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Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes a cellular dihydrofolate reductase (DHFR) ho-
mologue. Methotrexate (MTX), a potent anti-inflammatory agent, inhibits cellular DHFR activity. We inves-
tigated the effect of noncytotoxic doses of MTX on latency and lytic KSHV replication in two KSHV-infected
primary effusion lymphoma cell lines (BC-3 and BC-1) and in MTX-resistant BC-3 cells (MTX-R-BC-3 cells).
Treatment with MTX completely prevented tetradecanoyl phorbol acetate-induced viral DNA replication and
strongly decreased viral lytic transcript levels, even in MTX-resistant cells. However, the same treatment had
no effect on transcription of cellular genes and KSHV latent genes. One of the lytic transcripts inhibited by
MTX, ORF50/Rta (open reading frame), is an immediate-early gene encoding a replication-transcription
activator required for expression of other viral lytic genes. Therefore, transcription of genes downstream of
ORF50/Rta was inhibited, including those encoding the viral G-protein-coupled receptor (GPCR), viral inter-
leukin-6, and K12/kaposin, which have been shown to be transforming in vitro and oncogenic in mice.
Resistance to MTX has been documented in cultured cells and also in patients treated with this drug. However,
MTX showed an inhibitory activity even in MTX-R-BC-3 cells. Two currently available antiherpesvirus drugs,
cidofovir and foscarnet, had no effect on the transcription of these viral oncogenes and ORF50/Rta. MTX is the
first example of a compound shown to downregulate the expression of ORF50/Rta and therefore prevent viral
transforming gene transcription. Given that the expression of these genes may be important for tumor
development, MTX could play a role in the future management of KSHV-associated malignancies.

Kaposi’s sarcoma-associated herpesvirus (KSHV; also called
human herpesvirus 8) is a recently discovered gammaherpes-
virus linked to Kaposi’s sarcoma (13). KSHV has been found
to be present in all epidemiologic forms of Kaposi’s sarcoma,
including classical, endemic African, and AIDS types (29) as
well as an uncommon but recognized complication in patients
with organ transplants (55). KSHV is also associated with
lymphoproliferative disorders, including primary effusion lym-
phoma and multicentric Castleman’s disease (4, 10). In Kapo-
si’s sarcoma and primary effusion lymphoma, the majority of
the tumor cells display a latent infection with KSHV, while
lytic replication is limited to a small subset of cells, presumably
reflecting spontaneous reactivation from the latent state that
can also be induced in vitro by treatment with12-O-tetrade-
canoyl phorbol 13-acetate (TPA) or sodium butyrate (SB) (47,
48).

A regulated cascade of viral gene expression characterizes
lytic herpesvirus replication. Immediate-early genes, which
mainly encode activators of gene transcription, are expressed
first and lead to upregulation of early genes whose proteins are
involved in viral DNA replication. Late genes, which encode

mainly structural proteins, are expressed after newly replicated
viral DNA. The KSHV lytic cycle is driven to completion by an
immediate-early gene, ORF50/Rta (replication and transcrip-
tion activator of viral lytic cycle genes), which is a homologue
of the BRLF1/Rta gene encoded by Epstein-Barr virus (EBV),
a herpesvirus that is closely related to KSHV (57). The
ORF50/Rta product is necessary and sufficient to activate ex-
pression of viral lytic cycle genes (25).

KSHV encodes a large number of proteins that have homol-
ogy to cellular proteins that regulate cell proliferation (14), cell
death (15), and signal transduction (3, 24). These proteins
include chemokine and cytokine homologues (36): viral G-
protein-coupled receptor (11), viral IL-6 (41), viral FLIP, a
viral Fas-associated death domain-like interleukin-1�-convert-
ing enzyme (FLICE)-inhibitory protein (59), viral cyclin, a
homologue of D-type cyclin (ORF72) (11, 14), and three che-
mokines, viral macrophages inflammatory proteins MIP-I, -II,
and -III (36). Additionally, KSHV is the only human virus
encoding a dihydrofolate reductase (DHFR) (ORF2) (42, 54)
homologue of cellular DHFR, which reduces folic acid to tetra-
hydrofolic acid and is required for purine and thymydilate
biosynthesis. Methotrexate (MTX), a folic acid antagonist and
a potent anti-inflammatory agent, inhibits the cellular DHFR.
The affinity of DHFR for MTX is far greater then its affinity
for folic acid or dihydrofolic acid, and therefore very large
doses of folic acid are necessary to reverse the effect of MTX.
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This drug was first developed for treatment of malignancies
such as leukemia and lymphoma and is now used at low doses
mainly as therapy for rheumatoid arthritis, other inflammatory
diseases (23, 60), and psoriasis (8).

In recent studies, MTX has been reported to have antiviral
action against human cytomegalovirus and murine cytomega-
lovirus. Murine cytomegalovirus and human cytomegalovirus
infection of quiescent NIH 3T3 cells stimulates transcription,
expression, and cellular activity of DHFR (30, 31). In quiescent
NIH 3T3 cells, MTX suppresses human cytomegalovirus and
murine cytomegalovirus replication at the level of DNA syn-
thesis. However, in MTX-resistant NIH 3T3 sublines, it has no
activity due to cellular DHFR overexpression (31).

In vitro and in vivo studies have shown that, in addition to its
anti-cellular DHFR activity, MTX has an anti-inflammatory
action due to the capacity of MTX to promote adenosine
release from fibroblasts and endothelial cells (5, 17, 18). Aden-
osine, acting at one or more of its receptors on monocytes/
macrophages, inhibits tumor necrosis factor alpha (TNF-�),
interleukin-6 (IL-6), and IL-8 production (7, 44, 49) and on
endothelial cells, inhibits the secretion of IL-6 and IL-8. KSHV
encodes homologues to human IL-6 and IL-8 receptors that
are important for viral replication and pathogenesis.

Viral IL-6 is a multifunctional cytokine that promotes he-
matopoiesis, plasmacytosis, and angiogenesis (2), and viral G-
protein-coupled receptor (GPCR) is a constitutive signaling
receptor homologous to human IL-8 receptors type A (CXCR
1) and B (CXCR 2) (3, 11). Signaling by viral GPCR eventually
leads to vascular endothelial growth factor (VEGF) expres-
sion, thereby inducing angiogenesis via paracrine mechanisms
(6). These studies suggest that it is possible that MTX might
affect these viral gene products as it does cellular homologs.
Thus, we investigated whether methotrexate has any activity on
KSHV replication and transcription in two KSHV-infected
primary effusion lymphoma (PEL) cell lines (BC-3 and BC-1)
and in MTX-resistant BC-3 cells (MTX-R-BC-3 cells).

KSHV gene transcripts have been classified into three
classes based on their presence and upregulation in uninduced
and TPA-induced BC-1 cells: class I (constitutive, strictly la-
tent), class II (present in very low levels in uninduced cells but
upregulated with TPA treatment), and class III (present only
after TPA induction) (54). In this report we show that, in
latently KSHV-infected PEL cell lines, the inhibition of
ORF50/Rta transcription with MTX abolishes the induction of
the entire viral lytic cycle with either TPA or sodium butyrate.
Therefore, transcription of class II and III genes (54), which
are downstream of ORF50/Rta, cannot be activated. The same
treatment with MTX had no effect on transcription of latent
genes of class I, cellular DHFR, �-actin, and c-Fos.

Resistance to methotrexate may develop in cell lines as well
as in blast cells from patients with leukemia during treatment
with MTX, and resistance has been associated with decreased
uptake of the drug and overexpression of cellular DHFR. To
address this issue, we established two BC-3 cell lines resistant
to 0.5 and 1 �M MTX. We show by Northern blot, immuno-
fluorescence, and Western blot that, although the cells had
developed a resistance to the drug, TPA induction of KSHV
class II and III gene transcription and translation is markedly
reduced either in the presence or in the absence of MTX.

Currently available antiherpesvirus drugs such as acyclovir,

adefovir, foscarnet, and cidofovir have been shown to reduce
the number of cells expressing late KSHV lytic gene products
but not the number of cells expressing the nonstructural im-
mediate-early lytic gene products (62) such as ORF50/Rta,
viral IL-6, K12/kaposin, and viral GPCR. Thus, we compared
the effect of MTX with two of these antiviral drugs, cidofovir,
a nucleotide analog, and foscarnet, a pyrophosphate analog.
Both target the herpesvirus DNA polymerase during lytic rep-
lication. In contrast to MTX, we show that these two inhibitors
have no effect on ORF50/Rta, viral IL-6, K12/kaposin, and
viral GPCR transcription in both uninduced and TPA-induced
BC-1 and BC-3 cells.

MATERIALS AND METHODS

Cell cultures. BC-3 (KSHV-positive and EBV-negative cell line) (4) and BC-1
(KSHV- and EBV-positive cell line) (10) are B-cell lines derived from a body
cavity-based B lymphoma; BJAB is a KSHV- and EBV-negative lymphoid cell
line (35). Cells were grown in RPMI 1640 medium (Gibco-BRL) supplemented
with 20% fetal calf serum, 2 mM glutamine, penicillin, and streptomycin (100
U/�l each). Cell viability was assessed by counting trypan blue-excluding cells on
a hemacytometer. All cells counts were performed in triplicate.

Bone marrow endothelial cells immortalized with simian virus 40 (SV40)
(BMEC-SV40) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco-BRL) supplemented with 10% fetal calf serum, 2 mM glutamine, peni-
cillin, and streptomycin (100 U/�l).

Induction of KSHV lytic replication and drug treatment. Viral lytic replication
was induced by treating 4 � 105 cells/ml with 20 ng of TPA/ml or 0.3 M sodium
butyrate (Sigma Chemical Co., St. Louis, Mo.) for 48 h, and eight concentrations
of MTX (Sigma Chemical Co., St. Louis, Mo.), ranging from 1 nM to 10 �M,
were added simultaneously with TPA or sodium butyrate. Kinetics experiment
was performed by adding 1 �M MTX 0, 4, 8, 12, and 24 h after chemical
induction. To establish the MTX-resistant cultures, BC-3 cells were incubated in
medium supplemented with increasing concentrations of MTX up to 1 �M and
then maintained in 1 �M MTX. After 2 months in culture, the cells were able to
grow in the presence of 1 �M MTX at the same proliferation rate as the controls
grown in the absence of MTX.

Antiviral drug treatment was performed on uninduced and TPA-induced BC-3
cells in the presence of 0.5 �M cidofovir [1-(S)-3-hydroxy-2-(phosphonome-
thoxypropylcytosine] (Gilead Sciences Inc., Foster City, Calif.) or 0.5 mM fos-
carnet (trisodium phosphonoformate hexahydrate) (Sigma Chemical Co., St.
Louis, Mo.) for 48 h.

RNA extraction and Northern blot analysis. Total RNA was extracted from
2.5 � 107 cells per sample (4 � 105 cells/ml) of BC-3 and BC-1 with Tri reagent
(Molecular Research Center, Inc., Cincinnati, Ohio), and mRNA was selected
with a Poly (A) Tract mRNA isolation kit (Promega, Madison, Wis.) following
the manufacturer’s instructions. To eliminate any contaminating DNA, the RNA
samples were treated with 2 U of RNase-free DNase (Promega). Northern blots
were performed by loading 1 �g of mRNA onto a 1.5% formaldehyde–agarose
gel and transferred onto a Gene Screen nylon membrane (DuPont, Boston,
Mass.).

Filters were hybridized at 42°C with 32P-labeled probes obtained by amplifi-
cation of the viral DNA with the following primers: Kaposin /K12, 5�-GGATA
GAGGCTTAACGGTGTTTGTG-3� and 5�-TGCAACTCGTGTCCTGAATG
C-3�; viral MIP II (ORF K4), 5�-GGTACCAGCTGGACAGAAGC-3� and 5�-
TGACTGCCTTGCTTTGTTTG-3�; viral IL-6 (ORF K2), 5�-ATGTGCTGGT
TCAAGTTGTGG-3� and 5�-GATGGCTGGTAGTTTCAGATG-3�; viral FLIP,
5�-AAATAACTCATTGTGCCCGC-3� and 5�-TTAAAGGAGGAGGGCAGG
TT-3�. The MCP (major capsid protein) (21), viral GPCR (ORF 74) (11), viral
DHFR (16), and human DHFR (16) primers have already been described.
Human �-actin and c-fos (Stratagene, La Jolla, Calif.) probes were used as a
quantitative control.

Detection of viral genome replication. Genomic DNA was isolated from 2 �
105 cells per sample (4 � 105 cells/ml) of BC-3 and BC-1 cells by the phenol-
chloroform method (53), and 2 �g was quantitatively slot blotted in triplicate.
Hybridization was performed with a KSHV-GPCR probe (11) 32P labeled by
random priming (RediPrime DNA labeling system; Amersham Life Science).
Relative hybridization intensity was standardized to the total DNA hybridization
with a human �-globin probe, and the effect of MTX was expressed as a per-
centage of the hybridization in the untreated control DNA. Specific hybridization
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was quantitated on a Molecular Dynamics 425E PhosphorImager. Results are
the averages of three experiments with three repeats per sample with standard
deviations.

Viral infection. SV40-BMEC were plated in six-well dishes (three plates/
sample), at the density of 2 � 105, 24 h before viral inoculum. Medium was
replaced with 1 ml of supernatant obtained from uninduced, TPA-induced, and
TPA-induced in the presence of 1 �M MTX BC-3 cells, and Polybrene (4 �g/ml)
(Sigma) was added to each sample. Plates were centrifuged at 3,500 � g for 1 h
at 25°C, then the cells were washed with phosphate-buffered saline (PBS), and
new medium was added. Four days after infection, total RNA was extracted and
treated with RNase-free DNase (Promega, Madison, Wis.) to eliminate any
contaminant DNA. Reverse transcription system (Promega, Madison, Wis.) was
used for cDNA synthesis, and a fragment of 192 bp in the ORF73 gene was
amplified by PCR with the primers 5�-CGGAGCTAAAGAGTCTGGTG-3� and
5�-GCAGTCTCCAGAGTCTTCTC-3�.

The amplified products were transferred onto nylon membranes, and cDNA
was hybridized with an internal probe.

Immunoblotting. Cells were lysed in mammalian protein extraction reagent
(Pierce). Equal amounts of total proteins (100 �g) were separated by electro-
phoresis in 4 to 20% Tris–glycine gels (Novex) and transferred to Immobilon-P
membranes (Millipore). K12/kaposin proteins were detected using a 1:750 dilu-
tion of a mouse anti-kaposin antibody (39), followed by a horseradish peroxi-
dase-conjugated anti-mouse immunoglobulin (Ig) secondary antibody. The spe-
cific K12/kaposin signal was visualized by using enhanced chemiluminescence.

Immunofluorescence assay. Immunofluorescence assay was performed using a
polyclonal antibody against viral IL-6. Cells were washed once with PBS,
counted, spotted on slides (105/slide), air-dried, and fixed in acetone for 10 min.
The slides were blocked with 20% normal goat serum in PBS for 30 min and then
incubated overnight at 4°C with the primary antibody followed by fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit Ig (28). Staining controls in-
cluded omission of primary antibody. Cell nuclei were counterstained with DAPI
(4�,6�-diamidino-2-phenylindole dihydrochloride; Boehringer Mannheim).

Cytokine assay. Assays were done by enzyme-linked immunosorbent assay in
a commercial laboratory (Cytokine Core Laboratory, Baltimore, Md.).

RESULTS

MTX dose-response curve on ORF50/Rta mRNA levels. To
study the effect of MTX on viral gene transcription, we began
the analysis by determining the minimal effective concentra-
tion of MTX. mRNA was extracted from BC-3 cells uninduced
and induced with TPA or sodium butyrate for 48 h and treated
with eight concentrations of MTX (1 nM, 5 nM, 10 nM, 50 nM,
0.1 �M, 0.5 �M, 1 �M, and 10 �M) added simultaneously with
TPA. The results are shown as percentage of induction relative
to uninduced cells (Fig. 1A); 1 �M MTX proved to be the
minimal concentration that prevents the induction of ORF50
transcripts with both TPA and sodium butyrate. This result
suggests that MTX has a general effect that does not depend
on the signal transduction pathway of the inducing compound,
since TPA and sodium butyrate use different mechanism of
induction. Of note, in TPA-induced cells, the inhibition was
dose dependent, while in sodium butyrate-induced cells, the
inhibition was not linear, although the minimal effective con-
centration was equivalent for both TPA and sodium butyrate.

MTX inhibits KSHV DNA replication. To determine the
effect of MTX on KSHV DNA replication, BC-3 cells were
treated with TPA to induce the viral lytic cycle, and 1 �M or 10
�M MTX was added simultaneously with TPA or 24 h after
induction (Fig. 2A). As shown previously, viral DNA replica-
tion in BC-3 cells increased threefold after TPA treatment
(21), but induction was completely abolished in samples
treated simultaneously with MTX and TPA. The effect was less

FIG. 1. (A) MTX dose-response curve on ORF50/Rta mRNA levels in BC-3 cells induced with TPA and sodium butyrate (SB). Hybridization
was performed with an ORF50/Rta probe. Bars indicate the values for BC-3 cells treated with MTX and induced with sodium butyrate (solid bars)
or TPA (open bars). Control indicates the value for uninduced and untreated BC-3 cells. (B) Northern blots.
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dramatic when MTX was added 24 h after TPA induction. The
experiments were performed three times, and in all experi-
ments, there was a 15 to 30% decrease in the percentage of
viable cells (most likely this reflects the toxic effects of TPA),
but no difference was detected between the MTX-treated and
untreated TPA-induced cells. Similar results were obtained in
BC-1 cells (data not shown).

Effect of MTX on viral and cellular transcript levels. To
determine the effect of MTX on viral gene transcription,
Northern blots were performed. mRNA was extracted from
uninduced and TPA-induced BC-3 cells for 48 h, and 1 �M
MTX was added simultaneously with TPA or 24 h after TPA
induction. As shown in Fig. 3A, viral DHFR transcript levels
(lane 1) were strongly induced by TPA (lane 2); however, TPA

induction of viral DHFR transcripts was abolished when MTX
was added at the same time as TPA (lane 4). In contrast, when
MTX was added 24 h after TPA induction (lane 5), transcript
levels were similar to those in TPA-induced cells without MTX
(lane 2). Cellular mRNA levels of cellular DHFR, c-Fos, and
human �-actin were not affected by TPA and MTX treatment,
showing no evidence of toxicity.

To evaluate the effect of MTX on transcript induction of
other viral genes, we examined the transcripts produced by
uninduced and TPA-induced BC-3 cells for 48 h in the pres-
ence of 1 �M MTX (Fig. 3B). Probes specific for ORF50/Rta
(immediate-early gene, class II), K12/kaposin (early gene, class
II), viral IL-6 (early gene, class II), viral GPCR (early gene,
class II), viral MIP II (early gene, class II), MCP (late gene,

FIG. 2. (A) Effect of MTX on KSHV DNA replication in uninduced and TPA-induced BC-3 cells. Hybridization was performed with a KSHV
GPCR probe. Relative hybridization intensity was standardized to the total DNA hybridization with a human �-globin probe, and the effect of
MTX was expressed as a percentage of the untreated control DNA hybridization. Samples: 1, uninduced; 2, TPA induced; 3, uninduced and treated
with 1 �M MTX; 4, uninduced and treated with 10 �M MTX; 5, TPA induced for 48 h in the presence of 1 �M MTX; 6, TPA induced for 48 h
in the presence of 10 �M MTX; 7, TPA induced and after 24 h treated with 1 �M MTX for an additional 24 h; 8, TPA induced and after 24 h
treated with 10 �M MTX for an additional 24 h; 9, TPA induced BJAB. (B) Data representative of three slot blot experiments with three repeats
per sample (a, b, and c) for �-globin and viral GPCR (v-GPCR).
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class III), and viral FLIP/viral cyclin (strictly latent genes, class
I) were used to analyze mRNA. As shown in Fig. 3B from a to
f, TPA treatment induced class II and III viral gene transcrip-
tion (Fig. 3B, lane 2), which was strongly reduced by adding 1
�M MTX at the same time as TPA (Fig. 3B, lane 4). In
contrast, transcription of class I latent genes viral FLIP/viral

cyclin, which are constitutively expressed and not inducible by
TPA, was totally unaffected by MTX treatment. Only partial
inhibition of transcript induction was observed when MTX was
added 24 h after TPA induction (Fig. 3B, lane 5). A human
�-actin probe was used as a quantitative control.

These results indicate that MTX, when added simulta-

FIG. 3. Northern blot analysis of mRNA extracted from BC-3 cells uninduced or TPA induced for 48 h in the presence of MTX. (A) RNA was
hybridized with viral DHFR, cellular DHFR, c-fos, and human �-actin probes. Lane 1, uninduced; lane 2, TPA induced; lane 3, uninduced and
treated with 1 �M MTX; lane 4, TPA induced in the presence of 1 �M MTX; lane 5, TPA induced and 24 h after induction treated with 1 �M
MTX for an additional 24 h; lane 6, TPA induced BJAB. (B) mRNA was hybridized with ORF50/Rta, kaposin/K12, viral IL-6, viral GPCR, viral
MIP II, MCP, viral FLIP/cyclin, and human �-actin probes. Lane 1, uninduced; lane 2, TPA induced; lane 3, uninduced and treated with 1 �M
MTX for 48 h; lane 4, TPA induced for 48 h in the presence of 1 �M MTX; lane 5, TPA induced and 24 h after induction treated with 1 �M MTX
for an additional 24 h; lane 6, TPA induced BJAB. (C) Kinetics of ORF50/Rta. BC-3 cells were induced with TPA for 48 h, and 1 �M MTX was
added 0, 4, 8, 12, and 24 h after induction. Lane 1, uninduced; lane 2, TPA induced; lane 3, TPA induced and MTX added 0 h after induction;
lane 4, TPA induced and MTX added 4 h after induction; lane 5, TPA induced and MTX added 8 h after induction; lane 6, TPA induced and MTX
added 12 h after induction; lane 7, TPA induced and MTX added 24 h after induction. (D) Northern blot analysis of mRNA extracted from BC-3
and MTX-R-BC-3 cells. RNA was hybridized with ORF50/Rta, viral DHFR, viral GPCR, K12/kaposin, viral IL-6, human �-actin, c-fos, and cellular
DHFR probes. Lane 1, BC-3; lane 2, TPA induced BC-3; lane 3, 0.5 �M MTX-R-BC-3 cells maintained in 0.5 �M MTX; lane 4, 1 �M
MTX-R-BC-3 cells maintained in 1 �M MTX; lane 5, 0.5 �M MTX-R-BC-3 cells, TPA induced in the presence 0.5 �M MTX; lane 6, 1 �M
MTX-R-BC-3 cells, TPA induced in the presence 1 �M MTX; lane 7, 1 �M MTX-R-BC-3 cells, TPA induced in the absence of 1 �M MTX; lane
8, TPA induced BJAB.
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neously with TPA, inhibits the induction of immediate-early,
early, and late lytic viral gene transcripts. RNA was also hy-
bridized with a probe complementary to ORF73, the gene
encoding latent nuclear antigen (LANA, class I), and no inhi-
bition was detected (data not shown). Therefore, MTX inter-
feres with the KSHV lytic cycle activation but has no effect on
viral latency, since transcription of strictly latent genes (class I)
was not affected. The same experiments were performed with
BC-1 cells, and identical results were obtained (data not
shown).

Kinetics of ORF50/Rta transcript inhibition. It has been
demonstrated that ORF50/Rta transcription is induced within
4 h of the addition of TPA, while early lytic gene transcripts
appeared 8 to 13 h and late transcripts between 20 and 30 h
after chemical induction (58). As our previous experiments
showed that the inhibitory effect of MTX was much less evi-
dent when it was added 24 h after TPA induction, we per-
formed a kinetics experiment to identify whether ORF50/Rta
was the initial target. BC-3 cells were induced with TPA, and
MTX was added at 0, 4, 8, 12, and 24 h after induction. All
samples were collected 48 h after TPA treatment. mRNA was
extracted from each sample, and ORF50/Rta transcript levels
were monitored by Northern blot analyses. Figure 3C shows
that the induction of ORF50/Rta transcripts observed with
TPA treatment (lane 2) was blocked when TPA and MTX
were added simultaneously (Fig. 3C, lane 3). However, tran-
script levels gradually increased when MTX was added 4, 8, 12,
and 24 h after TPA induction (Fig. 3C, lanes 4, 5, 6, and 7,
respectively). �-Actin levels were monitored as an internal
control for the Northern blots.

MTX inhibits KSHV gene transcription in MTX-R-BC-3
cells. Resistance mechanisms to MTX have been studied ex-
tensively in animal models and in patients treated for long
periods with MTX. To determine whether KSHV could de-
velop resistance as well, two sublines of BC-3 cells were se-
lected to grow in the presence of 0.5 �M and 1 �M MTX.
After 2 months in culture with MTX, we analyzed the levels of
viral DHFR and other viral transcripts. Northern blot analyses
were performed with mRNA extracted from MTX-R-BC-3
cells TPA induced for 48 h in the presence or in the absence of
MTX. mRNA from uninduced BC-3 and MTX-R-BC-3 cells
was used as a control (Fig. 3D from a to h; BC-3, lane 1; 0.5
�M and 1 �M MTX-R-BC-3 cells, lanes 3 and 4, respectively).

Figure 3D shows that in TPA-induced MTX-R-BC-3 cells
(0.5 �M and 1 �M MTX; Fig. 3D, lanes 5 and 6), transcript
levels of ORF50/Rta, viral DHFR, viral GPCR, K12/kaposin,
and viral IL-6 genes were considerably decreased compared to
the levels detected in TPA-induced BC-3 cells (Fig. 3D, from
a to e, lane 2). In contrast, transcript levels of �-actin, c-Fos,
and cellular DHFR were identical in uninduced BC-3 cells
(Fig. 3D, lane 1) and MTX-R-BC-3 cells (Fig. 3D, lanes 3 and
4) or TPA-induced BC-3 (Fig. 3D, lane 2) and 0.5 �M and 1
�M MTX-R-BC-3 cells (Fig. 3D, lanes 5 and 6). In the absence
of MTX, TPA induction of KSHV class II gene transcripts
(lane 7) was similar to that detected in MTX-R-BC-3 cells
TPA induced in the presence of MTX.

These results indicate that (i) KSHV did not develop a total
resistance to MTX, given that in MTX-R cells the TPA induc-
tion of ORF50/Rta and early lytic transcripts was still inhibited
compared to the sensitive BC-3 cells and (ii) the ability of the

selected resistant cells to express lytic transcripts after TPA
induction in the absence of MTX is not the same as the pa-
rental cell population. In fact, a moderate increase in viral
transcript levels was detected in MTX-R-BC-3 cells TPA in-
duced in the absence of MTX (Fig. 3D, lane 7) in comparison
with the parental sensitive uninduced BC-3 cells (Fig. 3D, lane
1). In contrast, the transcript levels in MTX-R-BC-3 cells TPA
induced in the absence of MTX (Fig. 3D, lane 7) are much
lower then those detected in the parental sensitive TPA-in-
duced BC-3 cells (Fig. 3D, lane 2), but similar to those de-
tected in MTX-R-BC-3 cells TPA induced in the presence of
MTX (Fig. 3D, lane 6). Of note in TPA-induced MTX-R-BC-3
cells (Fig. 3D, lanes 5, 6, and 7), the level of cellular DHFR
transcripts is higher then in MTX-sensitive BC-3 cells (Fig. 3D,
lanes 1 and 2).

MTX inhibits the synthesis of viral IL-6 and K12/kaposin
proteins. KSHV IL-6 gene expression in uninduced and TPA-
induced BC-3 cells and uninduced and TPA-induced 1 �M
MTX-R-BC-3 cells maintained in the presence of MTX was
analyzed by immunofluorescence assay (Fig. 4A). All samples
were collected 48 h after induction. A polyclonal antibody
against viral IL-6 was used as the primary antibody (cytoplas-
mic green signal), and DAPI was used to counterstain the
nuclei (blue signal). Induction of viral IL-6 expression was
abolished in almost 90% of TPA-induced BC-3 cells in the
presence of 1 �M MTX (Fig. 4A, panel d) compared to the
TPA-induced BC-3 in the absence of MTX (Fig. 4A, panel c).
In uninduced MTX-R-BC-3 cells (Fig. 4A, panel e), there was
no change in the level of viral IL-6 expression compared to the
control nonresistant uninduced BC-3 cells (Fig. 4A, panel a).
However, in MTX-R-BC-3 cells induced with TPA in the pres-
ence of MTX, viral IL-6 expression was dramatically reduced
(Fig. 4A, panel f) compared to the control TPA-induced BC-3
cells (Fig. 4A, panel c). This effect was less impressive when the
MTX-R-BC-3 cells were induced in the absence of MTX (Fig.
4A, panel g).

Expression of a constitutive latent gene (LANA) was also
assayed by immunofluorescence assay using a monoclonal an-
tibody against LANA/ORF73 (ABI, Columbia, Md.), and no
difference between untreated and MTX-treated cells was de-
tected (data not shown). Similar results have been obtained
with BC-1 cells (data not shown).

To determine the effects of MTX on the synthesis of kaposin
proteins, cell extracts of uninduced as well as TPA-induced
PEL cell lines, BC-3 treated with 1 �M MTX for 48 h, and 1
�M MTX-R-BC-3 cells were analyzed by Western blot. Cellu-
lar extracts from untreated samples were used as controls.
Results are shown in Fig. 4B. Multiple forms of kaposin pro-
teins ranging in size from approximately 16 to 44 kDa were
detected in untreated control BC-3 cells (Fig. 4B, lane 1).
Higher levels of proteins were observed in the TPA-induced
cells (Fig. 4B, lane 2). In contrast to this, no kaposin proteins
were detected in cell extracts from MTX-treated BC-3 cells,
whether or not TPA was added (Fig. 4B, lanes 3 and 4), or in
MTX-R-BC-3 cells (Fig. 4B, lanes 5 and 6 [uninduced] and
lanes 7 and 8) TPA induced in the presence of MTX.

Similar results were obtained when the MTX-R-BC-3 cells
were induced in the absence of MTX (Fig. 4B, lane 9). How-
ever, higher-molecular-mass bands (30 and 44 kDa) were ob-
served in MTX-treated sensitive BC-3 uninduced or TPA in-
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FIG. 4. (A) Immunofluorescence assay. Merged images of viral IL-6 polyclonal antibody cytoplasmic signal (green) and nuclear DAPI signal
(blue). KSHV IL-6 expression in uninduced and TPA-induced BC-3 cells for 48 h in the presence of MTX, and 1 �M MTX-R-BC-3 cells uninduced
and TPA induced. BC-3 cells (a), BC-3 cells with 1 �M MTX (b), BC-3 cells TPA induced (c), BC-3 cells TPA induced in the presence of MTX
(d), 1 �M MTX-R-BC-3 cells (e), 1 �M MTX-R-BC-3 cells TPA induced in the presence of MTX (f), and 1 �M MTX-R-BC-3 cells TPA induced
in the absence of MTX (g). (B) Western blot. Cellular extracts of BC-3 and 1 �M MTX-R-BC-3 cells, uninduced and TPA induced and treated
with 1 �M MTX for 48 h were analyzed. Lane 1, uninduced BC-3; lane 2, TPA induced BC-3; lane 3, BC-3 uninduced with 1 �M MTX; lane 4,
BC-3 TPA induced in the presence of 1 �M MTX; lane 5, 0.5 �M MTX-R-BC-3 cells; lane 6, 1 �M MTX-R-BC-3 cells; lane 7, TPA induced 0.5
�M MTX-R-BC-3 in the presence of MTX; lane 8, TPA induced 1 �M MTX-R-BC-3 in the presence of MTX; lane 9, TPA induced 1 �M
MTX-R-BC-3 cells in the absence of MTX; lane 10, TPA induced BJAB cells.
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duced (Fig. 4B, lane 3 and 4, respectively) and MTX-R-BC-3
cells uninduced (Fig. 4B, lanes 5 and 6) or TPA induced (Fig.
4B, lanes 7, 8, and 9). This can be attributed to the K12/kaposin
expression in low abundance during the latency. No signal was
detected in cell extracts from a control, KSHV-negative B-cell
line, BJAB (Fig. 4B, lane 10). These data indicate that 1 �M
MTX specifically inhibited the TPA induction of viral IL-6 and
kaposin protein synthesis in sensitive TPA-induced BC-3,
BC-1, and MTX-R-BC-3 cells, although in the last cells a slight
increase in kaposin protein was detectable. These results are
consistent with those obtained with Northern blot analyses.

Viral particles produced in the presence of MTX are not
infectious. In our previous experiments, although clearly re-
duced, some of the viral gene transcripts were still detectable
after TPA induction with MTX treatment. Therefore it was
essential to determine whether BC-3 cells TPA induced in the
presence of MTX could produce infectious virions. To address
this issue, SV40-BMEC were infected with supernatants ob-
tained from uninduced, TPA-induced, and TPA-induced in the
presence of 1 �M MTX BC-3 cells. SV40-BMEC overlaid with
supernatant from BJAB cells was used as a negative control; 4
�g of Polybrene (Sigma) was added to each sample to enhance
the infection (19). After 4 days, RNA was extracted, and re-
verse transcription (RT)-PCR was performed with ORF73-
specific primers. Figure 5A shows that viral transcripts could
be amplified only in cells infected with supernatant obtained
from BC-3 cells TPA induced without MTX (lane 1). No viral
transcripts were detected in cells infected with supernatant
obtained from BC-3 cells uninduced or TPA induced in the
presence of MTX (lanes 2 and 3).

Cidofovir and foscarnet have no effect on ORF50/Rta, viral
IL-6, viral GPCR, and K12/kaposin gene transcription. None
of the currently available antiherpesvirus drugs has been re-
ported to inhibit KSHV immediate-early lytic and transform-
ing genes. Therefore we examined their effect on ORF50/Rta,
viral GPCR, K12/kaposin, and viral IL-6 gene transcription in
uninduced and TPA-induced BC-3 cells treated for 48 h with
cidofovir or foscarnet, two well-known antiviral drugs which
have already been shown to inhibit viral genomic replication
and expression of KSHV late lytic genes (21, 27, 34, 40). North-
ern blots were performed to analyze the levels of ORF50/Rta,
viral GPCR, K12/kaposin, and viral IL-6 transcripts (Fig. 5B).
Since ORF50/Rta, viral GPCR, and viral IL-6 transcripts are
not detectable in the absence of TPA, the activity of cidofovir
and foscarnet could not be assessed in uninduced cells (Fig.
5B, a, b, and d, BC-3, lanes 1 and 2; BC-3 treated with cido-
fovir, lanes 5 and 6; BC-3 treated with foscarnet, lanes 9 and
10).

Although K12/kaposin is TPA inducible, low levels of tran-
scripts are visible without induction. However, no difference in
transcript levels of K12/kaposin (Fig. 5B, c) was detected
among BC-3 cells (Fig. 5B, lanes 1 and 2) and BC-3 cells
treated with cidofovir (Fig. 5B, lanes 5 and 6) or foscarnet (Fig.
5B, lanes 9 and 10). High levels of ORF50/Rta, viral GPCR,
K12/kaposin, and viral IL-6 transcripts were observed after
TPA induction, yet no difference was detected among TPA-
induced BC-3 cells (Fig. 5B, all panels, lanes 3 and 4) and
TPA-induced cells treated with cidofovir (Fig. 5B, all panels,
lanes 7 and 8) or foscarnet (Fig. 5B, all panels, lanes 11 and
12).

Human cytokine production. It has been demonstrated that
inflammatory cytokines can modulate KSHV replication (12).
Since MTX promotes adenosine release in the inflamed sites
(5) and adenosine diminishes TNF-� and other inflammatory
cytokine production (7, 44, 49), we analyzed the cytokine ex-
pression pattern of TPA-induced BC-3 cells treated with dif-
ferent doses of MTX. The cells treated with MTX showed a
dose-dependent decrease in TNF-� production, from 2-fold
with 1 nM MTX to 14-fold with 1 �M MTX compared to the
untreated controls (Table 1). In contrast, the levels of IL-10,
IL-1�, and IL-6 were not significantly different in untreated
and treated cells. The observed MTX-induced reduction in
levels of TNF-� supports the hypothesis that adenosine could
mediate this effect. Interestingly, in TPA-induced BC-3 cells,
either treated or untreated with MTX, IL-8 production was
markedly increased, presumably due to the TPA treatment.

DISCUSSION

In this study, we report a novel effect of MTX on KSHV
replication, although exactly how MTX mediates its effect at
the cellular level is not fully understood. We found that 1 �M
MTX totally prevents TPA induction of viral DNA replication
and inhibits TPA induction of transcription and expression of
lytic genes, while it does not interfere with cellular gene tran-
scription. In fact, transcript levels of c-fos, �-actin, and cellular
DHFR were identical in both MTX-treated and untreated
cells. In contrast, transcription of strictly latent viral genes is
not affected by the treatment.

KSHV encodes an immediate-early gene, ORF50/Rta, and
its expression is required to reactivate and drive the viral lytic
cycle to completion (25, 32, 33, 57). Moreover, it has been
demonstrated that viral GPCR promoter activity is dependent
on the immediate-early transactivator ORF50/Rta (26). We
show that in BC-3 cells treated with TPA in the presence of
MTX, MCP (late lytic gene, class III) transcripts were not TPA
inducible, since their levels were similar to those of the un-
treated control cells, while viral DHFR, ORF50/Rta, K12/
kaposin, viral IL-6, viral GPCR, and viral MIP II (immediate-
early and early lytic genes, class II) transcripts were expressed
at lower levels compared to the TPA-induced cells in the ab-
sence of MTX.

KSHV early lytic genes (class II) are present at very low
levels in uninduced cells; they can also autoregulate their own
expression (20, 50) or be regulated by latent genes (i.e., LANA
upregulates viral IL-6 [1]); most likely our data could reflect
these events. Although some early lytic transcripts are detect-
able after MTX treatment, under the same conditions late
structural transcripts are not present, and the virions produced
in the presence of MTX are not infectious (Fig. 5A). Further-
more, in cells treated simultaneously with TPA and MTX, no
induction of viral IL-6 and K12/kaposin expression was de-
tected by immunofluorescence assay and Western blot (Fig. 4A
and B). Similar results have been obtained in MTX-R-BC-3
cells, although the degree of inhibition was less impressive then
in the sensitive parental BC-3 cells. We could not evaluate the
expression of viral GPCR after MTX treatment because no
satisfactory antibodies are available.

In view of the kinetics of transcription of these genes,
ORF50/Rta is induced within 4 h of the chemical induction, its
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message is the first to appear, and it is resistant to cyclohexi-
mide, an inhibitor of protein synthesis, and to phosphonoacetic
acid, an inhibitor of herpesvirus DNA polymerase. Viral MIP
II and viral IL-6 transcripts appear 8 to 13 h after induction,
and viral DHFR, K12/kaposin, and viral GPCR are slightly
delayed, and the expression of all of them is inhibited by
cycloheximide but resistant to phosphonoacetic acid (58).
ORF50/Rta is a transcriptional activator of viral lytic gene
expression, and its message is the first to appear after TPA

induction. Thus, if expression of ORF50/Rta is blocked, tran-
scription of all other lytic genes downstream of ORF50/Rta is
not activated, and the entire viral lytic cascade cannot initiate.
In fact, we show that as transcription of ORF50/Rta takes
place within 24 h of chemical induction, MTX was much less
effective when added 24 after TPA induction. These results
suggest that the mechanism of MTX against KSHV differs
from that well defined as competitive inhibitor of DHFR.

Cinquina et al. (16) have shown that among several DHFR

FIG. 5. (A) RT-PCR of RNA from SV40-BMEC infected with supernatants of BC-3 cells, uninduced, TPA induced, and TPA induced in the
presence of 1 �M MTX. Polybrene was used in all samples. Primers specific for ORF73 were used, and amplified fragments were hybridized with
an internal probe. Lane 1, SV40-BMEC infected with supernatant of TPA induced BC-3; lane 2, SV40-BMEC infected with supernatant of
uninduced BC-3; lane 3, SV40-BMEC infected with supernatant of TPA induced BC-3 in the presence of MTX; lane 4, SV40-BMEC infected with
supernatant of BJAB; lane 5, SV40-BMEC without Polybrene. Lanes 6 to 10, same samples as in lanes 1 to 5, respectively, without RT. �-Actin
was used as an internal control for cDNA synthesis. (B) Northern blot analysis of RNA extracted from uninduced and TPA induced BC-3 cells
after 48 h of treatment with cidofovir (CDV) and foscarnet (PFA) and hybridized with ORF50/Rta, viral GPCR, K12/kaposin, viral IL-6, and
human �-actin probes. Samples were loaded in duplicate. Lanes 1 and 2, uninduced; lanes 3 and 4, TPA induced; lanes 5 and 6, BC-3 uninduced
and treated with 0.5 �M cidofovir; lane 7 and 8, TPA induced in the presence of 0.5 �M cidofovir; lanes 9 and 10, uninduced and treated with
0.5 mM foscarnet; lanes 11 and 12, TPA induced in the presence of 0.5 mM foscarnet.
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inhibitors, including MTX, KSHV DHFR was less sensitive
then cellular DHFR, and neither of them proved to be a
stoichiometric inhibitor with selective activity against KSHV
DHFR. They showed that the same amount of inhibitor (am-
inopterin) that blocked the enzymatic activity in vitro and cell
proliferation did not block KSHV DNA replication and late
gene expression, suggesting that viral DHFR activity is not
essential for viral replication (16). Moreover, it has been shown
by other studies that expression of early lytic genes does not
depend on viral DNA replication (58). In fact, in TPA-induced
cells, ORF50/Rta transcription occurs before viral DHFR tran-
scription; therefore, the inhibition of ORF50/Rta by MTX
cannot be secondary to the inhibition of viral DHFR. Addi-
tionally, MTX inhibits the switch from latency to TPA-induced
lytic cycle in cells resistant to MTX, confirming that the block
of lytic cycle induction is not related to inhibition of DNA
replication.

Although cultured cells become resistant to MTX by at least
four biochemical mechanisms, overproduction of cellular
DHFR is the most common. In contrast to this, our results
show that in MTX-R-BC-3 cells viral DHFR is not overex-
pressed even though a modest TPA induction of some viral
early lytic genes is detectable after long-term treatment with
MTX. This supports our hypothesis that ORF50/Rta transcrip-
tion and consequent induction of the viral lytic cycle are re-
pressed by MTX with a mechanism that is likely to differ from
its previous well defined inhibition of cellular DHFR activity.

Several pathways that transmit signals from the surface of
the cell to the transcriptional machinery control cellular tran-
scriptional regulators. We could speculate that MTX might
inactivate one of these pathways by inhibiting one or more
components of the basal transcriptional machinery; thus,
ORF50/Rta transcription cannot be activated and as a conse-
quence, the signal transduction cascade that induces entry of
KSHV into lytic cycle is blocked.

Another mechanism of action for MTX could be its capacity
to promote an increase in adenosine release (5, 17, 18). Aden-
osine inhibits the generation of chemoattractants and inflam-
matory cytokines such as IL-6, TNF-�, IL-8, and IL-1 (7, 44,
49). Their presence stimulates the production of basic fibro-
blast growth factor and VEGF, which cooperate to induce
angiogenesis and Kaposi’s sarcoma lesion formation (51, 52).
Therefore, suppression of cytokine signaling might interfere
with the switch mechanism from latency to lytic cycle, since the
disease caused by KSHV may be associated with the reactiva-

tion of latent virus. However, various doses of adenosine, rang-
ing from 100 nM to 100 �M, and TNF-�, ranging from 15 to 50
ng/ml, did not have a direct effect on viral reactivation (data
not shown).

Previous studies indicate that, although most spindle cells in
Kaposi’s sarcoma tumors are latently infected, a small subset of
cells support lytic viral replication (46, 56). Latent genes, par-
ticularly LANA, which interacts with both p53 and Rb path-
ways (22, 45), most likely are the major factors in cellular
transformation. However, increasing evidence suggests that
lytic gene expression may also play a role in tumorigenesis.
Thus, the switch of the virus from latency to lytic replication
appears to be important not only for viral propagation but also
for viral pathogenesis.

The target of all antiherpesvirus drugs is the lytic rather than
the latent cycle, and among them, foscarnet and cidofovir have
the best activity against KSHV (27, 37). However, we show that
foscarnet and cidofovir do not have any effect on ORF50/Rta
and other early lytic gene transcription. This result is not un-
expected since foscarnet and cidofovir act as inhibitors of the
viral DNA polymerase, and in the cascade of viral gene ex-
pression, early lytic genes are transcribed before viral DNA
replication. Among these early lytic genes, viral IL-6, viral
GPCR, and K12/kaposin may be particularly significant for
cellular transformation and viral pathogenesis, since in previ-
ous reports they have been demonstrated to be transforming in
mouse fibroblast assays and oncogenic in mice (2, 3, 6, 38).
Furthermore, recently it has been shown that viral GPCR
induces angioproliferative lesions in animals (61) and viral
GPCR transgenic mice develop Kaposi’s sarcoma-like lesions
(9) and that viral IL-6 can stimulate the human IL-6-induced
signaling pathways, activates secretion of VEGF, and mimics
many of the activities of human IL-6 (2, 43).

To date, MTX is the only drug that can downregulate KSHV
oncogenes and all other early lytic gene expression by down-
regulating the transcription of ORF50/Rta. Given that the
expression of these early genes may be necessary for viral
propagation and tumor development, MTX could play a role in
the future management of KSHV-associated malignancies.

Experiments designed to further assess the mechanism of
MTX in downregulation of ORF50/Rta transcription and to
determine whether the residual viral products after MTX
treatment could still sustain angiogenesis are under way.
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