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Reovirus cell entry is initiated by viral attachment to cell surface glycans and junctional adhesion molecule
A. Following receptor engagement, reovirus is internalized into cells by receptor-mediated endocytosis using a
process dependent on (31 integrin. Endocytosed virions undergo stepwise disassembly catalyzed by cathepsin
proteases, followed by endosomal membrane penetration and delivery of transcriptionally active core particles
into the cytoplasm. Cellular factors that mediate reovirus endocytosis are poorly defined. We found that both
genistein, a broad-spectrum tyrosine kinase inhibitor, and PP2, a specific Src-family kinase inhibitor, diminish
reovirus infectivity by blocking a cell entry step. Although neither inhibitor impedes internalization of reovirus
virions, both inhibitors target virions to lysosomes. Reovirus colocalizes with Src during cell entry, and
reovirus infection induces phosphorylation of Src at the activation residue, tyrosine 416. Diminished Src
expression by RNA interference reduces reovirus infectivity, suggesting that Src is required for efficient
reovirus entry. Collectively, these data provide evidence that Src kinase is an important mediator of signaling
events that regulate the appropriate sorting of reovirus particles in the endocytic pathway for disassembly and

cell entry.

Viral replication is initiated by engagement of target cell
receptors by viral capsid components. This initial contact elicits
alterations in the virus, cell, or both that promote viral entry.
For some viruses, receptor binding alone appears to activate
the membrane-penetration machinery required to invade at
the cell surface. For others, receptor-linked signaling events
lead to internalization, which allows exposure to acidic pH or
host enzymes required for viral penetration into the cytosol.
How viruses induce cellular uptake and traffic in the endocytic
compartment is important for an understanding of viral tissue
tropism and may foster the development of antiviral therapeu-
tics that target critical nodes in the viral entry process.

Mammalian orthoreoviruses (reoviruses) are nonenveloped
double-stranded RNA (dsRNA) viruses that belong to the
Reoviridae family, which includes the human pathogen rotavi-
rus and the livestock pathogens African horse sickness virus
and bluetongue virus. Reoviruses have a broad host range and
infect most mammalian species (58). In newborn mice, reovi-
ruses infect the intestine, heart, liver, lung, and central nervous
system (67). Junctional adhesion molecule A (JAM-A) serves
as a receptor for all reovirus serotypes (6, 13, 28). Following
attachment to JAM-A, reovirus utilizes 1 integrins (38, 39) to
enter cells, likely by clathrin-dependent endocytosis (9, 26, 39,
52, 61). After internalization, reovirus undergoes proteolytic
disassembly mediated by endosomal cathepsin proteases (25,
40, 61). Cathepsin proteolysis results in removal of outer cap-
sid-protein o3 and cleavage of pl protein into particle-associ-
ated fragments d and ® (4, 10), yielding infectious subvirion
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particles (ISVPs). The ol attachment protein is subsequently
shed, and the .1 cleavage products mediate endosomal mem-
brane penetration and release of transcriptionally active core
particles into the cytoplasm (14, 15, 21, 43, 44).

The intracellular compartment in which reovirus disassem-
bly occurs has not been conclusively identified. Late endo-
somes or lysosomes likely serve as disassembly sites, as these
organelles are acidic and contain cathepsins (64). How reovirus
is targeted to intracellular compartments used for disassembly
also is poorly understood. Asparagine-proline-any residue-
tyrosine (NPXY) motifs in the 81 integrin cytoplasmic tail are
required for efficient reovirus infection. Moreover, mutation of
the NPXY tyrosine residues to phenylalanine targets the virus
to lysosomes for degradation (38). However, the mechanism by
which B1 integrin NPXY motifs promote reovirus entry is not
known.

The Src family of kinases contains eight members, Blk, Fgr,
Fyn, Hck, Lck, Lyn, Src, and Yes, three of which, Fyn, Src, and
Yes, are expressed in most cell types (62). Src is the prototype
member of the Src family initially identified to be the onco-
protein of Rous sarcoma virus (12, 49). Src-family kinases
contain six distinct functional domains: a myristylation domain
that mediates interaction with the plasma membrane; a unique
domain; Src homology (SH) domains 2 and 3, which regulate
protein-protein interactions; a kinase domain that contains an
autophosphorylation site (Y416 in Src); and a carboxy-terminal
domain that includes a regulatory tyrosine (Y527 in Src) (56).
Src activity is regulated by phosphorylation at residues Y416
and Y527. Phosphorylation of Y527 by the cytoplasmic kinase
Csk maintains Src in an inactive conformation (18, 42, 45).
Dephosphorylation of residue Y527, in parallel with Y416
autophosphorylation and conformational rearrangement,
results in Src activation (11, 18, 47).

Src-family kinases regulate numerous cellular processes, in-
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cluding proliferation, differentiation, migration, adhesion, and
cytoskeletal rearrangements (62). Src kinases transduce signals
from a variety of receptors, including the epithelial growth
factor receptor, fibroblast growth factor receptor, and vascular
endothelial growth factor receptor (23, 31, 41, 54). These en-
zymes also mediate cell entry of both enveloped viruses, e.g.,
human immunodeficiency virus (HIV) (63) and Kaposi’s sar-
coma-associated herpesvirus (KSHV) (65), and nonenveloped
viruses, e.g., coxsackievirus (19) and avian reovirus (48). How-
ever, mechanisms used by Src kinases to promote viral entry
are not fully understood.

In this study, we found that genistein, a broad-spectrum
tyrosine kinase inhibitor, and PP2, a specific Src-family kinase
inhibitor, diminish reovirus infectivity by inhibiting an early
step in the viral life cycle resulting in improper targeting of
incoming virions to lysosomes. At early times following infec-
tion, Src colocalizes with reovirus virions and is phosphorylated
at Y416, suggesting that reovirus induces activation of Src
during entry. Reduction of Src expression by RNA interfer-
ence (RNAI) results in decreased reovirus infectivity. These
findings suggest that Src coordinates a signaling network that
targets reovirus to endocytic organelles for viral disassembly
and thus promotes functional entry into host cells.

MATERIALS AND METHODS

Cells, viruses, chemical inhibitors, and antibodies. Spinner-adapted murine
1929 cells were grown in either suspension or monolayer cultures in Joklik’s
modified Eagle’s minimal essential medium (SMEM; Lonza) supplemented to
contain 5% fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine (Invitro-
gen), 100 U of penicillin per ml, 100 pg of streptomycin per ml (Invitrogen), and
0.25 mg amphotericin B per ml (Sigma). HeLa CCL2 cells (obtained from
Carolyn Coyne, University of Pittsburgh) were grown in Dulbecco’s modified
Eagle’s medium (DMEM,; Invitrogen) supplemented to contain 10% FBS, min-
imal essential medium nonessential amino acid solution (Sigma), 0.11 mg sodium
pyruvate (Sigma) per ml, penicillin, streptomycin, and amphotericin B. Human
embryonic kidney 293T (293T) cells were maintained in DMEM supplemented
to contain 10% FBS, penicillin, streptomycin, and amphotericin B.

Reovirus type 1 Lang (TIL) is a laboratory stock strain. Working stocks of
virus were prepared by plaque purification and passage using 1.929 cells (68).
Purified virions were generated from second-passage 1.929 cell lysate stocks.
Virus was purified from infected cell lysates by Freon extraction and CsCl
gradient centrifugation as described previously (30). The band corresponding to
the density of reovirus particles (1.36 g/cm?) was collected and dialyzed exhaus-
tively against virion storage buffer (150 mM NaCl, 15 mM MgCl,, 10 mM
Tris-HCI [pH 7.4]). The reovirus particle concentration was determined from the
equivalence of 1 unit of optical density at 260 nm to 2.1 X 10'? particles (59).
Viral titers were determined by plaque assay using 1.929 cells (68). ISVPs were
generated by treating 2 X 10'! particles with 20 g of a-chymotrypsin (Sigma) in
a 100-pl volume of virion storage buffer at 37°C for 60 min (3). Reactions were
stopped by the addition of 2 mM phenylmethylsulfonyl fluoride (PMSF; Sigma).

Genistein, PP2, and U0126 (Calbiochem) were resuspended in dimethyl sul-
foxide (DMSO) according to the manufacturer’s instructions. The immunoglob-
ulin G (IgG) fraction of rabbit antiserum raised against T1L (69) was purified by
protein A-Sepharose as described previously (5). Phosphotyrosine 416 (phospho-
Y416)-specific Src antibody, phosphotyrosine 527 (phospho-Y527)-specific Src
antibody, total Src clone 36D10 antibody (Cell Signaling Technology), JAM-A-
specific monoclonal antibody (provided by Charles Parkos, Emory University),
human B1 integrin-specific monoclonal antibody MAB2253Z (Millipore), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH)-specific antibody (Sigma), ly-
sosome-associated membrane protein 1 (LAMP1)-specific antibody (Abcam),
and actin-specific antibody (Santa Cruz Biotechnology) were used in indirect
immunofluorescence and immunoblotting assays. Alexa Fluor-conjugated anti-
bodies (Invitrogen) were used as secondary antibodies.

Src-EGFP plasmid. A ¢cDNA encoding murine Src was a gift from Carolyn
Coyne. Enhanced green fluorescent protein (EGFP) was fused to the carboxy
terminus of Src by sublconing Src into pEGFP-N1 (Clontech) by PCR amplifi-
cation using Platinum Pfx (Invitrogen) and Src-FWD (CGACGAATTCACCA
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TGGGCAGCAACAAGAGCAAGC) and Src-REV (ATCACGAGGGATCCA
TAGGTTCTCCCCGGGCTGG) oligonucleotide primers. PCR amplification
was followed by restriction enzyme digestion and insertion of the Src fragment
into the EcoRI and BamHI sites of pEGFP-N1. A linker was inserted between
the carboxy terminus of Src and amino terminus of EGFP to preserve native Src
localization and access to Y527 (23). The plasmid sequence was confirmed to
ensure fidelity of cloning.

Fluorescent focus assay. HeLa cells plated in 24-well plates (Costar) were
either untreated or treated with DMSO or chemical inhibitor at 37°C for 1 h.
Cells were adsorbed with reovirus virions or ISVPs in incomplete medium (with-
out serum) at various multiplicities of infection (MOIs) in the presence of
DMSO or chemical inhibitor at room temperature for 1 h. The inoculum was
removed, cells were washed once with PBS, and complete medium with or
without chemical inhibitor was added. Infected cells were incubated at 37°C for
20 h to allow a single cycle of viral replication. Cells were fixed with cold absolute
methanol at —20°C for at least 30 min, washed with phosphate-buffered saline
(PBS), incubated with PBS-bovine serum albumin (BSA; 5%) for 15 min, and
incubated with reovirus-specific polyclonal antiserum (1:1,000) in PBS containing
0.5% Triton X-100 (PBS-TX) at room temperature for 1 h. Cells were washed
twice with PBS and incubated with Alexa Fluor 488- or 546-labeled anti-rabbit
1gG (1:1,000) in PBS-TX at room temperature for 1 h. Nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were visualized by in-
direct immunofluorescence using an Axiovert 200 fluorescence microscope (Carl
Zeiss). Infected cells (fluorescent focus units [FFU]) were identified by diffuse
cytoplasmic fluorescence staining. Reovirus-infected cells were quantified by
scoring either entire wells or random fields in equivalently confluent monolayers
for three to five fields of view for triplicate wells (5).

Virus replication. Monolayers of HeLa CCL2 cells in 24-well plates were
treated with DMSO or chemical inhibitor at 37°C for 1 h and adsorbed in
triplicate with reovirus at an MOI of 0.01 PFU per cell at room temperature for
1 h in incomplete medium containing DMSO or chemical inhibitor. Cells were
washed once with PBS and incubated in medium with serum and DMSO or
chemical inhibitor for 0 or 24 h. Cells were frozen and thawed twice prior to
determination of viral titer by plaque assay (68).

Cell viability. HeLa CCL2 cells in 24-well plates were treated with DMSO or
chemical inhibitor at 37°C for 24 h, washed once with PBS, lifted from the plate
with 0.05% trypsin EDTA (Invitrogen), and resuspended in DMEM supple-
mented to contain 0.067% trypan blue (Cellgro). Cells were enumerated using a
hemocytometer, excluding cells showing blue staining, before and after chemical
inhibitor treatment.

Flow cytometry. HeLLa CCL2 cells were treated with DMSO, 100 uM genistein,
or 5 uM PP2 at 37°C for 1 h and washed once with PBS. Cells were detached
from the plate with Cellstripper (Cellgro) at 37°C, quenched with fluorescence-
activated cell sorter (FACS) buffer (PBS with 2% fetal bovine serum), pelleted
at 1,000 X g, washed once with PBS, and pelleted a second time at 1,000 X g.
Cells were adsorbed with 10° reovirus particles per cell at 4°C for 1 h in the
presence of DMSO, 100 uM genistein, or 5 wM PP2. After adsorption, cells were
washed once in FACS buffer, pelleted, and stained in FACS buffer with reovirus-
specific polyclonal antiserum, B1 integrin-specific antibody (MAB2253Z), human
JAM-A-specific antibody (J10.4), or Alexa Fluor-conjugated IgG as a negative
control at 4°C for 30 min. Cells were washed twice in FACS buffer, pelleted,
stained in FACS buffer containing Alexa Fluor-conjugated antisera at 4°C for 30
min, pelleted, washed twice in FACS buffer, and fixed in FACS fix (PBS with 1%
electron microscopy grade paraformaldehyde [Electron Microscopy Sciences]).
Cell staining was quantified using FlowJo software.

Confocal microscopy of reovirus internalization. HeLa cells were plated on
no. 1.5 glass coverslips (Thermo Scientific) in 24-well plates and incubated with
incomplete medium in the presence of DMSO or chemical inhibitor at 37°C for
1 h, followed by incubation at 4°C for 1 h (39). Virus was adsorbed at 4°C for 1 h,
the inoculum was removed, and cells were washed three times with PBS, either
fixed with 10% formalin or supplemented with complete medium with DMSO or
chemical inhibitor, and incubated at 37°C for various intervals. Cells were
washed once with PBS and fixed for 20 min with 10% formalin, quenched with
0.1 M glycine, and washed three times with PBS. Cells were incubated with 1%
Triton X-100 for 5 min and PBS-BGT (PBS, 0.5% BSA, 0.1% glycine, 0.05%
Tween 20) for 10 min. Cells were incubated with reovirus-specific polyclonal
antiserum (1:1,000) in PBS-BGT for 1 h, washed with PBS-BGT, and incubated
with Alexa Fluor 488 or Alexa Fluor 546 IgG (1:1,000) or phalloidin conjugated
to Alexa Fluor 546 (1:100; Invitrogen) in PBS-BGT for 1 h. Nuclei were visual-
ized by incubating cells with TO-PRO-3 stain (Invitrogen) conjugated to Alexa
Fluor 642 (1:1,000) in PBS-BGT for 20 min. Cells were washed with PBS-BGT,
and coverslips were removed from wells and placed on slides using Aqua-Poly/
Mount mounting medium (Polysciences, Inc.). Images were captured using a
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Zeiss LSM 510 Meta laser scanning confocal microscope. Internalized particles
were quantified by counting the number of green particles within the boundary
of a cell, which was established by phalloidin staining of the cell periphery.

Src distribution was visualized by transfecting cells plated on glass coverslips in
24-well plates with pEGFP-N1 or pEGFP-Src using Fugene 6 reagent (Roche),
according to the manufacturer’s instructions. Following incubation for 48 h, cells
were chilled, infected, and prepared for confocal microscopy.

Colocalization analysis was performed using the profile function of Zeiss LSM
Image software. Intracellular 20-um-long sections were selected. Fluorescence
peaks with mean fluorescence intensities (MFIs) of =50 were scored positive for
each fluorescence channel. Areas of overlapping fluorescence peaks with MFIs
of =50 were interpreted as colocalization.

Immunoblot analysis. Cells were incubated in incomplete medium at 37°C
overnight and either mock infected or adsorbed with reovirus at an MOI of 100
PFU/cell in serum-free medium at 37°C for 1 h. Cells were incubated in incom-
plete medium at 37°C for 0, 30, or 60 min, immediately chilled, and washed once
in ice-cold PBS. Total cell lysates were prepared using RIPA buffer (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium
dodecyl sulfate, 0.1% sodium deoxycholate), and protein concentration was
determined using the DC protein assay (Bio-Rad). Lysates were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) in 4 to 20% gradient poly-
acrylamide gels (Bio-Rad) and transferred to 0.2-pm-pore-size Protran nitrocel-
lulose membranes (Millipore). Membranes were incubated for 1 h in blocking
buffer (Tris-buffered saline [TBS] with 5% powdered milk), followed by incuba-
tion with primary antibodies specific for Y416 Src, Y527 Src, total Src, GAPDH,
or actin in TBS-T (TBS with 0.1% Tween 20) at 4°C overnight with gentle
agitation. Membranes were washed with TBS-T three times for 5 min each time
and incubated for 1 to 2 h with secondary antibodies conjugated to Alexa Fluor
dyes diluted 1:1,000 in TBS-T at room temperature. Following three 5-min
washes with TBS-T, membranes were rinsed twice with double-distilled water
and scanned using an Odyssey imaging system (LI-COR). Blots were quantified
by optical densitometry (OD) using Odyssey software (version 3.0; LI-COR).

RNA interference. Sequence-specific short hairpin RNA (shRNA) constructs
complementary to JAM-A (catalog no. 16015), Src (catalog no. 262795), and
GAPDH and a nonspecific (scrambled) shRNA were obtained from Open Bio-
systems (Thermo Scientific). Lentiviruses encoding each shiRNA were generated
by triple transfection of each shRNA, lentiviral gag/pol (provided by Jim Chap-
pell, Vanderbilt University), and vesicular stomatitis virus G (provided by David
Everly, Rosalind Franklin University) into 293T cells using the Fugene 6 reagent.
After incubation for 24 h, the medium was replaced and cells were incubated at
32°C for 24 h. Medium containing lentivirus was removed from cells and clarified
by centrifugation at 1,000 X g for 5 min.

Cells stably expressing each shRNA construct were produced by transfection
with Fugene 6 reagent or transduction with siRNA-encoding lentivirus with 5 pg
per ml Polybrene (Millipore) for 24 h. Cells were maintained in medium sup-
plemented to contain 1 pg per ml puromycin (Sigma) and screened for target
protein expression by immunoblotting at each passage until maximum knock-
down was observed. Cells were adsorbed with reovirus virions or ISVPs and
scored for infection by immunofluorescence.

Statistical analysis. Mean values for at least triplicate samples were compared
using paired (normalized data) or unpaired (nonnormalized data) Student’s ¢
tests applied in Prism software (GraphPad). P values of <0.05 were considered
to be statistically significant.

RESULTS

Reovirus infection is inhibited by genistein and PP2. To
determine whether Src-family kinases are required for reovirus
infection, we assessed the effect on reovirus infectivity of ge-
nistein, a small-molecule inhibitor of tyrosine-specific protein
kinases (1), and PP2, a small-molecule inhibitor of Src-family
kinases (33). HeLa CCL2 cells were incubated in the presence
of vehicle control (DMSO) or increasing concentrations of
genistein (Fig. 1A) or PP2 (Fig. 1B) for 1 h, adsorbed with
reovirus, and scored for infectivity by indirect immunofluores-
cence. Genistein and PP2 demonstrated dose-dependent re-
ductions in the number of infected cells, reaching a threshold
at concentrations of 100 uM genistein and 5 wM PP2. These
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concentrations of genistein and PP2 were used for the remain-
der of the experiments in the study.

To determine whether genistein or PP2 inhibits reovirus
replication, HeLa CCL2 cells were incubated with DMSO,
genistein, PP2, or 10 uM U0126, an extracellular signal-regu-
lated kinase (ERK)-specific small-molecule inhibitor, for 1 h
and adsorbed with reovirus. Viral titers were determined at 0
and 24 h by plaque assay (Fig. 1C). Genistein and PP2 inhib-
ited reovirus growth by greater than 10-fold at 24 h postinfec-
tion, whereas U0126 did not alter reovirus replication. To
confirm that genistein and PP2 do not impair reovirus growth
as a consequence of cytotoxicity, HeLa CCL2 cells were incu-
bated in the presence of increasing concentrations of genistein
or PP2 for 24 h, stained with trypan blue, and enumerated (Fig.
1D). Cell numbers were equivalent following treatment with
DMSO or increasing concentrations of PP2. Treatment with
100 pM or 200 M genistein inhibited cell proliferation but
did not cause significant cell death. These results suggest
that tyrosine-specific protein kinases, and perhaps Src kinases in
particular, are required for efficient reovirus replication.

Genistein and PP2 inhibit reovirus infection at an early step
in viral replication. To gauge the temporal window in which
genistein and PP2 inhibit reovirus replication, HeLa CCL2
cells were incubated in the presence of DMSO, genistein, or
PP2 for 1 h prior to adsorption or for various intervals there-
after, adsorbed with reovirus, and scored for infection by in-
direct immunofluorescence (Fig. 2A and data not shown). As
before, addition of genistein or PP2 prior to infection de-
creased the number of infected cells. In contrast, addition of
genistein or PP2 to cells at intervals greater than or equal to 1 h
after infection minimally altered reovirus infectivity. These
results suggest that genistein and PP2 inhibit reovirus infection
at an early step in the infectious cycle coincident with virus
entry.

Like reovirus virions, ISVPs must bind cell surface receptors
to infect cells (6), but in contrast to virions, ISVPs likely enter
cells by direct penetration at the plasma membrane (9) and do
not require proteolytic processing (9, 61). As such, ISVPs do
not require sorting into an endocytic compartment for disas-
sembly. To determine whether genistein or PP2 alters infection
by ISVPs, HeLLa CCL2 cells were treated with DMSO, genis-
tein, or PP2 for 1 h, adsorbed with reovirus virions or ISVPs,
and scored for infectivity by indirect immunofluorescence (Fig.
2B). Treatment with genistein or PP2 decreased the number of
infected cells following adsorption with virions. In contrast,
treatment with genistein or PP2 minimally decreased the num-
ber of infected cells following adsorption with ISVPs. These
results suggest that genistein and PP2 act to inhibit a step in
the infectious cycle that differs between virions and ISVPs,
most likely uptake or sorting in the endocytic compartment.
Moreover, these results provide additional evidence that ge-
nistein and PP2 do not inhibit reovirus infection by virtue of
nonspecific cytotoxicity.

Reovirus attachment to cells is not affected by genistein or
PP2. JAM-A serves as a reovirus receptor and is required for
infection of a variety of cell types (2, 6). Following viral attach-
ment to JAM-A, B1 integrin mediates internalization of reo-
virus particles into cells (38, 39). To determine whether genis-
tein and PP2 alter the cell surface expression of JAM-A or B1
integrin, HeLa cells were incubated with DMSO, genistein, or
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FIG. 1. Genistein and PP2 inhibit reovirus infectivity. HeLa CCL2
cells were incubated with vehicle control (DMSO) or the indicated
concentrations of genistein (A) or PP2 (B) for 1 h prior to adsorption
with reovirus at an MOI of 1 PFU/cell. The inoculum was removed,
and cells were incubated at 37°C for 20 h, fixed, and stained by indirect
immunofluorescence. Infected cells were quantified in four fields of
view for triplicate samples. Results are expressed as percent infectivity
relative to the level of infectivity for DMSO-treated cells. Error bars
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FIG. 2. Genistein and PP2 inhibit reovirus within the first hour of
infection. (A) HeLa CCL2 cells were incubated with DMSO, 100 puM
genistein, or 5 wM PP2 for 1 h prior to adsorption (left side of graph)
or 1 h following adsorption (right side of graph) with reovirus at an
MOI of 0.01 PFU/cell. The inoculum was removed, and cells were
incubated at 37°C for 20 h, fixed, and stained by indirect immunoflu-
orescence. Infected cells were quantified in four fields of view for
triplicate samples. Results are expressed as percent infectivity relative
to the level of infectivity for DMSO-treated cells. Error bars indicate
standard deviations. *, P < 0.0001 in comparison to DMSO-treated
cells; #*, P = 0.0004 in comparison to DMSO-treated cells. (B) Cells
were treated with DMSO, 100 wM genistein, or 5 wM PP2 for 1 h prior
to adsorption with reovirus virions at an MOI of 0.01 PFU/cell or
ISVPs at an MOI of 0.001 PFU/cell. The inoculum was removed, and
cells were incubated at 37°C for 20 h, fixed, and stained by indirect
immunofluorescence. Infected cells were quantified in four fields of
view for triplicate samples. Results are expressed as percent infectivity
relative to the level of infectivity for DMSO-treated cells. Error bars
indicate standard deviations. *, P < 0.0001 in comparison to DMSO-
treated cells; **, P = 0.011 in comparison to DMSO-treated cells.

PP2 for 1 h and stained with antibodies specific for JAM-A
(Fig. 3A) or B1 integrin (Fig. 3B). Cell surface levels of JAM-A
and B1 integrin were not altered by either inhibitor, suggesting
that the attachment and internalization mediators are not al-
tered by kinase inhibitor treatment. To determine directly
whether genistein and PP2 inhibit reovirus infection by imped-
ing reovirus attachment, HeLLa CCL2 cells were incubated with

indicate standard deviations. *, P < 0.0001 in comparison to DMSO-
treated cells. (C) HeLa CCL2 cells were treated with DMSO, 100 puM
genistein, 5 pM PP2, or 10 pM UO0126 for 1 h and adsorbed with
reovirus at an MOI of 0.01 PFU/cell. Viral titers were determined at 0
and 24 h. Results are expressed as viral titers for each chemical inhib-
itor for triplicate samples. Error bars indicate standard deviations. *,
P < 0.0001 in comparison to DMSO-treated cells. (D) HeLa CCL2
cells were incubated in the presence of DMSO or the indicated con-
centrations of genistein or PP2 at 37°C for 24 h. Cell viability was
assessed for four wells of cells per condition by trypan blue staining.
Error bars indicate standard deviations.
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PP2 for 1 h, chilled, and adsorbed with 10,000 particles of reovirus per cell or were mock infected at 4°C for 1 h. Cells were stained with
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DMSO, genistein, or PP2 for 1 h and tested for reovirus bind-
ing using flow cytometry (Fig. 3C). Neither genistein nor PP2
altered the capacity of reovirus to bind to cells. Together, these
data suggest that genistein and PP2 do not inhibit reovirus
infection by impairing viral attachment to the cell surface.

Internalization of reovirus virions is not inhibited by genis-
tein or PP2. To determine whether genistein or PP2 blocks
internalization of reovirus virions, HeLLa CCL2 cells were in-
cubated with DMSO, genistein, or PP2 at 37°C for 1 h, chilled
at 4°C, infected with reovirus virions, and warmed to 37°C.
After 20 min incubation, cells were imaged for reovirus, actin,
or nuclei by confocal microscopy (Fig. 4). Reovirus particles
were observed in cells incubated with DMSO (Fig. 4A), genis-
tein (Fig. 4B), and PP2 (Fig. 4C). Quantification of the fluo-
rescence intensity of the confocal micrographic images re-
vealed no differences in the number of particles internalized
into cells treated with DMSO or either inhibitor (Fig. 4D).
These results suggest that genistein and PP2 do not impair
uptake of reovirus particles into cells.

Genistein and PP2 route reovirus to lysosomes. Substitution
of tyrosine residues with phenylalanine in the NPXY motifs in
the B1 integrin cytoplasmic tail results in aberrant targeting of
reovirus particles to lysosomes (39). To determine whether
genistein or PP2 alters the distribution of reovirus virions in
the endocytic pathway, HeLa CCL2 cells were incubated with
DMSO, genistein, or PP2 for 1 h, chilled at 4°C, infected with
reovirus, and warmed to 37°C. After 60 min incubation, cells
were imaged for the lysosomal marker LAMPI, reovirus, or
nuclei by confocal microscopy. In cells treated with DMSO
(Fig. 5A), the bulk of internalized reovirus particles did not
distribute to lysosomes. In contrast, treatment of cells with
either genistein (data not shown) or PP2 led to increased
distribution of reovirus virions to these organelles (Fig. 5B).

The pixel intensity profile of LAMP1-positive areas of cells
incubated with DMSO (Fig. 5C) showed little overlap with the
profile of reovirus particles (green line) in structures that
stained for LAMP1 (red line). In contrast, cells incubated with
PP2 (Fig. 5D) showed substantial overlap between the reovirus
and LAMP1 spectra, suggesting substantial colocalization.
Quantification of the spectral overlap showed increased colo-
calization of reovirus particles with LAMP1 in genistein- and
PP2-treated cells in comparison to those treated with DMSO
(Fig. 5E). Thus, genistein and PP2 lead to aberrant transport
of reovirus particles to lysosomes, which is a nonproductive
pathway of viral entry.

Src is activated following reovirus infection. Activation of
Src kinase is biochemically marked by dephosphorylation of
Y527 and subsequent phosphorylation of Y416 (11, 18, 47). To
determine whether Src is activated following reovirus infec-
tion, HeLa CCL2 cells were incubated in serum-free medium
overnight and adsorbed with reovirus. At 0, 30, and 60 min
postadsorption, whole-cell lysates were prepared, and levels of
phospho-Y416 Src, phospho-Y527 Src, total Src, and actin
were assessed by immunoblotting (Fig. 6). In comparison to
mock-infected cells, levels of phospho-Y416 Src were in-
creased at 30 and 60 min following infection with reovirus. In
these experiments, activated Src levels peaked at 30 min after
infection, with levels reaching approximately 3-fold greater
than those observed following mock infection. Phospho-Y527
and total Src levels remained largely unchanged throughout
the time course. The increased levels of phospho-Y416 without
a concomitant decrease in levels of phospho-Y527 suggest that
reovirus induces localized activation of Src at early times of
infection but does not change the activation state of the entire
intracellular Src pool.
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FIG. 4. Internalization of reovirus particles is not altered by genistein or PP2. HeLa CCL2 cells were incubated with DMSO (A), 100 uM
genistein (B), or 5 wuM PP2 (C) for 1 h, chilled, and adsorbed with 20,000 reovirus particles per cell at 4°C for 1 h. The inoculum was removed,
and cells were incubated at 37°C for 20 min, fixed, stained for actin (red), reovirus (green), and nuclei (blue), and imaged by confocal microscopy.
Insets depict enlarged areas of the boxed regions. Representative digital fluorescence images of cells are shown. Scale bars, 10 pm. (D) Quan-
tification of internalized reovirus particles in single planes of view for 8 to 11 cells per condition. Error bars indicate standard deviations.

Reovirus distributes with Src during cell entry. To define
the cellular distribution of Src and reovirus during cell entry,
HeLa CCL2 cells were transfected with a plasmid encoding
Src-EGFP. At 48 h after transfection, cells were chilled at 4°C,
infected with reovirus, and imaged by confocal microscopy
after 0, 20, and 60 min incubation (Fig. 7). Inactive Src is
maintained in a perinuclear compartment (35, 36), whereas
activated Src localizes mostly at the cell periphery (35, 36). At
0 min postinfection, reovirus virions were observed predomi-
nantly at the cellular periphery and showed little colocalization
with Src. At 20 min postinfection, reovirus particles were de-
tected in the cytoplasm and colocalized with Src at both pe-
ripheral and perinuclear sites (Fig. 7A, insets). By 60 min
postinfection, most reovirus virions were observed in the cyto-
plasm and colocalized with Src (Fig. 7A, insets). Quantification
of the fluorescence intensity of the confocal micrographic im-
ages indicates that the colocalization of reovirus particles with
Src increases as the entry process progresses, with the majority
of viral particles codistributing with Src by 20 min (Fig. 7B).
These data suggest that reovirus and Src distribute to the same
intracellular compartment at early times of infection.

Src is required for efficient reovirus infection. To determine
whether Src is required for reovirus infection, we used RNA
interference to diminish Src expression. Cells stably trans-
fected with scrambled, GAPDH, JAM-A, and Src shRNAs
were assessed for Src and actin levels by immunoblotting (Fig.
8A). Cells stably expressing Src sShRNA showed about a 60%

decrease in Src protein levels. Levels of Fyn and Yes were
unaffected in the shRNA-expressing cells (data not shown),
suggesting that the knockdown observed in the Src shRNA-
expressing cells was specific for Src and not other Src family
members. Flow cytometric analysis revealed no effect of the
Src shRNA on expression of JAM-A at the cell surface (data
not shown), although as anticipated, cells expressing JAM-A
shRNA had decreased levels of cell surface JAM-A (data not
shown). HeLa CCL2 cells stably expressing scrambled,
GAPDH, JAM-A, or Src shRNA were infected with reovirus
virions or ISVPs and scored for infectivity by indirect immu-
nofluorescence (Fig. 8B). Expression of JAM-A or Src shRNA
yielded 51% and 32% decreases in the number of infected cells
following adsorption of virions (P < 0.05). In contrast, expres-
sion of JAM-A shRNA, but not Src shRNA, produced a de-
crease in the number of infected cells following adsorption
with ISVPs. These data suggest that Src is required for efficient
infection by reovirus virions but not by ISVPs, providing addi-
tional evidence that Src promotes an early step in reovirus
infection.

DISCUSSION

In this study, we found that genistein and PP2 diminish
reovirus infectivity by inhibiting a step in virus entry required
for the proper sorting of virions in the endocytic pathway. The
key finding is that inhibition of Src-family kinases redirects
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FIG. 5. Colocalization of reovirus particles with LAMP1 in kinase inhibitor-treated cells. HeLa CCL2 cells were incubated with DMSO
(A) or 5 uM PP2 (B) for 1 h, chilled, and adsorbed with 20,000 reovirus particles per cell at 4°C for 1 h. The inoculum was removed, and
cells were incubated at 37°C for 60 min, fixed, stained for LAMP1 (red), reovirus (green), and nuclei (blue), and imaged by confocal
microscopy. Insets depict enlarged areas of the boxed regions. Representative digital fluorescence images of cells are shown. Scale bars, 10
wm. The white lines in the insets depict the area used to determine the spectral overlap for DMSO (C) or PP2 (D). Spectral overlap is
expressed as fluorescence intensity for LAMP1 (red), reovirus (green), and TO-PRO-3 stain (blue). (E) Quantification of spectral overlap
of reovirus particles with LAMP1 60 min following infection of cells treated with DMSO, 100 uM genistein, or 5 uM PP2. Spectral overlap
is presented as percent colocalization (n = 21 cells). Error bars indicate standard deviations. *, P < 0.0001 in comparison to DMSO-treated
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FIG. 6. Srcis phosphorylated at Y416 during reovirus cell entry.
HeLa CCL2 cells were incubated in serum-free medium overnight
and adsorbed with reovirus at an MOI of 100 PFU/cell or mock
infected for 1 h. The inoculum was removed, and cells were incu-
bated at 37°C for 0, 30, or 60 min. Total cell lysates were prepared,
resolved by SDS-PAGE, and analyzed by immunoblotting using
antibodies specific for phosphorotyrosine 416-specific Src (p-Y416,
arrow), phosphorotyrosine 527-specific Src (p-Y527, arrow), total
Src, and actin.

incoming reovirus virions to lysosomes, which is a nonproduc-
tive route of entry. Reovirus induces phosphorylation of Src,
and reduction of endogenous Src by RNAIi decreases reovirus
infectivity. Reovirus colocalizes with Src during entry, suggest-
ing that kinase activity in physical proximity to the virus is
necessary for its targeting to an endocytic organelle for disas-
sembly. Together, these data provide strong evidence that Src
kinase is required for efficient reovirus entry into host cells.
Reovirus is thought to enter cells via clathrin-dependent
endocytosis (26, 39), followed by acid-dependent proteolysis in
an endocytic compartment mediated by cathepsin proteases
(25, 32). The internalization and disassembly steps culminate
in the release of the transcriptionally active core particle into
the cytoplasm, which initiates infection (15, 24). However, host
factors that guide reovirus virions from attachment at the cell
surface to disassembly in an endocytic organelle are poorly
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FIG. 7. Reovirus distributes with Src during cell entry. (A) HeLa CCL2 cells were transfected with a plasmid encoding Src-EGFP (green),
incubated at 4°C for 1 h, and adsorbed with 20,000 reovirus particles per cell at 4°C for 1 h. The inoculum was removed, and cells were incubated
at 37°C for 0, 20, or 60 min. Cells were fixed, stained for reovirus (red), and visualized by confocal microscopy. Insets depict enlarged areas of the
boxed regions. Representative digital fluorescence images of cells are shown. Scale bars, 10 wm. (B) Quantification of spectral overlap of reovirus
particles with Src. Spectral overlap is presented as percent colocalization (n = 20 cells). Error bars indicate standard deviations.

understood. Inhibition of functional reovirus entry (i.e., entry
that leads to productive infection) by genistein and PP2 pro-
vides evidence that reovirus requires tyrosine kinases, and Src
kinases in particular, to efficiently enter cells. Interestingly,
genistein and PP2 do not diminish internalization of reovirus
virions, but, instead, these inhibitors alter intracellular traffick-
ing of reovirus, resulting in targeting of viral particles to lyso-
somes. These data suggest that in the absence of Src activity,
reovirus entry is aberrant, resulting in nonproductive viral in-
ternalization.

In previous work, genistein was found to block reovirus
protein synthesis (60), but how this occurs was not known.
Genistein impairs cell cycle progression, arresting cells at the
G,/M checkpoint by inactivating Cdc25 phosphatases (34, 46,
51), and induces apoptosis by an uncharacterized mechanism
(51). In this study, we found that genistein produced cytostatic
effects on cells (Fig. 1D), although cytopathic effects were not
observed until 48 h after treatment (data not shown). Genis-
tein also affects phosphorylation of caveolin (66) and inhibits
intracellular signaling that promotes internalization of simian
virus 40 into caveolae (16, 20). However, there is no evidence
that reovirus enters cells via caveolin-dependent pathways. In
fact, we have found that reovirus infection is more efficient in
murine embryo fibroblast cells that lack caveolin-1 (B. A.
Mainou and T. S. Dermody, unpublished observations). Ge-
nistein increases cellular adhesion by increasing the transloca-

tion of focal adhesion kinase to focal adhesions (7). Based on
the results presented here, we conclude that the effect of ge-
nistein on reovirus protein synthesis is mediated by a block at
a much earlier step in viral replication. Our data suggest that
genistein inhibits a tyrosine kinase function required for
proper sorting of incoming virions in the endocytic pathway.
Experiments using PP2 and Src-specific RNAi suggest that
Src-mediated signaling is required for this function.

The initiating step in the signaling cascade that triggers
reovirus entry is likely to occur after JAM-A binding, as reo-
virus can productively infect cells expressing a truncated form
of JAM-A lacking the cytoplasmic tail (JAM-AACT) (38). Fur-
thermore, genistein treatment equivalently inhibits reovirus
infection of cells expressing either full-length JAM-A or JAM-
AACT (data not shown). We previously found that the expres-
sion of B1 integrin is required for reovirus internalization and
endocytic sorting (38, 39), but the underlying mechanism is
unknown. Tyrosine residues in the cytoplasmic tail of B1 in-
tegrin can be phosphorylated by v-Src (53), which induces the
dynamic regulation of focal contacts and extracellular matrix
deposition (22, 29, 53). It is therefore possible that reovirus-
induced Src activation promotes phosphorylation of 31 integ-
rin, which subsequently recruits cellular adapters that sort re-
ovirus to an endocytic compartment for disassembly. It is also
possible that Src activation by reovirus modulates the function
of a integrins, although no specific « integrin has been impli-
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FIG. 8. Reovirus infection is diminished in cells expressing Src
shRNA. (A) Whole-cell lysates of HeLa CCL2 cells stably expressing
scrambled, GAPDH, JAM-A, or Src shRNA were resolved by SDS-
PAGE and analyzed by immunoblotting using antibodies specific for
total Src, GAPDH, or actin. Src levels are normalized to those in cells
with scrambled shRNA. (B) HeLa CCL2 cells stably expressing scram-
bled, GAPDH, JAM-A, or Src shRNA were adsorbed with reovirus
virions at an MOI of 0.02 PFU/cell or ISVPs at an MOI of 0.002
PFU/cell at 37°C for 20 h. The inoculum was removed, and cells were
fixed and stained by indirect immunofluorescence. Infected cells were
quantified in four fields of view for triplicate samples. Results are
expressed as percent infectivity relative to the level of infectivity for
cells expressing scrambled shRNA. Error bars indicate standard devi-
ations. *, P < 0.0001 in comparison to cells expressing scrambled
shRNA.

cated in reovirus infection (38). Src activation could be medi-
ated by the recruitment of signaling molecules to the site of
viral entry. Focal adhesion kinase and phosphatidylinositol
3-kinase, which play important roles in cytoskeletal regulation
and transduce signals from the plasma membrane, interact
directly with Src (17, 27, 57, 62, 70), and these effectors may be
involved in reovirus internalization and endocytic sorting.

The activation and utilization of Src-family kinases by cox-
sackievirus during cell entry are particularly well understood.
The coxsackievirus receptor, coxsackievirus and adenovirus re-
ceptor (CAR), like JAM-A, distributes to interepithelial tight
junctions (8, 19). Coxsackievirus activates Src-family kinases by
first engaging the glycosylphosphatidylinositol-anchored pro-
tein decay-accelerating factor, and these kinases in turn trigger
a signaling cascade that disrupts the tight junction, allowing the
virus access to CAR (19). In contrast to coxsackievirus, reovi-
rus does not appear to require Src activity to engage and access
JAM-A, although we have not formally tested for a require-
ment for Src in reovirus infection of polarized cells. Instead,
Src activity appears to guide reovirus to an endosomal organ-
elle for disassembly after receptor engagement.

Src kinases localize to distinct intracellular sites. Activated
Src distributes to the plasma membrane, whereas inactive Src
predominantly localizes to perinuclear regions (35, 36). How-
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ever, Src also can localize to the endocytic compartment, spe-
cifically, to late endosomes (37, 55). Although we did not
detect bulk redistribution of Src during reovirus infection in
comparison to the findings for mock-infected cells (data not
shown), we found that reovirus colocalizes with Src near the
plasma membrane and in perinuclear regions during a time
course of viral entry (Fig. 7). It is possible that reovirus acti-
vates Src near the plasma membrane by recruiting adapter
proteins to the site of endocytosis and then is transported with
Src to late endosomes, where disassembly is thought to occur.
While we observed activation of Src, as evidenced by increased
levels of phospho-Y416, at early times of infection, we did not
detect reduced levels of inactive Src (phospho-Y527). These
findings suggest that reovirus activates localized pools of Src,
leaving the bulk of intracellular Src unaffected.

Although both genistein and PP2 impair reovirus infectivity,
the effect is by no means absolute. Similarly, decreased Src
expression by RNAI does not fully abrogate reovirus infection.
These data suggest that although Src is required for maximal
reovirus infectivity, it is not essential for viral growth. The
increased impairment of infectivity observed with PP2 in com-
parison to that observed with RNAI points to a putative role
for other Src-family members in reovirus entry. Fyn and Yes
are ubiquitously expressed and also could facilitate reovirus
entry in the absence of Src. In support of this idea, coxsacki-
evirus activates both Fyn and Src during entry, although Fyn
activation is more robust (19). It is also possible that reovirus
uses multiple pathways to enter cells, some of which do not
require Src. For example, JC virus utilizes multiple endocytic
sorting pathways to effect cell entry (50).

Like all viruses, reovirus uses endogenous cellular processes
to enter host cells. In this study, we identify Src to be an
important mediator of reovirus cell entry. Whether Src partic-
ipates in recruiting other cellular components to guide reovirus
through the endocytic pathway to facilitate its orderly disas-
sembly remains to be determined. Understanding how viruses
engage Src and other cellular factors to gain access to the cell
interior is likely to yield knowledge about how cells internalize
macromolecular cargo and may foster development of broadly
active antivirals that inhibit key steps in the entry process.
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