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Human erythroid progenitor cells are the main target cells of the human parvovirus B19 (B19), and B19
infection induces a transient erythroid aplastic crisis. Several authors have reported that the nonstructural
protein 1 (NS-1) encoded by this virus has a cytotoxic effect, but the underlying mechanism of NS-1-induced
primary erythroid cell death is still not clear. In human erythroid progenitor cells, we investigated the
molecular mechanisms leading to apoptosis after natural infection of these cells by the B19 virus. The
cytotoxicity of NS-1 was concomitantly evaluated in transfected erythroid cells. B19 infection and NS-1
expression induced DNA fragmentation characteristic of apoptosis, and the commitment of erythroid cells to
undergo apoptosis was combined with their accumulation in the G, phase of the cell cycle. Since B19- and
NS-1-induced apoptosis was inhibited by caspase 3, 6, and 8 inhibitors, and substantial caspase 3, 6, and 8
activities were induced by NS-1 expression, there may have been interactions between NS-1 and the apoptotic
pathways of the death receptors tumor necrosis factor receptor 1 and Fas. Our results suggest that Fas-FasL
interaction was not involved in NS-1- or B19-induced apoptosis in erythroid cells. In contrast, these cells were
sensitized to tumor necrosis factor alpha (TNF-a)-induced apoptosis. Moreover, the ceramide level was
enhanced by B19 infection and NS-1 expression. Therefore, our results suggest that there may be a connection

between the respective apoptotic pathways activated by TNF-a and NS-1 in human erythroid cells.

The human parvovirus B19 (B19) infects the human ery-
throid progenitors, thereby reproducing the aplastic erythro-
blastopenic crisis observed upon in vivo infection (34). This
crisis may also lead to chronic anemia, due to persistent infec-
tion of the immunocompromised host, and in utero infection
can produce hydrops fetalis or congenital anemia (56). B19,
which is small and nonenveloped, contains a linear single-
stranded DNA genome, which encodes the two structural pro-
teins VP-1 and VP-2 in its 3’ half and encodes the 77-kDa
nonstructural protein 1 (NS-1) in its 5" half (7). The NS-1
protein is involved in viral DNA replication and in the regu-
lation of homologous and heterologous promoters (10, 30, 47).
It has a nucleoside triphosphate-binding motif that supports
ATPase and helicase enzymatic activities, which have been
reported to be strongly linked to viral replication (6, 32).

Like many parvovirus nonstructural proteins, NS-1 of B19 is
cytotoxic in vitro (23, 25, 40, 48), and its nucleoside triphos-
phate-binding domain appears to be involved in cytotoxicity
(32). The existence of a link between toxicity and apoptosis in
erythroid cell lines transfected to express the NS-1 gene has
been suggested (31), and electron microscope studies of eryth-
roblasts from B19-infected patients have revealed apoptotic
features, including nucleolar degeneration, heterochromatin
margination, and cytoplasmic vacuolation (33).

The apoptotic process can be induced by a variety of stimuli,
leading to the activation of a specific series of metabolic and
morphological changes, and by the activation of endogenous
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endonucleases that ultimately produce the typical DNA frag-
mentation at the internucleosomal level (reviewed in reference
14). There is increasing evidence that the apoptotic death
process can be controlled by endogenous factors such as proto-
oncogenes and by exogenous factors such as cytokines. CD95
(also called Fas) and tumor necrosis factor receptor 1
(TNFR1), the best-characterized death receptors, transmit ap-
optosis signals initiated by specific “death ligands” (reviewed in
reference 2). These receptors are ubiquitously expressed in
various tissues.

The binding of the Fas ligand (FasL) or tumor necrosis
factor alpha (TNF-a) to its receptor induces the oligomeriza-
tion of a homologous cytoplasmic sequence termed the “death
domain,” which combines with the death domains of other
cellular proteins to stimulate apoptosis. The binding of FasL to
Fas induces trimerization of the Fas receptor, which recruits
caspase 8 (FLICE or MACH) via an adapter, the protein
containing the Fas-associated death domain (FADD) (5). Af-
ter TNF-induced trimerization of the receptor, the protein
containing the receptor-associated death domain (TRADD) is
recruited by the receptor death domain (17). TRADD func-
tions as an adapter for the recruitment of several signaling
molecules by the activated receptor. The TNFR-associated
factor 2 (TRAF2) and the receptor-interacting protein stimu-
late pathways leading to the activation of nuclear factor kappa
B (NF-«kB), whereas FADD mediates the activation of apo-
ptosis (16). NF-kB is a ubiquitously expressed transcription
factor which was first found to be involved in the activation of
genes associated with inflammation and subsequently in that of
cell survival genes (3). An antiapoptotic function was recently
described for NF-«kB, and it was observed to be involved in
resistance to cell death induced by TNF-a (4, 26). The central
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component of apoptotic machinery is a proteolytic system in-
volving a family of proteases called caspases (reviewed in ref-
erence 54). The interaction between caspase 8 and FADD
appears to constitute a direct link between the signals in the
membrane and the execution machinery (29). Caspase 8 is an
initiator caspase which in turn activates effector caspases, and
this results in cellular disassembly; caspase 8 is clearly associ-
ated with apoptosis involving death receptors, and inhibitors of
caspase 3, an effector caspase, block Fas and TNFR1-induced
apoptosis (12, 37, 52). An acidic sphingomyelinase might also
be activated by FADD, thus generating ceramide (1, 45), which
might induce apoptosis (18, 38), terminal differentiation, or
cell cycle arrest in several cell types (15).

In the present work, we investigated the molecular mecha-
nisms leading to erythroid cell death after natural infection by
B19. This study was performed with purified normal human
erythroid progenitors, and the cytotoxicity of NS-1 was evalu-
ated concomitantly in a transfected erythroid cell line. Our
findings indicate that B19 infection and NS-1 expression clearly
induced apoptosis, and they suggest that there may be a con-
nection between the respective apoptotic pathways activated
by TNF-a and NS-1 in human erythroid cells.

MATERIALS AND METHODS

Primary erythroid cells and cell lines. Erythroid commitment of undifferen-
tiated pluripotent stem cells provides early and late erythroid progenitors, the
burst-forming-unit erythroid progenitors (BFU-E) and the colony-forming-unit
erythroid progenitors (CFU-E), respectively. Purified normal human erythroid
progenitors were obtained from serum-free cultures of CD34™ cells from adult
blood and cultured for 7 days with the combination of stem cell factor (SCF),
interleukin 6 (IL-6), and IL-3. A large number of CD36™ cells was thus obtained.
The cells were isolated by immunomagnetic separation with a monoclonal CD36
immunoglobulin G1 (IgG1) antibody (Immunotech, Inc.) and a rat anti-mouse
IgG1 antibody coupled to magnetic microbeads (Miltenyi Biotech). CD36 is a
multifunctional glycoprotein receptor found early on erythroid progenitors, but
it is a late marker of megakaryocytes and monocytes. The purified CD36 cells,
which consisted of 96% late BFU-E and CFU-E, were again cultured in Iscove
medium supplemented with 2 U of human recombinant erythropoietin (Epo;
Boerhinger)/ml, 10 ng of IL-3/ml, 10 ng of IL-6/ml, and 25 ng of SCF (TEBU)/ml
and left for 2 days (22).

The UT7 erythroleukemia cell line, which was adapted for growth by 6 months
in Epo, has an erythroid differentiation (17). UT7 cells were propagated in
a-modified Eagle’s medium supplemented with 10% fetal calf serum, penicillin,
streptomycin, 2 mM glutamine, and 2 U of Epo/ml.

The UT7 erythroleukemia cell line which stably expresses the NS-1 protein
(UT7-NS) was established by cotransfection of the glucocorticoid receptor ex-
pression vector pCT-TK-GR-3.795 and the NS-1 expression vector pGRES-2/
EBV-NS. The NS-I gene was cloned under the control of a steroid-inducible
promoter in the pPGRE-2/EBYV vector, which is episomal and contains the Epstein
Barr virus nuclear antigen-1 gene (24). A control cell line (UT7-pGRE) was also
established by cotransfecting the glucocorticoid receptor expression vector and
the empty vector pGRES-2/EBV. The cells were mixed with 50 g of plasmid
DNA in 120 mM KCl, 15 mM CaCl,, 10 mM K,HPO,-KH,P0, (pH 7.6), 25 mM
HEPES, 2 mM EGTA, 5 mM MgCl,, 5 mM glutathione, 2 mM ATP and
electroporated at 960 wF and 250 V (Gene Pulser; Bio-Rad). A stable cell line
expressing NS-1 protein was obtained by hygromycin B selection (300 p.g/ml) and
induction with 107 M dexamethasone (DEX). NS-1 protein expression was then
tested by immunofluorescence.

Human embryonic kidney 293 cells were propagated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, penicillin, streptomy-
cin, and 2 mM glutamine.

Erythroid cell infection. Sera containing B19 were obtained from patients with
sickle cell disease and were found by dot blot analysis to contain 102 copies of
DNA per milliliter.

For infection, 107 CD36 cells were maintained in Iscove medium supple-
mented with 2 U of Epo/ml, 10 ng of IL-3/ml, 10 ng of IL-6/ml, and 25 ng of
SCF/ml; inoculated with 40 wl of parvovirus-containing serum; left for 2 h at 4°C;
and incubated for 1 h at 37°C. After extensive washing, the cells were diluted to
2 % 10%ml in Iscove medium supplemented with 2 U of Epo/ml, 10 ng of IL-3/ml,
10 ng of IL-6/ml, and 25 ng of SCF/ml.

Antibodies and reagents. Rabbit polyclonal antisera against NS-1, VP-1, and
VP-2 were produced as previously described (41).

The goat polyclonal anti-human TNFR1 antibody C-20 (Santa Cruz Biotech-
nology) was used for immunofluorescence analysis. The purified anti-Fas mono-
clonal antibody agonist DX2 (PharMingen, San Diego, Calif.) and the purified
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anti-Fas monoclonal antibody antagonist ZB4 (Immunotech, Inc.) were added to
infected and uninfected CD36 cells, and apoptosis was evaluated.

The predominant form of NF-«B exists in mammalian cells as a heterodimeric
complex of 50- and 65-kDa protein subunits. For supershift experiments per-
formed with the oligonucleotides containing NF-«kB binding sites, p50 and p65
rabbit antibodies were kindly provided by N. Rice (Frederick Cancer Research
and Development Center).

The cells were treated with the following caspase inhibitor peptides (50 p.g/ml
each): DEVD-CHO (Asp-Glu-Val-Asp aldehyde), an inhibitor of caspase 3
activity (Biomol, Plymouth Meeting, Pa.); IETD-CHO (Ile-Glu-Thr-Asp alde-
hyde), an inhibitor of caspase 6 and caspase 8 activities (Biomol); and zZVAD-fmk
(Z-Asp-Ala-Asp-fluoromethylketone), a broad-spectrum caspase inhibitor
(Bachem).

C2-ceramide was provided by Biomol. Recombinant TNF-a was provided by
TEBU.

TNF-a was quantified in cell supernatants by enzyme-linked immunosorbent
assay (Genzyme), according to the manufacturer’s protocol.

RNase protection assay. The RNase protection assay (PharMingen) was per-
formed according to the supplier’s instructions. Briefly, the human apoptosis
template sets hAPO-2 and hAPO-3 were labeled with [a-3?Pluridine triphos-
phate. RNA (10 pg) and 8 X 10° cpm of labeled probes were used for hybrid-
ization. After RNase treatments, the protected probes were resolved on a 5%
urea-polyacrylamide-bisacrylamide gel.

TUNEL immunostaining. Apoptosis was detected and quantified at the single-
cell level by immunostaining by the terminal deoxynucleotidyltransferase-medi-
ated dUTP nick end labeling (TUNEL) assay (Boehringer/Roche) according to
the instructions of the assay kit manufacturer. DNA of fixed cells was labeled by
adding fluorescein dUTP at strand breaks by terminal deoxynucleotidyl trans-
ferase, and detection and quantification were performed by fluorescence micros-
copy or flow cytometry.

Caspase activity assay. Caspase activity was assayed according to the protocol
of the Biomol Quantizyme assay system. Cell extracts from primary erythroid
CD36 cells and UT7-NS and UT7-pGRE cells were obtained by treating 10° cells
in 50 pl of lysis buffer on ice and were incubated in assay buffer with either the
caspase 3 substrate Ac-DEVD-pNA (N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide)
(200 M) or the caspase 6 and 8 substrate Ac-IETD-pNA (N-acetyl-Ile-Glu-
Thr-Asp-p-nitroanilide) (200 uM). The caspase-catalyzed release of p-nitroani-
lide was monitored at 405 nm in a microtiter plate reader. Cell extracts were
treated with the caspase 3 inhibitor DEVD-CHO or the caspase 6 and 8 inhibitor
IETD-CHO as a control.

Cell cycle analysis. Cells were pelleted by low-speed centrifugation, washed
three times with ice-cold phosphate-buffered saline, fixed in 75% ice-cold etha-
nol, and stored at —20°C. After centrifugation, the cells were stained with 10 pg
of propidium iodide/ml and counted in a Becton Dickinson FACS-Scan appa-
ratus. Cell cycle profiles were examined by using the SOBR model to determine
cellular distribution and the Cell Fit program (Becton Dickinson).

Ceramide assay. Ceramide was quantified by the diacylglycerol kinase assay as
the amount of 3P incorporated upon phosphorylation of ceramide to ceramide
1-phosphate by diacylglycerol kinase from Escherichia coli (Biomol) (13). The
level of ceramide was determined by comparing the 3P incorporation in cell lipid
extracts to the concomitantly run standard curve plotted from known amounts of
ceramide (Sigma) and normalized to [*H]triglyceride introduced during lipid
extraction.

Nuclear extract preparation and electrophoretic mobility shift assay. Nuclear
extracts from CD36 and UT7 cells were prepared as previously described (55).
The protein concentrations of the supernatants were determined by the micro-
Bradford assay. Double-stranded oligonucleotides containing the NF-«kB binding
site (5'-AGCTTACAAGGGACTTTCCGCTA-3") were labeled by filling in with
the Klenow fragment of DNA polymerase I in the presence of [a->*P]dCTP.
Binding reactions took place at room temperature, with 5 pg of protein extract
in the binding buffer (4% Ficoll, 20 mM HEPES [pH 7.5], 70 mM NaCl, 2 mM
dithiothreitol, 100 p.g of bovine serum albumin/ml, and 0.01% Nonidet P-40) and
with 1 pg of poly(dI-dC) and 0.5 g of salmon sperm DNA. After incubation at
room temperature for 35 min, the reaction products were separated on a 5%
acrylamide gel, which was then dried and autoradiographed. For competition
experiments, a 20-fold excess of unlabeled NF-kB probe was added to the
reaction mixture. In supershift experiments, 1 pl of antiserum to p50 or p65 was
added 10 min before the probe. A control with antiserum and without protein
was run. To quantify NF-«B binding activity, electrophoretic mobility shift assays
were performed with a consensus Oct-1 probe (5'-AGCTTGTCGAATGCAAA
TCACTAGAA-3") under the same conditions. The nuclear DNA binding activ-
ity of NF-kB was quantified by phosphorimaging, and ratios were obtained by
normalizing this activity to the level of the activity of the ubiquitous factor Oct-1.

RESULTS

Erythroid cell apoptosis induced by B19 infection or NS-1
expression. To explore the molecular mechanisms leading to
erythroid cell death after natural infection by B19, we used
purified normal human erythroid progenitors, i.e., CD36"
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FIG. 1. (A) Expression of NS-1 protein in B19-infected CD36 cells. Magnification, X400. The cells were fixed and incubated with a polyclonal rabbit anti-NS-1
antibody, and expression was revealed with monoclonal fluorescein isothiocyanate (FITC)-conjugated anti-rabbit Ig and then DAPI (4',6-diamidino-2-phenylindole).
Forty-eight hours after infection, NS-1 protein (green) was detected by confocal microscope analysis in the nucleus (red) and the cytoplasm in approximately 50% of
the cells. (B) Apoptosis in uninfected CD36 cells. Magnification, X250. Fragmented DNA of fixed cells was labeled by adding fluorescein dUTP, using the TUNEL
assay. (C) Apoptosis in B19-infected CD36 cells 72 h after infection. (D) NS-1 protein expression in UT7-NS cells 48 h after its induction by DEX. The cells were fixed
and incubated with a polyclonal rabbit anti-NS-1 antibody. NS-1 was revealed with monoclonal FITC-conjugated anti-rabbit Ig by immunofluorescence microscopy. (E)
Apoptosis in uninduced UT7-NS cells. (F) Apoptosis in DEX-induced UT7-NS cells at 72 h. (G) UT7-pGRE cells incubated with a polyclonal rabbit anti-NS-1 antibody
and a monoclonal FITC-conjugated anti-rabbit Ig antibody and then revealed by immunofluorescence microscopy. (H) Apoptosis in uninduced UT7-pGRE cells. (T)

Apoptosis in DEX-induced UT7-pGRE cells.

cells. Twenty-four hours after CD36 cell infection with differ-
ent B19 isolates, the capsid proteins and the nonstructural
protein NS-1 were detectable by immunofluorescence in 50%
of the cells. NS-1 was found in both the nucleus and the
cytoplasm, as shown by confocal microscopic analysis (Fig.
1A). CD36 cells were also incubated with a noninfectious se-
rum as a control. To determine whether apoptosis occurred in
infected cells, we used TUNEL staining to identify cells with
fragmented DNA. Apoptosis was not observed in uninfected
CD36 cells (Fig. 1B). In contrast, apoptosis had occurred at
48 h after infection in 30% of B19-infected CD36 cells and at
72 hin 50% of infected cells (Fig. 1C and 2A), as confirmed by
annexin V labeling (data not shown).

Several authors have suggested that the NS gene products
encoded by B19 and other parvoviruses are involved in parvo-
virus-induced cytotoxicity (23, 25, 40, 48). Therefore, the UT7
erythroleukemia cell line, adapted for growth in Epo, was used
to study the cytotoxicity of NS-1, in the framework of the
erythroid-lineage cell. Constitutive expression of this protein in
a stable cell line has not so far been possible, presumably
because of its cytotoxicity. Therefore the NS-1 gene was cloned
under the control of a steroid-inducible promoter (24) and
transfected into UT7 cells. We selected a stable cell clone

(UT7-NS) expressing a high level of NS-1 after its induction by
DEX, with 30% of the cells exhibiting specific nucleocytoplas-
mic staining by immunofluorescence (Fig. 1D). In this cell
clone, the Epstein-Barr virus nuclear antigen 1 was detected in
90% of the cells by immunofluorescence (data not shown), and
therefore, these cells possessed the NS-1 expression vector
pGRES5-2/EBV-NS; however, DEX-induced NS-1 expression
might also occur at a low level, undetectable by immunofluo-
rescence. A UT7 erythroid cell line stably transfected with the
empty vector pGRES-2/EBV (UT7-pGRE) was also estab-
lished as a control for the DEX effect. Apoptosis was not
observed in UT7-pGRE cells treated with DEX (Fig. 1I). In
contrast, when UT7-NS cells were induced to express NS-1 by
DEX, apoptosis, measured 24, 48, and 72 h later by DNA
fragmentation labeling, occurred at 48 h in 25% of UT7-NS
cells and at 72 h in 40% of the cells (Fig. 1F and 2B).

These results suggest that cytotoxicity secondary to B19 in-
fection of primary erythroid precursors involved an apoptotic
process. It could have been induced by NS-1, since NS-1 ex-
pression induced apoptosis in the UT7 erythroid cell line.

Commitment to undergo apoptosis is associated with G,
accumulation. Since deregulation of the cell cycle components
may be involved in triggering apoptosis (20), we have explored
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FIG. 2. (A) Apoptosis in B19-infected CD36 cells treated with caspase in-
hibitors. After B19 infection, infected CD36 cells (CD36-1) were cultured in the
presence of DEVD-CHO, zVAD-fmk, or IETD-CHO. Uninfected CD36 cells
(CD36-NI) were used as a control. At 24, 48, and 72 h, DNA fragmentation was
determined by fluorescence microscopy, using the TUNEL assay. (B) NS-1-
induced apoptosis in UT7-NS cells treated with caspase inhibitors. UT7-NS cells
were induced to express NS-1 by DEX [UT7-NS (DEX)] and cultured in the
presence of DEVD-CHO, zVAD-fmk, or IETD-CHO. Noninduced UT7-NS
cells (UT7-NS) and UT7-pGRE cells induced by DEX [UT7-pGRE(DEX)]
were used as controls. At 24, 48, and 72 h, DNA fragmentation was determined
by fluorescence microscopy, using the TUNEL assay.

the impact of NS-1 expression on cell cycle progression. Anal-
ysis of the cycle of UT7-NS cells after NS-1 induction by DEX
and that of UT7-pGRE cells treated with DEX showed an
increase in the G,/M fraction of UT7-NS cells 24 h after
induction (47 versus 25% [Fig. 3A]), whereas control UT7-
PGRE cells were distributed in equal proportions in G4, S, and
G,/M. However, 48 and 72 h after induction, we found that the
proportion of UT7-NS cells in G,/M had decreased and was
comparable to the proportion of UT7-pGRE cells (Fig. 3A).
Therefore, in the UT7-NS cell line, NS-1-induced apoptosis
was not associated with cell cycle arrest, but a transitory accu-
mulation was observed in G,/M.

Analysis of the cell cycles of infected and uninfected CD36
cells showed an increase in the number of cells in the G,/M
phase in infected versus uninfected cells 24 h after infection
(40 versus 10% [Fig. 3B]), but the proportion of infected CD36
cells in G,/M decreased at 48 h. A rise in the number of
B19-infected cells with a sub-G; DNA content, which consti-
tuted the apoptotic cells, was found 48 h after infection.

Caspase activity involvement in B19- and NS-1-induced ap-
optosis. To ascertain whether the caspases participate in
UT7-NS and CD36 cell apoptosis, CD36 cells infected with
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B19 and UT7-NS cells expressing NS-1 were treated with pep-
tidic inhibitors of caspases. Apoptosis was almost completely
inhibited by the broad-spectrum caspase inhibitor zVAD-fmk
and the caspase 3 inhibitor DEVD-CHO and was 50% inhib-
ited by the caspase 6 and 8 inhibitor IETD-CHO (Fig. 2).

Since B19- and NS-1-induced apoptosis was inhibited by
caspase 3 and caspase 6 and 8 inhibitors, these caspase activ-
ities were evaluated in cellular extracts. Caspase 8 is at the
apex of the caspase pathway and links death domain protein
signaling to caspase activation (29), whereas caspase 3 is a
critical downstream protease in the caspase cascade. Activated
caspase 3 cleaves several cellular substrates and activates the
endonucleases involved in DNA fragmentation (11, 37), and
caspase 6 cleaves lamins and contributes to destruction of
nuclear lamina (51). In vitro assays were performed with the
caspase 6 and 8 substrate Ac-IETD-pNA, or a caspase 3 sub-
strate, Ac-DEVD-pNA, in extracts of UT7-NS and UT7-
PGRE cells induced by DEX and in extracts of uninfected or
infected CD36 cells. The results at 48 h showed that substantial
caspase 6 and 8 activities were induced by NS-1 expression in
UT7-NS cells and were induced by B19 infection in CD36 cells
(Fig. 4). Caspase 3 activity was also induced by NS-1 expression
in UT7-NS cells and rose considerably in B19-infected CD36
cells (Fig. 4). No caspase 3 activity was induced by DEX in
control UT7-pGRE cells, but a low level of caspase 3 activity
was detected in uninfected CD36 cells. The caspase 6 and 8
inhibitor IETD-CHO abolished the cleavage of the substrate
Ac-IETD-pNA, and the caspase 3 inhibitor DEVD-CHO abol-
ished the cleavage of the substrate Ac-DEVD-pNA (data not
shown).

These results suggest that B19- and NS-1-induced apoptosis
involves caspase activity.

Absence of Fas-FasL interaction in B19- and NS-1-induced
apoptosis. Since B19-induced apoptosis was apparently depen-
dent on caspase 8 activity, which is upstream of the caspase
pathway induced by TNFRI1 and Fas (CD95), we explored the
possibility that Fas ligand expression and subsequent Fas re-
ceptor ligation are involved in the mechanism of B19-induced
apoptosis.

When Fas expression and FasL expression were evaluated at
the RNA level by a ribonuclease protection assay, they were
not detected in the UT7-NS cells, whether or not NS-1 expres-
sion was induced by DEX. In contrast, RNA transcripts from
fas and fasL rose after B19 infection of CD36 cells (data not
shown). However, in CD36 cells, Fas-FasL interaction is not
involved in B19-induced apoptosis, since DNA fragmentation
was not induced by the agonistic Fas antibody DX2 and was
not inhibited by the antagonistic Fas antibody ZB4 (Fig. 5).

Erythroid cell sensitization by B19 and NS-1 to TNF-a-
induced apoptosis. In contrast, apoptosis was enhanced by 18 h
of treatment with 100 U of TNF-o/ml in both B19-infected
CD36 cells and UT7-NS cells expressing NS-1 (Fig. 6), whereas
primary CD36 and UT7-pGRE cells were resistant to TNF-a-
induced apoptosis. As this sensitivity to TNF-a might have
been due to an increase in TNFR1 expression, the level of this
expression was evaluated by indirect immunofluorescence and
flow cytometry. However, the TNFR1 level rose only slightly at
the cell surface in UT7-NS and infected CD36 cells (data not
shown), suggesting that the effects of B19 and NS-1 were not
due to increased TNFRI1 expression. Moreover, TNF-a was
not found in supernatants from infected CD36 cells or UT7-NS
cells with DEX-induced NS-1 expression, and RNA transcripts
from TNF were not detected by reverse transcription-PCR.
Alternatively, NS-1 might modulate TNFR1 signaling by direct
interaction with some component of the transduction pathway
downstream of TNFRI.
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FIG. 3. UT7-NS- and B19-infected CD36 cell cycles. FACS-Scan demonstrating that cell cycle progression is modified by the expression of NS-1 protein in the
erythroleukemia cell line UT7-NS (A) or by B19 infection in primary CD36 cells (B). At different times after the induction of NS-1 expression (A) or B19 infection
(B), the cells were harvested and cellular DNA content was assayed. The data in panels A and B are from the same experiment, representative of two independent

experiments with similar results.

Ceramide production in B19- and NS-1-induced apoptosis.
Among the signals leading to TNF-induced cell death, the
activation of acidic sphingomyelinase and the subsequent cer-
amide production have often been reported (1, 43, 45). We
investigated the possibility that B19 infection and NS-1 expres-
sion generate ceramide production and found that in lipid
extracts from B19-infected CD36 cells, the ceramide level had
risen by 280% 24 h after infection and by 440% at 48 h. In lipid
extracts from UT7-NS cells with DEX-induced NS-1 expres-
sion, 18 h after DEX treatment, the ceramide level had risen by
180%, whereas in DEX-treated UT7-pGRE cell extracts it was
unchanged (Fig. 7A). B19 infection and NS-1 protein expres-
sion therefore enhanced ceramide production.

To determine whether ceramide itself triggers DNA frag-
mentation, UT7-NS, UT7-pGRE, and CD36 cells were treated
with 10 pM C2-ceramide (a short chain, cell-permeable analog
of ceramide), and TUNEL assays were performed 24, 48, and

72 h later. C2-ceramide treatment had no effect on UT7-pGRE
cells but dramatically increased DNA fragmentation in
UT7-NS cells expressing NS-1 (Fig. 7B). Moreover, C2-cer-
amide induced apoptosis in primary CD36 cells in the absence
of infection. Because C2-ceramide is an amphiphilic lipid an-
alog that may have nonspecific activities, it was important to
check its specificity of action. Accordingly, we tested the effect
of C2-dihydroceramide (a structural analog of C2-ceramide) at
the same concentration and found that it was inactive (data not
shown), thus demonstrating the specificity of action of C2-
ceramide. Therefore, ceramide induced apoptosis in primary
erythroid cells but only enhanced NS-1 protein-induced DNA
fragmentation in UT7 erythroid cells. These results suggest
that when ceramide is generated by NS-1 expression, it might
be a factor contributing to erythroid cell death.

NF-kB activation in B19- and NS-1-induced apoptosis. We
found that UT7 erythroid cells and primary CD36 cells were
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FIG. 4. Determination of caspase 3, 6, and 8 activities. (A) Cell extracts were
obtained 48 h after B19 infection of CD36 cells [CE(CD36-I)] and from unin-
fected CD36 cells [CE(CD36-NI)]. Extracts were assayed for caspase 3 activity
toward the peptide substrate Ac-DEVD-pNA and for caspase 6 and caspase 8
activities toward the peptide substrate Ac-IETD-pNA. (B) Cell extracts from
UT7-NS cells induced to express NS-1 by DEX or from UT7-pGRE cells treated
with DEX for 48 h were assayed for caspase 3 activity toward the peptide
substrate Ac-DEVD-pNA. The extracts were also assayed for caspase 6 and 8
activities toward the peptide substrate Ac-IETD-pNA. The experiments were
performed in duplicate, and the data are from the same experiment, represen-
tative of two independent experiments with similar results. OD, optical density.

resistant to TNF-a cytotoxicity and that B19 infection and
NS-1 expression induced TNF-a sensitivity. Several authors
have demonstrated that cellular resistance to TNF-a requires
TRAF-2, which acts mainly by mediating the activation of the
transcription factor NF-kB (26). Since we had explored the
possible modulation of TNFRI1 signaling by NS-1, we also
investigated the possible role of NS-1 in the activation of
NF-«kB by performing electrophoretic mobility shift assays on
nuclear extracts of UT7-pGRE and UT7-NS cells induced by
DEX and infected and uninfected CD36 cells, using a *P-
labeled DNA probe encompassing a consensus site for NF-kB.
NF-«B complexes were almost undetectable in nuclear extracts
of UT7-pGRE and UT7-NS cells expressing DEX-induced
NS-1 but were detected 24 h after TNF-«a treatment, in both
UT7-pGRE and UT7-NS cells expressing NS-1 (Fig. 8A). Sim-
ilar results were obtained at 48 h after induction by DEX (data
not shown). In contrast, in CD36 cell extracts, the nuclear
DNA binding activity of NF-kB had increased 16-fold 24 h
after infection compared with the activity in uninfected control
cells (Fig. 8A). The specificity of NF-kB transcription factor
binding was confirmed by a competition assay performed with
a 20-fold excess of unlabeled probe, as well as by supershift
experiments with antibodies directed toward the p50 and p65
subunits of NF-kB (Fig. 8B). These results showed that in the
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FIG. 5. Effect of the anti-Fas agonistic antibody DX2 or antagonistic anti-
body ZB4 on infected or uninfected CD36 cells. After B19 infection, CD36 cells
(CD36-1) were cultured in the presence of DX2 antibody (100 ng/ml) or ZB4
antibody (500 ng/ml) or without antibody as a control. Noninfected CD36 cells
(CD36-NI) were also cultured in the presence of DX2 (100 ng/ml), ZB4 (500
ng/ml), or DX2 and ZB4 or without antibody as a control. Forty hours after
infection, the cells were harvested and apoptosis was measured by TUNEL assay.
The data are means * standard errors of three separate experiments.

UT7-NS cells NF-kB activity is not modified by NS-1 expres-
sion, and they therefore suggest that sensitivity to TNF-a cy-
totoxicity did not involve the inhibition of TNF-a-induced
NF-kB activity. In contrast, B19 infection enhanced NF-«B
activity in primary CD36 cells.

DISCUSSION

We studied the mechanism of erythroid toxicity induced by
B19, which targets BFU-E and CFU-E cells. Previous reports
suggested that the NS gene products encoded by various par-
voviruses possessing homologous domains (H-1 virus, minute
virus of mice [MVM], and B19) have cytotoxic activities (23,
25, 31, 40, 48). We therefore evaluated the impact of NS-1 in
the UT7 erythroleukemia cell line stably expressing the NS-1
protein. Our findings indicate that B19 infection of CD36 cells,
which at the BFU-E-CFU-E stage are primary erythroid pre-
cursors, clearly induced apoptosis. Since NS-1 expression also
induced apoptosis in UT7-NS erythroid cells, it seemed likely
that NS-1 is involved in B19-induced apoptosis as well.

This apoptosis does not seem to be associated with cell cycle
arrest but with an accumulation of B19-infected C36 cells in
the G,/M phase of the cell cycle. Similar results were observed
with the NS-1 protein in UT7-NS cells. The NS-1 protein of
MVM also induced G,/M accumulation, but the mechanism(s)
by which this protein alters the duration of the G, phase is still
not clear (39). As a transcription regulator, NS-1 might exert
its cytostatic activity by regulating the expression of factors
involved in cell cycle control (20).

Since we found here that NS-1-induced apoptosis in ery-
throid progenitor cells was inhibited by the caspase inhibitors
zVAD-fmk and DEVD-CHO, this apoptosis did involve
caspase activation. Caspases are synthesized as precursors that
undergo proteolytic maturation, and a cascade model has been
suggested for effector caspase activation resulting in cellular
disassembly (54). Different initiator caspases mediate distinct
sets of signals. Caspase 6, 8, and 3 activities, which increased
here in cells expressing NS-1, are associated with apoptosis
involving death receptors (2). The best-characterized death
receptors are CD95 (Fas) and TNFR1. Fas expression at the
surfaces of infected erythroid cells might occur, as well as
cross-linking with FasL, which is constitutively expressed
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FIG. 6. Effect of TNF-« treatment on B19- and NS-1-induced apoptosis. (A)
Effect of TNF-a treatment on B19-induced apoptosis. Infected CD36 cells
(CD36-1) or uninfected cells (CD36-NI) were treated with 100 U of TNF-o/ml
for 18 h. Apoptosis was evaluated by TUNEL assay 24, 48, and 72 h after
infection. (B) Effect of TNF-a treatment on NS-1-induced UT7-NS cell apopto-
sis. UT7-NS and UT7-pGRE cells were treated with DEX and then with 100 U
of TNF-a for 18 h. Apoptosis was determined by TUNEL assay 24, 48, and 72 h
after infection. The data are means * standard errors of three separate exper-
iments.

among erythroid progenitors, thus inducing apoptosis. Such a
mechanism has been proposed for the erythroid cell apoptosis
induced by gamma interferon (8, 28). Although Fas expression
and FasL expression were enhanced here in B19-infected
CD36 cells, this pathway does not seem to play a role in
B19-induced apoptosis ex vivo, as shown by the absence of
effect of agonist and antagonist Fas antibodies on DNA frag-
mentation. Previous reports suggested that, as for many other
death pathways, the cellular background plays an essential role
in the interpretation and modulation of the Fas-generating
signal (9, 36). Thus, cell sensitivity or resistance involves fac-
tors other than the level of expression of Fas. In contrast,
Fas-FasL expression was not detected in the erythroid cell line
expressing NS-1, either by us or by others (31), and therefore
NS-1 induced apoptosis in the absence of Fas-FasL.

As the hypothesis of Fas-mediated death was not considered
likely, the involvement of TNFR1 was explored. The involve-
ment of TNFRI1 signaling was suggested by the enhancement
of B19- and NSl-induced apoptosis after TNF-a treatment.
Thus, we found that when CD36 cells were cultured with SCF,
IL-3, IL-6, and Epo, they were resistant to TNF-a-induced
cytotoxicity but that infection by B19 sensitized CD36 cells to
TNF-a-induced apoptosis. TNF-a has been demonstrated to
signal both the inhibition and stimulation of hematopoietic
progenitor cells, depending on the growth factors it interacts
with and on the concentration of TNF-« in the culture medium
(28, 44). Since in the present experiments cell sensitivity to
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TNF-a was not due to the upregulation of TNFR1 or TNF-«
expression, NS-1 might modulate TNFR1 signaling by direct
interaction with certain components of the transduction path-
way downstream of TNFR1. Among the signals leading to
TNF-induced cell death, the activation of acidic sphingomyeli-
nase and the subsequent ceramide production have very often
been reported (1, 43, 45), and we indeed found that B19
infection and NS-1 expression generated ceramide production.
In addition, we demonstrated that exogenously added per-
meant C2-ceramide induces apoptosis in primary CD36 cells
and increases apoptosis in UT7 erythroid cells expressing the
NS-1 protein. These results strengthen the hypothesis that
there is a connection between the TNFR1 apoptotic pathway
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FIG. 7. (A) Time course of ceramide production after induction of NS-1
protein expression and B19 infection. NS-1 expression was induced in UT7-NS
cells by DEX, UT7-pGRE cells were treated with DEX, and noninduced
UT7-NS and UT7-pGRE cells were used as controls; 10, 18, and 24 h thereafter,
ceramide production was quantified by diacylglycerol kinase assay in cell lipid
extracts. Ceramide production was also quantified 24 and 48 h after infection in
B19-infected CD36 cells, with uninfected CD36 cells as a control. (B) Apoptosis
induced by C2-ceramide treatment of UT7-NS cells expressing NS-1 and CD36
cells. NS-1 expression was induced in UT7-NS cells by DEX, and UT7-pGRE
cells were treated with DEX, and the cells were then treated with 10 pM
C2-ceramide (C2cer). Uninfected CD36 cells were also treated with 10 pM
C2-ceramide. Apoptosis was quantified by TUNEL assay at 24, 48, and 72 h
thereafter. The data in panels A and B are from the same experiment, repre-
sentative of two independent experiments with similar results.
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FIG. 8. Electrophoretic mobility gel shift analysis. (A) Equivalent amounts (5
pg) of nuclear extracts were prepared from UT7-pGRE cells treated with DEX,
UT7-NS cells with DEX-induced NS-1 protein expression, and infected or un-
infected CD36 cells. Binding of NF-kB or Oct-1 ubiquitous transcription factor
was determined with a 3>P-labeled DNA probe encompassing a consensus site
for NF-kB or Oct-1. NF-kB activity was quantified by phosphorimaging, and
ratios were obtained by normalizing the activities to the level of activity of Oct-1.
Nuclear extracts from UT7-pGRE (pGRE) and UT7-NS (NS) cells, UT7-pGRE
and UT7-NS cells treated with 100 U of TNF-a/ml (+TNF), uninfected CD36
cells (CD36NI), and Bl19-infected CD36 cells (CD36I) were measured. (B)
Competition binding of nuclear extracts with a 20-fold excess of probe is shown
for UT7-NS cells treated with TNF (NS + TNF) and B19-infected CD36 cells
(CD36I). Supershift analysis is shown for B19-infected CD36 cell extracts incu-
bated with an antibody directed toward the p50 and p65 subunits of NF-«B,
respectively (two right lanes). +, present; —, absent; comp., competitor.

and B19. Apoptosis was also involved in the death of mono-
cytic U937 cells infected with parvovirus H-1 (42). The apo-
ptotic pathway triggered by this parvovirus appears to have at
least some steps in common with the one activated by TNF-a,
as is especially clear from the resistance to TNF of cell variants
selected for their ability to survive virus infection. Treatment of
U937 cells with TNF-a, or their infection by H-1 parvovirus,
was observed to be accompanied by fast and drastic downregu-
lation of c-Myc expression, prior to the appearance of apopto-
tic signs (42).

The detection of increased NF-kB binding activity in B19-
induced apoptosis of erythroid cells was more tricky to inter-
pret. Signaling by TNFR1 results in phosphorylation and sub-
sequent degradation of the inhibitory proteins of NF-«B called
IkBs, allowing NF-«B to translocate into the nucleus and ac-
tivate target genes (49). Direct interference by NS-1 with the
phosphorylation of IkBs cannot be excluded, since NS-1 is a
serine-threonine-phosphorylated protein (19), as described for
other viral proteins (50). NS-1 phosphorylation might explain
the discrepancy between NF-«kB activation in B19-infected
CD36 cells and in NS-1-expressing UT7-NS cells. Alterna-
tively, other proteins encoded by B19 might induce NF-«B
activity (27), and we are now investigating this possibility.

In the absence of TNF-a in the supernatants of CD36-
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infected and NS-1-expressing UT7 cells, the involvement of the
TNFR1 pathway during NS-1-induced apoptosis might result
from the interaction of NS-1 with the death domain of TNFR1
and/or TRADD, leading to the activation of the two major
TNF-«a signaling pathways that induce apoptosis and NF-«kB
activation, respectively. Direct interactions of viral proteins
with the death domain of TNFR1 or FADD have already been
described and might enhance or inhibit TNF-induced apopto-
sis (53, 57). The death receptor 3 (DR3; also called WSL-1)
also triggers responses that resemble those of TNFR1, namely,
NF-kB activation and caspase-dependent apoptosis. Neverthe-
less, DR3 transcripts have so far mainly been described in the
spleen, thymus, and peripheral blood (21).

Gene products of the Bcl-2 family are key regulators of
programmed cell death, and some proteins promote it,
whereas others, like Bcl-X; and Mcl-1, exert a protective effect
(46). Bcl-X-deficient mice died in utero as a result of the
massive death of erythroid cells (35). As the nonstructural
protein of MVM induces promoter inhibition of cellular genes
(23), the possibility that NS-1 downregulates Bcl-X; and Mcl-1
transcription cannot be excluded. Nevertheless, the dysregula-
tion of Bcl-X; and Mcl-1 expression at the RNA and protein
levels was not observed here, either in erythroid cells infected
by B19 or in erythroid cells expressing the NS-1 gene (data not
shown).

In conclusion, our data suggest that the induction of ery-
throid cell apoptosis by B19 at least involves the TNFR1 sig-
naling pathway. Further research is necessary to clarify the
ways in which NS-1 might interact with the proteins of such
signaling pathways, either directly or by their phosphorylation.
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