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Foot-and-mouth disease virus (FMDV) produces one of the most infectious of all livestock diseases, causing
extensive economic loss in areas of breakout. Like other viral pathogens, FMDV recruits proteins encoded by
host cell genes to accomplish the entry, replication, and release of infectious viral particles. To identify such
host-encoded proteins, we employed an antisense RNA strategy and a lentivirus-based library containing
approximately 40,000 human expressed sequence tags (ESTs) to randomly inactivate chromosomal genes in a
bovine kidney cell line (LF-BK) that is highly susceptible to FMDV infection and then isolated clones that
survived multiple rounds of exposure to the virus. Here, we report the identification of ESTs whose expression
in antisense orientation limited host cell killing by FMDV and restricted viral propagation. The role of one
such EST, that of ectonucleoside triphosphate diphosphohydrolase 6 (NTPDase6; also known as CD39L2), a
membrane-associated ectonucleoside triphosphate diphosphohydrolase that previously was not suspected of
involvement in the propagation of viral pathogens and which we now show is required for normal synthesis of
FMDV RNA and proteins, is described in this report.

Foot-and-mouth disease is a highly contagious viral disease
of cloven-hoofed livestock. Its causative agent, foot-and-mouth
disease virus (FMDV), is a member of the Picornaviridae fam-
ily and contains an unpaired positive-sense-strand RNA ge-
nome of about 8,300 nucleotides (7, 8, 16, 33). Although
FMDV vaccines are available for livestock, the virus is anti-
genically variable, and there is no cross-protection among the
seven known serotypes and only limited protection between
the numerous subtypes that have evolved (for a review, see
reference 42).

The RNA contained in FMDV particles encodes the viral
proteins in addition to serving as a template for the synthesis of
a complementary full-length negative RNA strand that in turn
serves as a template for the synthesis of new viral genomes.
Notwithstanding the simplicity of the mechanisms of genome
replication and expression used by picornaviruses, knowledge
about the functions of cellular genes affecting viral replication
and propagation is limited. A small number of cellular genes—
mostly involved in host immunity—are known to be activated
by FMDV infection (4, 58). Additionally, genes encoding pro-

teins that carry out normal host cell functions can be recruited
to facilitate the entry or release of infecting viruses (for exam-
ple, see reference 17, a recent review), and cell surface proteins
that function as receptors for FMDV have been identified (5,
15, 26, 40). However, a systematic approach aimed at the direct
discovery of cellular genes required for viral propagation, i.e.,
cellular genes exploited by pathogens, has not previously been
applied to FMDV.

Several methods that enable homozygous functional inacti-
vation of chromosomal genes in mammalian cells have been
reported (6, 30, 34, 35, 43). In general, these strategies use
RNA complementary to genomically encoded transcripts (an-
tisense RNA [35] or small interfering RNA [31]) to interfere
randomly with chromosomal gene expression. We employed
one such gene inactivation strategy, which uses RNA encoded
by a library of �40,000 expressed sequence tags (ESTs) (35) to
functionally inactivate cellular genes in LF-BK cells, and iden-
tified cell clones that limit the propagation of FMDV.

MATERIALS AND METHODS

Cell culture and virus. Bovine kidney (LF-BK) cells and resistant derivative
cells were maintained in Dulbecco’s modified Eagle medium (Gibco) supple-
mented with 10% fetal bovine serum. LF-BK cells were originally obtained from
the Foreign Animal Disease Diagnostic Laboratory at the Plum Island Animal
Disease Center (4, 54). The FMDV strain O/United Kingdom/2001 (O/UK/
2001), porcine enterovirus, swine vesicular disease virus, and encephalomyocar-
ditis virus were provided by Fred Brown. Procedures for infections and plaque
assay with FMDV were described previously (12). The number of cells and
multiplicity of infection (MOI) were calculated in each experiment.

Construction of LF-BK EST library. A library of LF-BK cells expressing ESTs
was generated as previously described (35). Briefly, an LF-BK cell line containing
a tetracycline-activated promoter was made by infection of LF-BK cells with a
retrovirus carrying pBabetTaPuro, in which the tetracycline-dependent tran-
scriptional activator (tTA) is under the control of the cytomegalovirus (CMV)
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promoter (i.e., LF-BK EST tTA cells). The infected cells were then subjected to
selection for growth in the presence of puromycin (2 �g/ml Sigma) for 2 to 3
weeks. The tTA activity of puromycin-resistant cell clones was tested by using a
luciferase reporter gene under the control of a promoter activated by a Tet
response element (21). A cell clone that showed high-level luciferase activity and
at least a 50-fold induction of this activity after tetracycline treatment was
selected, and a culture of these cells containing a collection of approximately
40,000 human ESTs under the control of the Tet response element-linked CMV
promoter was infected with lentivirus (pLEST) (35). LF-BK EST tTA cells were
selected by growth in the presence of 1 mg/ml of G418 (Gibco) for 3 to 4 weeks.

FMDV growth assay. Cell monolayers were infected with FMDV O/UK/2001
at an MOI of 10 or 0.1. After 1 h, the cells were treated with wash buffer (150 mM
NaCl and 20 mM morpholineethanesulfonic acid, pH 6.0) to inactivate unab-
sorbed viruses and then incubated in Dulbecco’s modified Eagle medium at 37°C.
Supernatant samples were collected at intervals and titrated on BHK-21 cells.
The 50% tissue culture infective doses were determined as described previously
(44).

Infectious-center assay. Wild-type or mutant LF-BK tTA cells were infected
with FMDV O/UK/2001 at an MOI of 10. After 1 h of adsorption, the cells were
trypsinized and washed once with growth medium, once with wash buffer to
inactivate residual virus, and once more with growth medium. These cells were
diluted 10-fold, mixed with 6 � 105 LF-BK cells per sample, and seeded into
six-well plates. At 48 h postinfection (hpi), plates were fixed and stained. The
percentage of infected cells was determined from the number of plaques ob-
tained in the plaque assay relative to the cell number before infection.

RNA extraction and PCR amplification of viral RNA (vRNA). Cytoplasmic
RNA was extracted from cells according to the RNeasy protocol (Qiagen).
Reverse transcriptions were done with SuperScript II reverse transcriptase (In-
vitrogen) with random hexamers. PCR amplification of FMDV RNA was carried
out using the antisense 5�TCAGGGTTGCAACCGACCGC3� and sense 5�TTC
GAGAACGGCACGGTCGG3� primers corresponding to genomic positions
3940 to 3959 and 3762 to 3781, respectively, of FMDV O1 Campos/Bra/58
(GenBank accession number AJ320488) (G. A. König and M. E. Piccone, un-
published).

DNA extraction and PCR amplification of EST insert. Genomic DNA was
isolated from cells by the Red Extract-N-Amp tissue PCR kit (Sigma) following
the manufacturer’s instructions. Primers to amplify the EST insert were Lenti3�
(5�CATAGCGTAAAAGGAGCAACA3�), which is located 3� to the EST in-
serts in the pLEST vector, and either ESTR_NheI (5�TCTGCTAGCCACACA
GGAAACAGCTATG3�) or ESTF_NheI (5�TCTGCTAGCTTGTAAAACGA
CGGCCAGTG3�), depending on the orientation of the EST insertion into the
pLEST vector. Use of these primers enabled rapid determination of the orien-
tation of the ESTs and consequently indicated whether they were transcribed in
the sense or antisense direction relative to the CMV promoter. The EST se-
quences and orientations were confirmed by DNA sequencing of the PCR prod-
ucts, and their corresponding genes were identified by BLAST searching (Uni-
versity of California—Santa Cruz Genome Bioinformatics).

Northern blot analysis. LF-BK tTA and resistant cell clones were infected with
FMDV O/UK/2001 for 1 h at 37°C. Cytoplasmic RNA was extracted at various
times postinfection according to the RNeasy protocol (Qiagen). Equal amounts
of total RNA were separated on a 1% denaturing formaldehyde gel, blotted onto
a nylon membrane, and hybridized with a 32P-labeled antisense RNA corre-
sponding to the 3D viral RNA polymerase region of the FMDV genome. The
same blots were stripped and reprobed for the ß-actin gene as a loading control.

Protein overexpression, Western blot analysis, and immunofluorescence mi-
croscopy. To overexpress ectonucleoside triphosphate diphosphohydrolase 6
(NTPDase6), NTPDase cDNA cut out from the pCMV Sport vector (a gift from
Terence L. Kirley [23]) was inserted into pLentiCMVBSD for a selection
marker. Cells transfected with the plasmid mentioned above were selected with
10 �g/ml blasticidin (Invitrogen) for 5 days. For Western blotting of NTPDase6
protein, cell lysates separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were transferred to a nitrocellulose membrane,
and the protein was detected by polyclonal antibody (a gift from Terence L.
Kirley [23]). For the detection of viral proteins, cells were infected at an MOI of
10, and at 4 hpi, mock-infected and infected cell lysates were fractionated on a
4 to 12% SDS-PAGE gel and blotted onto polyvinylidene difluoride membranes;
Western blot analyses were performed using antiserum prepared against FMDV
3D polymerase (kindly provided by He Wang, APHIS) and visualized by chemi-
luminescence (Invitrogen). An antitubulin monoclonal antibody (MAb) was pur-
chased from Lab Vision. Immunofluorescence was performed as described by
O’Donnell et al. in 2001 (41). Briefly, LF-BK tTA or NTPDase6-expressing cell
clones grown on coverslips (EMS) were infected as described above. At 4 hpi,
cells were fixed, permeabilized, and immunostained using a pool of MAbs

10GA4.2.2 and 12FE9.2.1 (kindly provided by Marvin J. Grubman) against
structural proteins of FMDV type O (51). A fluorescence-labeled goat anti-
mouse immunoglobulin G was used as the secondary antibody (Molecular
Probes). Cells were imaged in a Leica TCS SP2 confocal microscope.

RESULTS

Construction of the EST library in the LF-BK cell line and
the isolation of FMDV-resistant cell clones. A variety of cell
lines previously have been used for FMDV infection, including
BHK-21 (baby hamster kidney), LF-BK (bovine kidney) (4,
50), and IB-RS-2 (pig kidney) cells. However, as our experi-
mental protocol employed a screen for cell clones that survive
FMDV infection, and survival of cells independently of EST
effects represents an undesirable background, we carried out
an initial search for a cell line that consistently showed a
survival frequency of less than 10�6 following infection by
FMDV under the experimental conditions that we used. The
LF-BK cell line was chosen for our experiments because of its
high susceptibility to FMDV infection and the absence of sur-
viving cells after four rounds of FMDV infection.

To isolate FMDV-resistant clones, 2 � 106 of both naïve
LF-BK tTA cells and LF-BK tTA cells containing the EST
library were seeded in a T25 flask and infected two hours later
with FMDV O/UK/2001 at an MOI of 10. After 2 days, cells
were placed in growth media and incubation was continued at
37°C. The culture media were changed every 2 days and mon-
itored for virus-induced cytopathology. Surviving cells were
recovered and challenged with FMDV again as described
above. After four rounds of FMDV infection, the surviving
cells were cloned and expanded for further study. No survivors
were obtained from cultures of parental LF-BK cells unin-
fected with the pLEST-EST library.

About 180 surviving cell clones were isolated, and each was
tested for the ability to produce FMDV in a virus plaque assay,
which showed different extents of limitation of virus produc-
tion among the different clones. The EST inserts in these
clones were identified by sequencing genomic PCR-amplified
DNA. Table 1 shows a list of these ESTs. Some clones con-
tained the same EST, and these may be siblings. We noted that
certain ESTs correspond to genes that have been implicated in
other viral infections, e.g., the IRF7 (interferon-regulatory fac-
tor 7) (for recent reviews, see references 25 and 36) and SPP
(signal peptide peptidase) (1, 22; for a review, see reference
38) genes.

Among the virus-resistant clones, one that contained the
NTPDase6 EST insert showed especially prominent resistance
to FMDV production. NTPDase6 belongs to a family of en-
zymes known to modulate a variety of important cellular re-
sponses by controlling extracellular nucleotide concentrations;
these include blood clotting and neural signaling transmission
(29, 55, 56; for a review, see reference 27). However, NTPDase6,
unlike other members of the NTPDase family, exists as both a
soluble form and a membrane-bound form, raising the possi-
bility that this enzyme may be implicated in membrane rear-
rangement events that occur during normal FMDV replication
(32, 37, 39). The cell clone containing an antisense NTPDase6
EST was further characterized.

Reconstitution of the FMDV resistance phenotype by antisense
expression of an NTPDase6 EST. In order to confirm that the
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FMDV resistance phenotype exhibited by the NTPDase6-
expressing clone resulted from expression of an antisense EST
vector rather than from spontaneous mutation in the virus-
resistant cell clone or from the cis-acting effects of the EST
insertion on adjacent chromosomal genes, independent LF-BK
cell clones expressing the NTPDase6 EST in the antisense
orientation were made by the same procedure as the one used
in constructing the EST library by using a lentivirus vector
contained just the NTPDase6 EST.

Approximately 30 reconstituted LF-BK tTA cell clones ex-
pressing the antisense RNA of NTPDase6 EST had an altered
FMDV resistance phenotype. These clones showed variation
in their ability to limit virus production, possibly due to differ-
ences in the expression of the vector/EST depending on their
insertion sites in the chromosome. Compared to the LF-BK
tTA cell line in a plaque assay using FMDV O/UK/2001, the
reconstituted clones that showed the most prominent limita-
tion in virus production, clones 8 and 30, also produced fewer
and smaller plaques (Fig. 1A). The EST effects were not
unique for FMDV O/UK/2001, as similar results were obtained
with FMDV isolates from serotypes A (A24) and C (C3 Re-
sende) (data not shown). However, challenge of the reconsti-
tuted clones with other picornaviruses, including porcine
enterovirus, swine vesicular disease virus, and encephalomyo-
carditis virus, showed that the clones transcribing NTPDase6
in the antisense direction are as susceptible to these viruses as

the naïve cell lines (Fig. 1B), suggesting that the viral resistance
of the reconstituted clones is specific to FMDV.

Clones 8 and 30 were examined for dependence of the
FMDV resistance phenotype on transcription from the tetra-
cycline-regulated promoter in the pLEST vector by adding
doxycycline to reduce transcription of the EST sequence.
Plaque assays showed that both clones acquired the ability to
produce control levels of FMDV with the addition of doxycy-
cline (Fig. 1C), confirming that the virus resistance phenotype
is dependent on the expression of the EST.

Reduction of gene expression by antisense RNA commonly
is not accompanied by decreased abundance of the RNA target
(for reviews, see references 2 and 13), and consistent with such
findings, Northern blot analysis of mRNA isolated from the
parental cells and the clone 30 showed no significant difference
in NPTDase6 mRNA levels (data not shown). In Western
blotting experiments, rabbit polyclonal antibody directed
against human NTPDase6 protein failed to detect endogenous
levels of the bovine NTPDase6 protein (data not shown), and
this antibody also did not detect endogenous levels of simian
NTPDase6 protein in a previous study by the antibody’s pro-
ducers (22). To confirm that the decreased FMDV production
by clone 30 resulted from the effects of the antisense EST on
NPTDase6 expression, we therefore introduced a human
NTPDase6 overexpression construct into clone 30 and tested
for the ability of this construct to reverse the virus resistance

TABLE 1. ESTs isolated from the FMDV-resistant cell clones

Genea EST orientation GenBank accession no.

Solute carrier family 36 Sense AA417270
Amino acid transporter system A1 AA740867
Homo sapiens RIMS binding protein 3B AI014598
Homo sapiens BAC clone GS1–99H8 AC004010
Density-regulated protein Sense AI131374
Unknown EST; clone IMAGE:1845584 AI219496
Phosphorylase kinase, beta isoform b Sense AI241470
Forkhead box K2 Antisense AI953229
Unknown EST Sense AV714462
Zinc fingers and homeoboxes 2 Sense AV722233
Hypothetical protein LOC284058 Antisense AW960454
Unknown EST Sense AW968629
Unknown EST Sense AW970795
Unknown EST Antisense AW978415
Histocompatibility (minor) 13, transcript variant 1 Antisense AA504780
Hypothetical protein MGC26847 Antisense BC014601
Cleavage- and polyadenylation-specific factor 6 BE868574
Uncharacterized protein CHCHD1 Antisense BF791947
Unknown EST; clone IMAGE:4824178 Sense BG720581
Glutaredoxin 5 AA677563
Homo sapiens zinc finger protein 10 Antisense N53840
Angiotensinogen (erpin peptidase inhibitor, cladeA, member 8) AI359985
Dopa decarboxylase Antisense AA702640
NTPDase6 Antisense AA45523
Interferon regulatory factor 7 transcript variant d Antisense AA877255
Kinesin family member 5A Sense AA984728
Myosin IXA AI382029
Homo sapiens transmembrane protein 115 NM_007024
ATPase, (Na�/K�) transporting, beta 4 polypeptide NM_012069
Zinc finger protein NM_014480
G-protein-coupled receptor 48 NM_018490
Hypothetical protein FLJ21918 NM_024939
Homo sapiens EH domain binding protein 1 Antisense R88919

a The gene name refers to the GenBank entry. BAC, bacterial artificial chromosome.
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phenotype. As seen in Fig. 2A, Western blotting showed ele-
vated NTPDase6 expression, and this was accompanied by
reversal of the virus resistance phenotype. Whereas overex-
pression of human NPTDase6 protein reversed the virus resis-
tance phenotype of bovine cells containing the NPTDase6 an-
tisense EST, such overexpression did not increase virus
sensitivity to a higher-than-normal level in either these cells or
the parental LF-BK cells (Fig. 2B).

Characterization of cells showing NTPDase6-mediated re-
sistance to FMDV. Having confirmed that the expression of
antisense NTPDase6 can limit the ability of LF-BK cells to
produce FMDV, we further analyzed the growth of viruses in
the reconstituted NTPDase6-expressing clones compared to
viral growth in the wild-type cell line. Cells were infected with
FMDV O/UK/2001 at high and low MOIs (10 and 0.1, respec-
tively), and samples were titrated in BHK-21 cells (Fig. 3A and
B, respectively). At an MOI of 10, one-step growth curves
showed that the virus replicated more slowly in the reconsti-
tuted clones, and a 90% decrease in virus production was
observed. The decrease in viral production was even more
prominent at an MOI of 0.1, when the decrease in virus pro-

duction in cells containing the antisense NPTDase6 EST
showed a decrease in virus production to 1 to 2% of the normal
amount.

We investigated the stage of the viral life cycle at which
blockage of virus production occurred in antisense NTPDase6-
expressing cells. Viral replication was evaluated by Northern
blot analysis. At an MOI of 10, extensive degradation of host
cell RNA was observed (10), and a comparison between the
vRNA levels of the cell clones could not be assessed (data not
shown). However, at an MOI of 0.1, vRNA accumulations in
both of the reconstitution clones we examined (i.e., clones 8
and 30) were markedly reduced compared to vRNA accumu-
lation of the parental LF-BK tTa cells (Fig. 4A), suggesting an
impairment of the vRNA replication in the resistant cells. In
addition, when the cells were cultivated in the presence of
doxycycline, the impairment in vRNA production was dimin-
ished (clone 30; Fig. 4B), confirming that the decrease in
vRNA accumulation is controlled by expression of the anti-
sense NTPDase6 EST. Similar doxycycline-dependent regula-
tion in vRNA production was also observed for clone 8 (data
not shown).

FIG. 1. Plaque titration assay on LF-BK tTA and NTPDase6-expressing cell clones. Cells were infected with FMDV O/UK/2001 at MOIs of
10�3 to 10�4 (A) or different picornaviruses (e.g., encephalomyocarditis virus [EMCV] and swine vesicular disease virus [SVDV]) (B) for 1 h at
37°C and cultured with gum tragacanth. Cells were fixed and stained at 48 hpi. (C) FMDV resistance can be suppressed in the NTPDase6-
expressing cells in response to the addition of doxycycline. Before virus infection, cells were cultured in the absence (�D) or presence (�D) of
2 �g/ml doxycycline, and viral resistance was examined by plaque assay with virus titers ranging from an MOI of 10�3 to an MOI of 10�5.

FIG. 2. Overexpression of NTPDase6 in clone 30 reversed the FMDV resistance phenotype. (A) Western blotting was used for the detection
of the overexpression of NTPDase6 in LF-BK tTA and clone 30 cells. Lane 1, LF-BK tTA cells; lane 2, clone 30 cells; lane 3, LF-BK tTA cells
with overexpressed NTPDase6; lane 4, clone 30 cells with overexpressed NTPDase6. Molecular masses are given to the left of the gel. (B) Plaque
titration assay on LF-BK tTA and clone 30 cells. The virus titers used in this assay ranged from an MOI of 10�2 to an MOI of 10�6. The
overexpression of NTPDase6 in clone 30 decreased the resistance to FMDV infection.
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The expression of viral proteins in NTPDase6-expressing cells
was compared to expression in LF-BK tTa cells by using Western
blot analysis and immunofluorescence microscopy. The produc-
tion levels of both the vRNA polymerase (3D) (Fig. 5A) and the
viral structural protein VP1 (Fig. 5B) in clone 30 were reduced
compared to those in LF-BK tTA cells at an MOI of 10. We then
checked the viral structural proteins using immunofluorescence
microscopy. Both clone 30 and LF-BK tTA cells were infected
with FMDV at an MOI of 10, and the cells were stained with
structural-protein-specific MAbs 10GA4.2.2 and 12FE9.2.1. At 2
hpi, almost 100% of both naïve cells and resistant cells had punc-
tate staining that was homogeneously distributed in the cytoplasm
and showed similar intensities of fluorescence. At 4 hpi, although
equivalent percentages (higher that 95%) of cells expressing viral
proteins were detected, the immunofluorescence intensity was
much lower in the cells of clone 30 (Fig. 6A and B). Similar results
were obtained when cells were infected with a virus at an MOI of
0.1 (Fig. 6C and D). NTPDase6-expressing cells showed about
five to nine times lower fluorescent intensity/area when we ran-
domly quantitated these values from 20 cells from each condition
(Fig. 6E).

The immunofluorescence microscopy results described
above imply that the entry of FMDVs is not impaired in cells

expressing antisense NTPDase6, as the numbers of infected
cells and the concentrations of viral proteins are about the
same for both antisense NTPDase6 EST-expressing and naïve
cells at early time points. To test directly whether FMDV can
efficiently bind to and infect the mutant cells, we carried out
infectious-center assays for clone 30. Both clone 30 and LF-BK
tTA cells were infected with O/UK/2001 at an MOI of 10 and
treated with a low-pH saline buffer to inactivate residual virus.
Cells were trypsinized and seeded with either LF-BK tTA cells
or clone 30. After a 4-h incubation to allow cell attachment, the
cultures were incubated under gum tragacanth for 48 h. The
percentages of infected cells were approximately 69.75% (stan-
dard deviation, 22.12%) for LF-BK tTA cells and 33.5% (stan-
dard deviation, 18.04%) for clone 30 cells, demonstrating
comparable virus-binding efficiencies in both cells. We also
observed that when FMDV-infected cells were seeded on an
indicator lawn of LF-BK cells, the size of the plaques in the
indicator lawn was undiminished by the expression of antisense
NTPDase6 RNA in the initially infected cells, consistent with
the view that NTPDase6 is not required for viral entry. How-

FIG. 3. Growth curves for FMDV in LF-BK tTA and NTPDase6-
expressing cell clones. Cells were infected with FMDV O/UK/2001 at
an MOI of 10 (A) or an MOI of 0.1 (B) for 1 h at 37°C, as described
in Materials and Methods. Supernatant fluids were removed and ti-
trated at the times indicated. Each datum is the mean value for at least
three independent experiments. TCID50, 50% tissue culture infective
doses.

FIG. 4. FMDV RNA synthesis in infected LF-BK tTA and NTPDase6-
expressing cell clones. Equal numbers of cells were infected with
FMDV O/UK/2001 and at the times postinfection indicated in the
figure; total RNA was extracted and quantified by use of a spectro-
photometer. Equal amounts of RNA were loaded in each lane lane,
and Northern blotting was performed by using the 32P-labeled 3D
antisense RNA probe as described in Materials and Methods. Infec-
tion of cell clone 8 and clone 30 at an MOI of 0.1 in the absence of
doxycycline (A) and infection of cell clone 30 at an MOI of 0.1 in the
absence or presence of 2 �g/ml doxycycline (B). The lower panels show
corresponding levels of ß-actin mRNA as a control.
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ever, direct infection by FMDV at an MOI of 10 of cells
expressing antisense NTPDase6 RNA resulted in very small
plaques. As an MOI of 10 is expected to lead to simultaneous
infection of all cells in the population, these results argue that
cells expressing antisense NTPDase6 RNA generate fewer vi-
ruses than the wild-type LF-BK tTA cell. Together with the
results of vRNA replication, protein synthesis, and infectious-
center assays, these data support the view that impaired ex-
pression of NTPDase6 affects virus production rather than
entry.

DISCUSSION

Virus infections require the participation of viral and cellu-
lar factors. A powerful approach for the discovery of host

factors required in viral infections involves the identification of
host cells that do not support normal infection. For many
viruses, including picornaviruses, resistant cell lines have been
described (19, 20, 28, 46). Cell lines naturally resistant to
FMDV have been established by growing the cells that sur-
vived standard cytolytic infections (14). However, no cellular
genes have been linked to such resistance.

The application of an EST-based gene inactivation approach
(35) has enabled the isolation of FMDV-resistant cells that
result from inhibition of the actions of specific cellular genes.
A library of cells that normally are susceptible to FMDV in-
fection was infected by FMDV, the surviving cells were iso-
lated and cloned, and the ESTs present in the survivors were
analyzed. Among such isolates, one clone expressing an EST of

FIG. 5. Western blot analysis of the FMDV 3D protein expressed in LF-BK tTA cells and NTPDase6-expressing cell clone 30. Equal numbers
of cells were infected at an MOI of 10, and cytoplasmic cell extracts were prepared after 4 hpi. Equal volumes of cell extracts were separated by
SDS-PAGE and blotted, and viral proteins were identified by reactivity with anti-3D (A) or anti-VP1 (B) antiserum (upper panel) as described
in Materials and Methods. We noticed that the loadings of lysate for mock-infected and infected cells may not be equal, judging from the loading
control antitubulin (�-tubulin; lower panel). However, the loadings of the infected LF-BK tTA and NTPDase6-expressing cell lysate are
comparable (lanes 2 and 4 for both panels A and B), and the lower production of viral proteins in the NTPDase6-expressing cell is apparent. 3CD
is the precursor of the 3C viral proteinase and the 3D viral DNA polymerase.

FIG. 6. Immunofluorescence assay of LF-BK tTA cells and NTPDase6-expressing cell clone 30. Both cell types were infected with FMDV
O/UK/2001 at an MOI of 10 (panels A and B, respectively) or at an MOI of 0.1 (panels C and D, respectively). After 4 hpi, cells were fixed for
immunofluorescence staining using MAbs against the structural viral proteins and the secondary antibody goat anti-mouse immunoglobulin G
labeled with Alexa Fluor 594 (Molecular Probes). The average fluorescence intensities of virus-infected cells (listed on the y axis) are shown in
panel E. The scale shown in panels A through D is 20 �m.
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the NTPDase6 gene in an antisense orientation was chosen for
further studies because of the strong viral resistance phenotype
and the previously unexpected involvement of NTPDases in
viral production.

With the parental LF-BK tTA cell line as a control, the
resistance phenotype of cell clones expressing antisense
NTPDase6 RNA was more prominent at a low MOI (0.1),
producing a virus yield that was 50- to 200-fold lower than that
at a high MOI (10). Results of infectious-center assays indi-
cated that the blockage in viral infection occurred after the
initial virus-host interaction, as virus binding levels were sim-
ilar in resistant and susceptible cells. In addition, both struc-
tural and nonstructural proteins encoded by the virus were
reduced in the NTPDase6-expressing cells, suggesting that the
effects of the MOI on the resistance phenotype may result
from a lower frequency of reinfection as a consequence of
decreased production of infectious viral particles.

NTPDase6, also known as CD39L2, belongs to a family
of ectonucleoside triphosphate diphosphohydrolases (E-
NTPDase family). It is an integral plasma membrane protein
that hydrolyzes extracellular nucleotides and is expressed in
the heart, brain, placenta, lung, liver, kidney, pancreas, skeletal
muscle, and endothelial tissues (9). Previous evidence that
NTPDase6 is associated with the Golgi apparatus and prefer-
entially mediates the hydrolysis of GDP has led to the hypoth-
esis that the enzyme facilitates protein glycosylation in the
Golgi apparatus (9, 24, 57). Currently, only information about
the cellular functions carried out by this enzyme family is
available, and the involvement of NTPDase6 in virus produc-
tion is unanticipated (for a review, see reference 45). However,
a recent study indicates that NTPDase1/CD39, a plasma mem-
brane enzyme of the NTPDase family, can be incorporated
into human immunodeficiency virus type 1 particles and still
remain active (3).

Our results indicate that cells expressing antisense
NTPDase6 RNA show resistance to FMDV infection but not
to infection by other picornaviruses. Replication of picornavi-
ruses occurs in the cytoplasm and induces a rearrangement of
intracellular membranes that results in the formation of virus
replication complexes. Picornaviruses from different genera
utilize different cellular membranes and ways to assemble their
replication complexes (18, 47), and this may account for dis-
tinct actions of NPTDase on FMDV. Potentially, NTPDase6
may affect the quantities of nucleosides required for glycosy-
lation of host proteins essential for FMDV replication or an-
other essential step in virus production.

For poliovirus, the most widely studied picornavirus, the
membranes utilized for replication are derived from the endo-
plasmic reticulum and Golgi apparatus (48, 49, 52, 53). In the
case of FMDV, the replication complex recently has been
described, and the involvement of the Golgi apparatus or the
endoplasmic reticulum has been reported (32, 37, 39, 41).
Preliminary electromicroscopy analysis of NTPDase6-express-
ing cell clone 30 infected with FMDV at an MOI of 10 showed
a reduced number of replication complexes at 4 hpi compared
to infected LF-BK tTA cells. In addition, in about half of the
NTPDase6-expressing infected cells observed, the replication
vesicles have fewer strands or the fibrillar material is absent
from the interior of the vesicle (T. G. Burrage and M. E.
Piccone, unpublished observations). The results reported here,

together with analogous studies related to African swine fever
virus (11), suggest that modification of genes of FMDV-sus-
ceptible cells can render cells genetically resistant to infection
by economically important livestock virus. The identification of
additional cellular genes essential for virus propagation and
subsequent inactivation of these genes in transgenic livestock
may provide a practical approach to the control of livestock
infectious diseases.
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