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Genistein treatment of cells inhibits arenavirus infection
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bstract

Arenaviridae is a family of enveloped viruses some of which are capable of causing hemorrhagic fever syndromes in humans. In this report,
e demonstrate that treatment of host cells with the tyrosine kinase inhibitor genistein inhibits infection of cells with the New World arenavirus
ichindé (PICV). The greatest degree of inhibition was observed in pre-treated target cells, but modest inhibition of infection was also seen when
rug was added to cultures up to 48 h after infection. We show that PICV-induced phosphorylation of the activating transcription factor-2 protein
ATF-2) and cyclic adenosine monophosphate response element binding protein (CREB) is inhibited following genistein treatment. Lastly, genistein

reatment also inhibited transduction of cells with pseudotyped retrovirus particles expressing envelope proteins of the Old World arenavirus Lassa
irus. These results demonstrate that kinase activity is required for arenavirus infection and that therapeutics designed to inhibit kinase activity
hould be explored.

2007 Elsevier B.V. All rights reserved.
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Arenaviruses are enveloped, single-stranded bipartite RNA
iruses that include members capable of causing hemorrhagic
ever syndromes in humans. Because of the potential for aerosol
roduction, person-to-person spread and the ability to cause
ethal or debilitating disease in humans, several of these viruses
re currently listed as CDC biothreat agents and NIAID cat-
gory A priority pathogens. Ribavirin and supportive care are
he only therapeutic options for arenavirus hemorrhagic fevers in
umans. However, there remains a 14–19% mortality rate among
everely ill patients infected with the Old World arenavirus Lassa
LASV) despite oral or intravenous therapy (McCormick et al.,
986). Studying LASV has traditionally been difficult due to the
SL-4 laboratory restrictions and due to the fact that mice are
oor models for hemorrhagic fevers (Peters, 1997). Because of
his, we have used the Clade A New World arenavirus Pichindé
PICV), which produces a pathology in guinea pigs similar to
hat seen in human Lassa fever (Jahrling et al., 1981), as a model
ystem.
The Old World arenavirus LASV has been shown to enter
nd infect cells by binding to the cellular �-dystroglycan recep-
or (Cao et al., 1998), while no receptor has been identified
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or PICV. However, a new report demonstrated that the New
orld pathogenic arenaviruses Junin, Machupo, and Guanarito

tilize the cellular transferrin receptor 1 (TfR 1) as the receptor
Radoshitzky et al., 2007). Once these viruses have bound to the
ellular receptor, protein phosphorylation likely plays an impor-
ant role and downstream cell signaling events may be required
or priming the cell to facilitate viral replication. We have previ-
usly investigated the global kinase/phosphorylation response to
ICV infection (Bowick et al., 2007). By comparing the activity
f the macrophage kinome following PICV infection of guinea
igs, we have shown the predicted phosphorylation states of a
umber of proteins from cell surface receptors to downstream
ranscription factors. Specifically, we have observed activation
f kinases that phosphorylate ATF-2 in PICV-infected guinea
igs (Bowick et al., 2007). The transcription factor CREB, a
ember of the AP-1 transcription factors, has also been impli-

ated in cell signaling induced by PICV infection (Bowick et al.,
006). We have also shown involvement of the epidermal growth
actor receptor (EGFR), which is known to phosphorylate Eps15
Torrisi et al., 1997), and serum response factor, which lies down-
tream of the Ras/Raf/meiosis-specific serine/threonine-protein

inase (MEK) pathway, in signaling networks induced by PICV
nfection (Bowick et al., 2007). These two pathways may well
ave central roles in specific entry mechanisms (Torrisi et al.,
997).

mailto:emvela@utmb.edu
dx.doi.org/10.1016/j.antiviral.2007.09.005
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Fig. 1. PICV infection is inhibited in cells pre-treated with genistein. Vero cells
were pre-treated with 100 �M of genistein for 1 h prior to incubation with PICV
(moi 1.0). For western blot experiments, genistein remained present throughout
the experiment. (A) Genistein-treated and untreated Vero cells were infected
with PICV for 72 h and western blot analyses were performed using the follow-
ing primary antibodies: monoclonal antibody 3B3.1 (recognizes the PICV NP),
the polyclonal anti-peptide antibody GPC (59–79) (recognizes the glycoprotein
precursor (GPC) and GP1) (both donated by Dr. M. Buchmeier), and the TfR
antibody (Zymed Laboratories, Inc., San Francisco, CA). (B) Supernatants
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We aimed to determine whether inhibition of tyrosine kinase
ctivity in vitro inhibited viral entry and/or productive infec-
ion. Genistein is a tyrosine kinase inhibitor that appears to
nhibit infection of some viruses like Simian virus 40 (SV40)
Akiyama et al., 1987; Damm et al., 2005; Pelkmans et al.,
002). In this report, we employed genistein to examine the role
f cellular tyrosine kinase activity in arenavirus infection. We
ypothesize that entry and infection of the arenaviruses PICV
nd LASV requires cellular phosphorylation events. Arenavirus-
nduced tyrosine kinase activity may provide a potential target
or therapeutic strategies aimed at inhibiting arenaviral infection.

When cells were pre-treated with genistein for 1 h prior to
ddition of virus, we observed a decrease in PICV nucleoprotein
NP) and glycoprotein expression compared to untreated cells,
hich may be due an inhibition in viral infection or a reduction

n viral replication (Fig. 1A). The genistein pre-treatment did
ot alter cellular TfR levels in Vero cells. Plaque assay analyses
howed a 90% reduction in viral titers in genistein pre-treated
ero cells infected with PICV when compared to untreated or
ehicle-treated Vero cells (Fig. 1B). Sindbis virus (SIN) titers
ere not affected by genistein pre-treatment as previously shown

Lecot et al., 2005) (Fig. 1C). Moreover, using trypan blue stain-
ng, no cellular toxicity was observed in Vero cells treated with
00 �M of genistein (data not shown). We next studied whether
reating Vero cells with genistein post infection (p.i.) inhibited
iral infection. At a multiplicity of infection of 1.0, we observed
66.5% reduction in viral titers when cells were exposed to drug
eginning at time 0 relative to infection, 56.9% reduction when
ells treated with genistein 30 min p.i., and a 33.6% reduction
hen cells were treated with genistein 8 h p.i. (Fig. 1D). When
enistein was added to cultures 48 h after infection, 73% reduc-
ion in virus yield was observed (Fig. 1E). These data suggest
hat genistein treatment of cells post viral infection may inhibit
vents downstream of entry. Altogether, these data demonstrate
hat a reduction in PICV infection occurs when cells are treated
ith genistein either pre- or post-infection.
In order to further characterize the effect of genistein treat-

ent on the cellular response to PICV infection, we investigated
he effect of genistein on two transcription factors which have
een implicated in PICV infection, and on global levels of tyro-
ine phosphorylation. We assayed whole cell extracts prepared
rom uninfected Vero cells, or cells which had been infected

ith PICV with or without genistein treatment using antibodies

o phospho-ATF-2 Thr-71, phospho-CREB Ser-133, and phos-
hotyrosine. Fig. 2 shows the inhibition of phosphorylation of
he transcription factors ATF-2 and CREB following infection

rom PICV infected, genistein-treated and untreated Vero cells were harvested
2 h p.i. and analyzed by plaque assays on Vero cells. (C) Supernatants from SIN-
nfected, genistein (100 �M) pre-treated or untreated Vero cells were harvested
4 h post-infection and analyzed by plaque assay analyses on BHK-21 cells.
D) Vero cells were treated with genistein at various timepoints compared to
ICV infection (moi 1.0) and supernatants containing virus were harvested at
2 h after genistein treatment for plaque assays. (E) Vero cells were treated
ith genistein 48 h after infection, washed to remove any drug, and incubated

or an additional 48 h. Supernatants containing virus were harvested for plaque
ssays. An asterisk represents a p < 0.05 as determined by a Student’s t-test when
omparing PICV-infected cells to genistein-treated, PICV-infected cells.
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Fig. 2. Genistein has different effects on PIC virus-induced tyrosine phospho-
rylations of ATF-2, CREB, and ERK. Whole cell extracts from uninfected
Vero cells, PICV-infected Vero cells (moi 1.0, 4 h pi), or genistein-
treated/PICV-infected Vero cells were immunoblotted using antibodies against
the phosphorylated forms of ATF-2 (Thr-71), CREB (Ser-133), or ERK (Thr-202
and Tyr-204) (all purchased from Cell Signaling, Danvers, MA). In experiments
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Fig. 3. Entry of the LASV-MLV pseudotype is inhibited in genistein-treated
cells. Genistein-treated and untreated Vero cells were incubated with LASV-
MLV pseudotypes for 48 h. After the incubation, the cells were fixed with
an X-gal stain containing: 0.05 M potassium ferrocyanide and potassium fer-
ricyanide, 2 mM X-gal, and PBS. �-Gal expressing cells were counted and
expressed as colony forming units/ml (CFU/ml). (A) Vero cells were treated
with various concentrations of genistein for 1 h and infected with the LASV-
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nvolving genistein, cells were pre-treated with 100 �M of genistein for 1 h
rior to the addition of PICV and drug remained in the culture throughout the
xperiment.

nd treatment with genistein, compared to infection alone. Total
evels of phosphotyrosine were also reduced in genistein-treated
nfected cells compared to untreated infected cells (data not
hown). Interestingly, levels of phosphorylated ERK (p42 and
44 MAPK) were not inhibited by genistein treatment; con-
ersely pERK levels appeared to increase in genistein-treated,
nfected cells (Fig. 2).

To determine whether genistein inhibits the entry of the
ld World arenavirus LASV, we utilized a replication-deficient
ASV-MLV retroviral pseudotype system. Pseudotypes were
enerated by co-transfecting 293FT cells using the TransIT-LT-
transfection method with the following plasmids: the pLGP
hich encodes the LASV(Josiah) complete glycoprotein (GPC)

nvelope (donated by Dr. M. Buchmeier, The Scripps Research
nstitute, CA), the pGAG-POL encoding the MLV gag/pol
Kolokoltsov et al., 2005) (a gift from Dr. R. Davey, UTMB,
alveston, TX), and the p� �-gal plasmid encoding the �-
alactosidase marker gene construct (Strategene, La Jolla, CA).
arker gene expression in pseudotype transduced Vero cells was

nhibited by genistein in a dose dependent manner (Fig. 3). How-
ver, LASV-MLV transduction was not affected by pre-treating
ells with 0.1% DMSO (the genistein carrier) indicating that
he inhibition observed was due to the drug and not the carrier.
verall, these results suggest that LASV entry requires tyrosine
inase activity.

We have previously shown that PICV infection of guinea pigs

esulted in ERK phosphorylation and an activation of kinases
hat phosphorylate ATF-2 in guinea pig peritoneal cells sequen-
ial days after infection (Bowick et al., 2007). Here, we show
hat PICV infection induces ATF-2 phosphorylation in cultured

t
e
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LV pseudotype. (B) Vero cells were treated with 100 �M of genistein or 0.1%
MSO and transduced with the LASV-MLV pseudotype. An asterisk represents
p < 0.05 as determined by a Student’s t-test.

ells and that this phosphorylation is sensitive to genistein. We
ave also shown in this study that PICV infection results in
hosphorylation of CREB (cAMP response element binding).
he transcription factor CREB binds to cAMP response ele-
ents in DNA. This protein has been implicated in a cellular

ignaling network induced by PICV infection (Bowick et al.,
006). The reduced serine phosphorylation observed following
enistein treatment could be due to reduced upstream activation
r genistein-mediated inhibition of tyrosine phosphorylation of
pstream signaling intermediates. The increased phosphoryla-
ion of ERK1 and ERK2 seen following genistein treatment and
nfection could be as a result of other genistein-mediated effects
ctivating the ERK pathway, or as a result of genistein inhibiting
n ERK antagonistic pathway. However, the lack of a reduction
n ERK phosphorylation demonstrates that there is a degree of
pecificity to the kinase inhibition mediated by genistein.

Results from our study suggest that arenavirus entry events,
s well as later events in the viral life cycle, are inhibited by
enistein. The fact that a moderate degree of virus inhibition was
bserved when cultured cells infected at a high moi and treated at
arious time points post-infection offers some support for ther-
peutic potential of this approach. A published report utilized
uinea pigs to demonstrate the use of genistein for the treat-
ent of allergic inflammation without causing any detrimental

ffects on the animals (Duan et al., 2003). Thus, we can poten-

ially utilize the LASV and PICV-guinea pig model to study the
ffects of genistein in vivo. Future studies will focus on deter-
ining which specific tyrosine kinases genistein inhibits during

renaviral infection and the drug efficacy in an animal model.
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ltogether, this study demonstrates that tyrosine kinase activity
s required for cellular infection with the arenaviruses LASV
nd PICV, and may lead to a design of potential anti-arenavirus
herapeutics aimed at disrupting cellular tyrosine kinase activity.
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