatants from wells were collected at the times indicated. TNF-� levels in supernatants were measured by ELISA. The insert shows a standard
curve (OD450, optical density at 450 nm).
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to NS1 induction of TNF-� expression was assessed by ex-
amining the activity of the minimal SV40 promoter with four
copies of the motif (Fig. 5). Higher luciferase activity was
obtained in U937/NS13 cells than in U937/CAT12 cells after
transfection of reporter plasmid carrying the AP-1 or AP-2
motif, but not the NF-�B motif, suggesting that AP-1 and

AP-2 sites play a major role in the induction of TNF-�
expression by NS1.

Nuclear factors that bind AP-1 and AP-2 sites in the TNF-�
promoter. The experiments described above suggest that the
AP-1 and AP-2 sites could be responsive to NS1 in the regu-
lation of the TNF-� promoter. EMSA was performed to de-

FIG. 3. Effects of deletion mutations on the transcription activity of the TNF-� promoter in response to NS1 expression. (A) Schematic
presentation of the TNF-� promoter region and its 5� truncated forms. Putative cis-acting regulatory motifs in the reporter constructs are denoted,
and the numbers identify the position relative to the transcription initiation site. Luc, luciferase. (B) Luciferase activities in cells transfected with
the truncated reporter constructs and pRL-TK. The transfected cells were cultured for 24 h in the presence of 10 mM IPTG, and then cell lysates
were assayed for firefly and Renilla luciferase activities. Protein concentrations of cell lysates were determined by the Bradford method using bovine
serum albumin as the standard protein, and firefly luciferase activity was normalized to light units (LU) per microgram of protein. Hatched bars
indicate the promoter activity in U937/NS13 cells, and white bars indicate that in U937/CAT12 cells. Firefly luciferase activity in U937/NS13 cells
transfected with the positive-control construct pGL3-control was 902.2 
 105.0 LU/�g of protein, and that in U937/CAT12 cells was 850.2 
 185.9
LU/�g of protein, whereas the activity from the negative-control construct pGL-Basic in U937/NS13 cells was 0.5 
 1.3 LU/�g of protein and that
in U937/CAT12 cells was 0.4 
 1.3 LU/�g of protein. Numbers in parentheses besides the pairs of bars indicate the increased induction (fold).
Transfection efficiency, assessed by Renilla luciferase activity from pRL-TK, was similar in each assay. The means (
 standard deviations [error
bars]) of three separate experiments are shown.

FIG. 4. Effects of site-directed mutations. (A) Schematic presentation of reporter constructs with site-directed mutations in regulatory motifs.
The positions of mutations (X) are marked. Luc, luciferase. (B) Luciferase activity in cells transfected with the site-directed reporter constructs
and pRL-TK. Firefly luciferase activity in U937/NS13 cells transfected with pGL3-control was 872.3 
 117.1 LU/�g of protein and that in
U937/CAT12 was 963.1 
 140.4 LU/�g of protein, whereas the activity of pGL3-basic in U937/NS13 was 0.8 
 2.0 LU/�g of protein and that in
U937/CAT12 was 0.9 
 1.2 LU/�g of protein. Renilla luciferase activity was similar in each assay. The means (
 standard deviations [error bars])
of three separate experiments are shown.
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termine whether the AP-1 and AP-2 motifs were bound by
nuclear factors in an NS1-dependent manner (Fig. 6). FITC-
labeled oligonucleotide probe containing AP-1 binding se-
quence efficiently bound nuclear proteins extracted from
U937/NS13 cells, but not those from U937/CAT12 cells. Sim-
ilar results were obtained with AP-2 probe but not with Egr-1
probe, NF-�B probe, mutated AP-1 (AP-1m) probe, or mu-
tated AP-2 (AP-2m) probe.

Binding specificity was shown by incubating nuclear extract

with an excess amount of unlabeled AP-1 competitor fragment
prior to binding with the labeled AP-1 probe (Fig. 7A). Dose-
dependent inhibition occurred with 50-fold and 100-fold excess
amounts of competitors. Such inhibition was not observed by
competitors of Egr-1, NF-�B, and AP-1m. Similar results were
obtained with the AP-2 probe (Fig. 7B). These results suggest
that NS1-mediated binding is highly specific for AP-1 and AP-2
motifs on the TNF-� promoter. Anti-c-Jun antibody inhibited
specific binding of AP-1, whereas anti-p65 (NF-�B) and anti-
Egr-1 antibodies did not inhibit binding. Anti-AP-2� antibody
had a similar effect on the AP-2 reaction. Thus, AP-1 and AP-2
were clearly identified as nuclear factors that bind to the
TNF-� promoter in an NS1-mediated manner.

Role of NS1 in activating transcription factors to bind the
corresponding elements on the TNF-� promoter. To examine
the role of NS1 protein in the binding reaction, nuclear extract
of U937/NS13 cells was treated with anti-NS1 antibody
mNS440 prior to the assays. Complexes between AP-1 and
AP-1 probe or AP-2 and AP-2 probe were effectively inhibited
by the anti-NS1 antibody (Fig. 7A, lane 13, and B, lane 13),
demonstrating the participation of NS1 protein in the activa-
tion of AP-1 and AP-2.

DISCUSSION

B19 NS1 has the ability to activate its own promoter (p6), as
well as other genes of infected cells (15, 18, 31, 46). In the
present study, we have demonstrated that NS1 induced up-
regulation of TNF-� promoter in promonocytic U937 cells,
which occurred through activation of AP-1 and AP-2.

NS1 is cytotoxic to infected cells (32, 36, 47, 48). The cyto-
toxic effect of NS1 has hampered studies on mechanisms as-
sociated with NS1 expression and activation of TNF-� and
other cytokine genes. This prompted us to employ an inducible
expression system for establishing permanent monocytic U937
cell lines with the NS1 gene. NS1 gene-transduced cell clones

FIG. 5. Effect of four tandem copies of a regulatory motif. (A) Schematic representation of reporter constructs with four tandem copies of a
regulatory motif. The repeated sequence of the AP-1, AP-2, or NF-�B binding motif was inserted upstream of the minimal SV40 promoter of a
reporter vector pGL3 promoter. Luc, luciferase. (B) Luciferase activity in cells transfected with the constructs of repeated motifs and pRL-TK.
Firefly luciferase activity in U937/NS13 cells transfected with pGL3-control was 952.6 
 155.2 LU/�g of protein, and that in U937/CAT12 was
1,053.9 
 135.8 LU/�g of protein, whereas the activity pGL-basic in U937/NS13 was 0.6 
 1.0 LU/�g of protein and that in U937/CAT12 was 0.6

 1.7 LU/�g of protein. Renilla luciferase activity was similar in each assay. The means (
 standard deviations [error bars]) of three separate
experiments are shown.

FIG. 6. EMSA with various probes. U937/NS13 and U937/CAT12
cells were treated for 24 h with 10 mM IPTG. Nuclear extracts were
prepared and incubated with FITC-labeled oligonucleotides (probes)
containing the putative transcription factor-binding sequences. The
formation of complexes between nuclear proteins and a probe was
analyzed by running them through a polyacrylamide gel. A similar
EMSA was performed using probes with mutations in the AP-1 (AP-
1m) and AP-2 (AP-2m) motifs. Nuclear extract from U937/CAT12
cells (C) and U937/NS13 cells (N) was used, as indicated above the gel.
Lanes 1 and 2 are controls and contain no (�) probe and/or no (�)
nuclear extract.
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were positive for low-level expression of NS1 mRNA in the
uninduced state by a sensitive quantitative RT-PCR. This was
not unexpected, since the vector plasmids used in this study
were known to express low levels of transduced gene even in
the repressed state (Stratagene catalog no. 217450).

Inactivation of the repressor by treating the cells with IPTG
induced a rapid increase in NS1 mRNA synthesis. The increase
in NS1 mRNA was consistently followed by the synthesis of
TNF-� mRNA. Enhancement of reporter activity by using the
full-length TNF-� promoter also suggests a role for NS1 in the
activation of TNF-� transcription. This is supported by our
data from preliminary studies indicating that a ribozyme with
the ability to cleave NS1 mRNA specifically inhibits up-regu-
lation of TNF-� expression in an NS1 gene-transduced U937
system (data not shown). These findings indicate that NS1
participates in the regulation of TNF-� transcription in
promonocytic cell line U937. TNF-� was secreted into the
culture medium with kinetics similar to those of U937 and
THP-1 cells stimulated with bacterial components (1, 42). The
level of TNF-� secreted by U937/NS17 cells was �0.6 pg/ml.
The low level of secretion may be partly due to low-level
expression of NS1 in these cells. Namely, NS1 synthesis was
incompletely repressed in NS1 gene-transduced U937 clones in
an uninduced state. The leakage of cytotoxic NS1 might affect
the maintenance of permanent cell lines, resulting in the se-
lection of low-level producers of NS1 in the cloning procedure.

Another factor may be that U937 is an immature monocyte
and does not secrete TNF-�, even after treatment with lipo-
polysaccharide. GM-CSF is frequently used to induce differ-
entiation of peripheral monocytes and U937 and is endowed
with the ability to produce TNF-� mRNA in response to lipo-
polysaccharide (10). In our system, addition of GM-CSF be-
fore IPTG induction markedly enhanced the expression of
TNF-� mRNA. These results suggest that the level of TNF-�
secreted from B19-infected macrophages might be much
higher than those from NS1 gene-transduced U937 cells.

Here we have shown that two cis-acting regulatory se-
quences, the AP-1 motif at position �59 and the AP-2 motif at
position �28, were required for the activation of TNF-� pro-
moter in NS1 gene-transduced U937 cells. These sites are also
essential for the expression of TNF-� in phorbol myristate
acetate- or GM-CSF-stimulated U937 cells (39–41). Previous
studies, however, did not address whether trans-acting AP-1
and AP-2 elements actually bind to the corresponding motifs.
Here we have shown in an EMSA that AP-1 and AP-2 do form
complexes with AP-1 and AP-2 probes, respectively. This was
confirmed by inhibition of the formation of complexes using
anti-AP-1 and anti-AP-2 antibodies. Inhibition by anti-NS1
antibody implies that NS1 induces expression of TNF-�
through activation of AP-1 and AP-2. We have also demon-
strated that either the AP-1 or AP-2 site at the 5� end of the
minimal promoter was adequate for the NS1-mediated pro-
moter activation, whereas the AP-1/Cre site at position �99
(26) was not. This study and others showed that the NF-�B site
at �88 (52, 61) has a role in the basal-level transcription of
TNF-�. The TNF-� promoter may be regulated by a multi-
component complex of regulatory elements that includes AP-1,
AP-2, AP1/CRE, and NF-�B sites, as predicted by a model of
B19 p6 promoter bridged by the NS1 protein (18).

AP-1 proteins are dimers of proteins from the Jun, Fos, and
ATF families (5). Nonstimulated cells express low levels of
these proteins, but they are not phosphorylated (4, 14). After
exposure to various stimuli, the component proteins are rap-
idly phosphorylated by mitogen-activated protein kinases and
acquire high transcriptional activity (21, 30). Thus, the rapid
increase of TNF-� transcription after the induction of NS1
expression may be partly due to the phosphorylation of AP-1
components by the action of NS1 protein or NS1-activated
mitogen-activated protein kinases. Few studies have investi-
gated the viral factors that induce regulation of the TNF-�
promoter. The human immunodeficiency virus Tat protein
stimulates TNF-� expression in monocytes and macrophages
through a mechanism dependent on NF-�B (11). The adeno-
viral protein E1A 13S trans activates the TNF-� promoter in
U937 cells through the AP-1, AP-2, and CRE sites (41), where
E1A may activate viral and cellular transcription through mod-
ification of cellular factors by phosphorylation or by direct
interaction with factors that do bind to promoter consensus
sequences (13, 27). Comparison of the protein structure and
cellular factors that interact with NS1 and E1A may provide
clues to understanding the mechanism of AP-1 and AP-2 ac-
tivation by viral factors.

It is worth discussing the proposed mechanism in relation to
B19 infection in vivo. B19 DNA has been detected in circulat-
ing mononuclear cells and macrophages after B19 infection
(25, 38). B19 DNA was also detected in the synovium of pa-

FIG. 7. Inhibition of EMSA by competitors and antibodies. EMSA
with the AP-1 (A) and AP-2 (B) probes. The nuclear extract from
IPTG-treated U937/NS13 cells was incubated with 50- (50�) to 100-
fold (100�) excess amounts of unlabeled AP-1 or AP-2 oligonucleo-
tide or with 100-fold excess amounts of AP-1m or AP-2m, NF-�B, or
Egr-1 oligonucleotide prior to binding with the FITC-labeled AP-1 or
AP-2 probe. The nuclear extract was also incubated with antibodies
against AP-1 or AP-2, NF-�B, Egr-1, or NS1 prior to the binding
reaction. EMSA was performed as described in the legend to Fig. 6.
The presence (�) or absence (�) of antibody, probe competitor,
probe, and nuclear extract from U937/CAT12 cells (C) and U937/
NS13 cells (N) is indicated above the gel. In both panels, lane 2 is a
control and does not contain nuclear extract.
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tients with rheumatoid arthritis as well as healthy subjects (22,
43, 45). Further, both VP antigen and B19 RNA were positive
in macrophages, follicular dendritic cells, or T and B cells in
tonsils (33) and in rheumatoid synovium (50), where TNF-�
plays a central role in causing the lesion (6, 8, 20). Recent
studies showed elevated levels of TNF-� in serum in subjects
with acute and chronic B19 infections (23, 34, 57). In this
paper, we have presented evidence demonstrating that NS1
protein activates the TNF-� promoter, providing an explana-
tion for the mechanism of TNF-� production in vivo. Further
analysis using the model presented, NS1 gene-transduced
U937 cells, will provide more information to understand the
mechanisms associated with the induction of TNF-� synthesis
following B19 infection of monocytes/macrophages in the in-
flammatory process in vivo.
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