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Vaccinia virus (VV) induces two forms of cell motility: cell migration, which is dependent on the expression
of early genes, and the formation of cellular projections, which requires the expression of late genes. The need
for viral gene expression prior to cell motility suggests that VV proteins may affect how infected cells interact
with the extracellular matrix. To address this, we have analyzed changes in cell-matrix adhesion after infection
of BS-C-1 cells with VV. Whereas uninfected cells round up and detach from the culture flask in the presence
of EGTA, infected cells remain attached to the culture flask with a stellate morphology. Ca21-independent
cell-matrix adhesion was evident by 10 h postinfection, after the onset of cell motility but before the formation
of virus-induced cellular projections. Progression to Ca21-independent adhesion required the expression of
late viral genes but not the formation of intracellular enveloped virus particles or intracellular actin tails.
Analyses of specific matrix proteins identified vitronectin and fibronectin as optimal ligands for Ca21-
independent adhesion and the formation of cellular projections. Adhesion to fibronectin was mediated via RGD
motifs alone and was not inhibited by 500 mg of heparin/ml. Kistrin, a disintegrin which binds preferentially
to the avb3 (vitronectin/fibronectin) receptor inhibited the formation of cellular projections without disrupting
preformed matrix interactions. Finally, we show that Ca21-independent cell-matrix adhesion is a dynamic
process which mediates changes in the morphology of VV-infected cells and uninfected cells which exhibit a
transformed phenotype.

Vaccinia virus (VV) is a member of the Poxviridae family, a
group of large, double-stranded DNA viruses which replicate
within the cytoplasm of the infected cell. The VV genome
contains approximately 200 genes, which can be subdivided
into three temporally distinct classes termed early, intermedi-
ate, and late (36). Early genes are transcribed immediately
after infection by enzymes and transcription factors contained
within the infecting virion, while late and intermediate genes
are transcribed only after the start of viral DNA replication
(36, 56). This cascade of gene expression can be uncoupled by
addition of the drug cytosine b-D-arabinofuranoside (ara-C),
which inhibits DNA replication and permits only early genes to
be expressed.

The assembly of viral particles is a complex process which
results in the formation of two infectious forms of the virus
(35). Initially the viral genome is surrounded by crescents
which extend to form spherical immature virus. These particles
then condense to form brick-shaped intracellular mature virus
(IMV), which represents most of the infectious progeny. After
leaving the viral factory, some IMV particles become wrapped
by membranes derived from the tubular endosomes or trans-
Golgi network (49, 54) to form an intracellular enveloped virus
(IEV). Components within the outer membranes of IEV par-
ticles promote the polymerization of actin on one side of the
IEV (12, 13), and this assists the intracellular movement of
IEV particles in a manner similar to that described for Shigella,
Listeria, and Rickettsia spp. (10, 11, 52). When an IEV particle
reaches the plasma membrane, its outer membrane fuses with
the plasma membrane, exposing infectious cell-associated en-
veloped virus (CEV) on the cell surface. In the case of the
Western Reserve (WR) strain of VV, the majority of envel-

oped virus particles remain attached to the cell as CEV, and
only a small percentage are released from the cell as extracel-
lular enveloped virus (EEV) (5).

The outer membranes of CEV or EEV particles contain
several virus-encoded and cellular proteins which are not
found in IMV (40, 55). The virus-encoded proteins are gp85,
the hemagglutinin (A56R) (40, 50), p37 (F13L) (21), gp42
(B5R) (16, 25), gp22-24 (A34R) (14), p45-50 (A36R) (38), and
gp23-28 (A33R) (42). All of these virus genes except A56R are
required for the formation of actin tails (12, 33, 43, 45, 57, 58).
Nevertheless, actin tails are not essential for the release of
infectious EEV particles, as shown by the fact that mutant
viruses which form IEV particles but no actin tails still form
EEV (19, 33, 43, 45, 57).

Infection with VV induces dramatic changes in cell function,
metabolism, and morphology which are collectively termed the
cytopathic effect (CPE). The first sign of CPE is a transient
increase in plasma membrane permeability which accompanies
virus entry. This change is caused by the infecting virus particle
and does not require the translation of virus genes (8). In
contrast, later forms of CPE require the expression of either
early viral genes alone or both early and late viral genes. These
changes are interesting because they illustrate how virus genes
exert a dominant effect over normal cellular function; they
include the inhibition of host cell protein synthesis (3), cell
rounding (2), and cell migration (47) (all of which require the
expression of early genes), as well as the formation of surface
microvilli (20), inclusion bodies (39), or cellular projections
(47) (all of which require the expression of late genes). The
need for viral gene expression prior to cell motility suggests
that VV genes can induce changes in cytoskeletal organization
and cell-matrix adhesion. VV-induced changes in actin (4, 12,
13, 20) and microtubule (47) organization have been described
previously; however, the effect of VV infection on cell-matrix
adhesion has not been described.

Adhesion of cells to the extracellular matrix (ECM) is me-
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diated by integrins, which act as the principal receptors for
ECM proteins, including fibronectin, vitronectin, laminin, and
collagens (24). In addition, proteoglycans function as corecep-
tors for several matrix proteins, including fibronectin (23).

Integrins are transmembrane glycoproteins which bind to a
variety of ECM proteins, including fibronectin, laminin, vitro-
nectin, and various collagens (6, 22, 24, 53). Each integrin
molecule is a heterodimer containing one a and one b subunit

FIG. 1. Cells infected with VV maintain an adherent morphology after depletion of extracellular Ca21. BS-C-1 cells cultured as confluent monolayers (A, B, D, and
E) or isolated cells (C and F) were mock infected (A, C, and D) or infected with VV at 3 PFU/cell (B, E, and F). Cell morphology was recorded at 18 hpi before (A
and B) or after (C through F) incubation in 1 mM EGTA for 10 min at 37°C.
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which are noncovalently linked. Selective pairing of different
types of a and b subunits confers binding specificity for differ-
ent types of matrix protein. The integrin a subunits possess
binding sites for divalent cations, which are usually required
for function (9, 15, 51). However, there is an important excep-
tion to this rule: neuronal crest cells bind to laminin by the
a1b1 integrin complex in the absence of extracellular Ca21

(27, 28). Interestingly, these cells, which exhibit Ca21-indepen-
dent matrix adhesion, are more motile then cells which main-
tain Ca21-dependent adhesion (27). Binding of integrins to the
ECM occurs via RGD motifs contained within matrix proteins
(44). This interaction can be disrupted by small RGD-contain-
ing proteins called disintegrins (18, 26). Variation in the amino
acid residues adjacent to the RGD motif of disintegrin mole-
cules confers selectivity on the type of integrin molecules to
which particular disintegrins can bind (48). Consequently, dis-
integrins can be used as molecular probes to analyze particular
integrin-matrix interactions (26).

In this report we show that VV changes how infected cells
interact with the ECM. In particular, VV induces a transition

from Ca21-dependent to Ca21-independent cell-matrix adhe-
sion. Ca21-independent cell-matrix adhesion is also observed
after NRK cells attain a transformed and motile phenotype.
The reduced requirement for extracellular Ca21 during differ-
ent forms of cell motility is discussed.

MATERIALS AND METHODS

Cells and viruses. Monkey kidney BS-C-1 cells and NRK cells were obtained
from the Sir William Dunn School of Pathology Cell Bank, and NFL-38 cells
were provided by G. Banting (University of Bristol, Bristol, United Kingdom).
All cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS). The sources of VV strains WR, Tian Tan,
Lister, Wyeth, and Copenhagen have been described previously (1). VV WR was
used unless stated otherwise. All infections were performed at 3 PFU per cell.
VV WR mutants that lack the genes A34R (gp22-24) (34) and A36R (p45) (38)
or in which expression of A27L (p14) is repressed by the Escherichia coli LacI
protein (41) have been described previously. For simplicity, the mutant viruses
are referred to here by names indicating the gene which has been deleted (D) or
repressed (I), e.g., DA34R, DA36R, or IA27L.

Reagents. Anti-VV serum was obtained from rabbits previously infected with
VV WR. Ara-C, cycloheximide, trypsin, EDTA, EGTA, vitronectin, fibronectin,
laminin, collagen II, kistrin, heparin, and ProNectin-F were all obtained from

FIG. 2. Kinetic analysis of Ca21-independent cell-matrix adhesion. (A and B) Effects of increasing concentrations of EGTA and EDTA on the adhesion of infected
or mock-infected cells. Confluent monolayers of BS-C-1 cells were mock infected (open symbols) or infected with VV (filled symbols). At 18 hpi cells were washed in
PBS and then incubated in PBS containing 0.1 (circles), 1 (triangles), or 10 (squares) mM EGTA (A) or EDTA (B). The number of rounded cells was determined 0,
5, 10, 15 or 20 min later. Data shown are means 6 SEM (n 5 3). (C) Rate at which Ca21-independent adhesion forms relative to the onset of cell migration and cellular
projection formation. Isolated BS-C-1 cells were mock infected (open circles) or infected with VV (filled symbols), and the numbers of cells showing signs of migration
(triangles), Ca21-independent adhesion (circles), or cellular projections (squares) were determined at 2-h intervals up to 18 hpi. Data shown are means 6 SEM (n 5 3).

FIG. 3. Viral components required for Ca21-independent cell-matrix adhesion. (A) Isolated BS-C-1 cells were either mock infected (2) or infected with VV (1).
Cycloheximide (CYCHLO) (100 mg/ml) was added to cells (1) at 0 or 8 hpi. At 8 or 18 hpi, extracellular Ca21 was depleted as indicated (END), and the percentages
of adherent and rounded cells were determined. (B) BS-C-1 cells were mock infected (2) or infected with VV (1) in the presence (1) or absence (2) of 40 mg of
ara-C/ml, and the percentage of cells binding to the extracellular matrix via Ca21-independent adhesion was determined at 18 hpi. (C) BS-C-1 cells were mock infected
(2) or infected either with VV WR in the presence (1) or absence (2) of IMCBH or with DA34R, DA36R, or IA27L, and the percentage of Ca21-independent
adherent cells was determined at 18 hpi. Data shown are means 6 SEM (n 5 3).
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Sigma (Poole, United Kingdom). N1-Isonicotinoyl-N2-3-methyl-4-chloro-benzo-
ylhydrazine (IMCBH) was obtained from Hoechst (Frankfurt, Germany).
CELLocate coverslips made by Eppendorf (Hamburg, Germany) were obtained
from Merck Ltd., Lutterworth, United Kingdom.

Depletion of extracellular Ca21 or Ca21/Mg21 and quantification of Ca21-
independent cell-matrix adhesion. Unless indicated otherwise, divalent cations
were depleted as follows: BS-C-1 cells were washed three times in phosphate-
buffered saline (PBS) and then incubated in PBS containing 1 mM EGTA for 10
min at 37°C. After depletion of divalent cations, the morphology of cells was
recorded by using an Olympus CK2 inverted phase-contrast microscope. For
quantification of cell-matrix adhesion, three random areas of the glass coverslip,
containing approximately 30 cells per field, were photographed with a 203 lens
objective. The number of round or adherent cells was then scored from projected
images. Standard errors of the means (SEM) were calculated from the variation
among three different fields at each time point.

Adhesion to selective matrix proteins. Stock solutions of laminin, collagen II,
fibronectin, and vitronectin were made to 0.5 mg/ml with sterile H2O and stored
at 220°C. Prior to use in cell adhesion assays, 10-mm glass coverslips were coated
with the desired matrix protein. Stock solutions of matrix proteins were diluted
in sterile PBS to a final concentration of 0.1, 1, or 10 mg/ml. Coverslips were then
placed onto 200 ml of diluted matrix protein, incubated at 37°C for 2.5 h, and
washed five times with PBS prior to the addition of cells. BS-C-1 cells were
cultured to confluence in 6-well plates and then either mock infected or infected
with VV. Three hours postinfection, cells were detached by depletion of extra-
cellular Ca21 as described above, and detached cells were harvested by centrif-
ugation, washed with minimal essential medium (MEM), and resuspended in 10

ml of MEM. An aliquot (0.5 ml) of this cell suspension was added to each
coverslip. To analyze the morphology of cells incubated in the presence or
absence of extracellular Ca21, BS-C-1 cells were infected with VV and then
seeded at low confluence on grid-marked CELLocate coverslips (Eppendorf)
coated with vitronectin (10 mg/ml). The morphology and grid reference of 10
cells were recorded at 11 h postinfection (hpi) and again after a further 10-h
incubation at 37°C in the presence or absence of Ca21.

RESULTS

VV-infected cells develop Ca21-independent cell-matrix ad-
hesion. BS-C-1 cells are maintained in confluent monolayers
via Ca21-dependent interactions, and consequently the deple-
tion of extracellular Ca21 by the addition of EGTA for 10 min
results in cell dissociation and rounding (compare Fig. 1A and
D). In contrast, BS-C-1 cells which were infected with VV for
18 h were resistant to cell rounding induced by depletion of
extracellular Ca21 (compare Fig. 1B and E). Conversion to
Ca21-independent adhesion was also observed after infection
of BS-C-1 cells with VV strains Lister, Tian Tan, Wyeth, and
Copenhagen (data not shown). To standardize conditions used
for cation depletion and to assess the requirement for Mg21,
cells were exposed to increasing concentrations of EGTA or
EDTA at 37°C for up to 20 min (Fig. 2A and B). These data
show that infected cells require neither Ca21 nor Mg21 to
maintain adherence and that the maximal difference between
the adhesion of mock-infected cells and that of VV-infected
cells was evident after 10 min of cation depletion. Similar
results were obtained with HeLa cells infected with VV under
the same conditions (data not shown).

To analyze the effect of VV infection on cell-matrix rather
than cell-cell interactions, BS-C-1 cells were cultured at low
confluence. Under these conditions, cell-cell contact is avoided
and cellular projection formation can be analyzed more easily.
Isolated BS-C-1 cells were either mock infected or infected
with VV, and extracellular Ca21 was depleted at 18 hpi by
exposure to 1 mM EGTA for 10 min. Although mock-infected
cells rounded up after depletion of extracellular Ca21 (Fig.
1C), infected cells maintained a stellate morphology (Fig. 1F)
as noted previously (47). Taken together, the panels in Fig. 1
show that (i) VV infection changes the mechanism by which
BS-C-1 cells interact with the extracellular matrix, (ii) changes
in the adhesion properties of VV-infected cells are not regu-
lated by cell-cell contact, and (iii) all parts of VV-infected cells
exhibit Ca21-independent adhesion, including dynamic struc-
tures such as lamellipodia and cellular projections (Fig. 1F).

To relate the observed change in cell-matrix adhesion to the
two phases of VV-induced cell motility (47), the kinetics of
VV-induced cell migration, cellular projection formation, and
Ca21-independent cell-matrix adhesion were analyzed up to 18
hpi. Figure 2C shows that Ca21-independent cell-matrix adhe-
sion was evident by 10 hpi, after the onset of cell motility, but
before the formation of virus-induced cellular projections.
Similar results were obtained in two further experiments (data
not shown). Therefore, Ca21-independent cell-matrix adhe-
sion is not required for virus-induced cell migration but may be
required for the formation of cellular projections.

Virus components required for the induction of Ca21-inde-
pendent cell adhesion. Ca21-independent cell-matrix adhesion
was evident between 10 and 18 hpi. During this period virus
particles are assembled and released, intracellular actin tails
are formed on IEV particles, and cell surface microvilli are
apparent. Each of these events might affect the surface prop-
erties and therefore the adhesion of infected cells. To assess
the contribution of these events to the development of Ca21-
independent cell-matrix adhesion, drugs or virus mutants
which arrest morphogenesis at different stages of infection

FIG. 4. Adhesion of cells to specific matrix proteins. Isolated BS-C-1 cells
were either mock infected (A through C) or infected with VV (D through F). At
3 hpi, cells were detached by depletion of Ca21 and transferred to glass cover-
slips that had been treated with PBS (2) or serum (A and D) or with PBS
containing the indicated concentrations of vitronectin (filled circles), fibronectin
(open squares), collagen II (open circles), or laminin (filled triangles) (B and E).
At 18 hpi the percentage of adherent cells was determined before (A, B, D, and
E) or after (C and F) depletion of extracellular Ca21. Data shown are means 6
SEM (n 5 3).
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were analyzed. Cycloheximide (100 mg/ml) severely inhibited
the onset of Ca21-independent cell-matrix adhesion when
added immediately after infection but not when added at 8 hpi
(Fig. 3A). Similarly, addition of ara-C (40 mg/ml) inhibited the
progression to Ca21-independent cell-matrix adhesion (Fig.
3B). Ca21-independent cell-matrix adhesion is therefore pro-
moted by late virus genes synthesized by 8 hpi. The require-
ment for IEV particles, intracellular actin tails, or EEV release
was assessed following the infection of BS-C-1 cells with mu-
tant viruses which are defective in IEV formation (IA27L),
actin tail nucleation (DA34R and DA36R), or CEV particle
retention (DA34R). As an additional control, IEV particle
assembly was inhibited by the addition of IMCBH (100 mg/ml).
Figure 3C shows that conversion to Ca21-independent cell
adhesion is not dependent on the formation of IEV particles,
EEV release, or the nucleation of intracellular actin tails.

Adhesion of cells to individual matrix proteins. To identify
matrix proteins which support Ca21-independent adhesion,

BS-C-1 cells were either mock infected or infected with VV.
To avoid the synthesis of nascent matrix proteins, cells were
removed from tissue culture plastic at 3 hpi (after virus-in-
duced shutoff of host protein synthesis) by depletion of extra-
cellular Ca21 and transferred to glass coverslips that had been
treated with FBS, PBS alone, or PBS containing 0.1, 1, or 10 mg
of vitronectin, fibronectin, collagen II, or laminin/ml. Both
mock- and VV-infected cells adhered well to coverslips coated
with serum but not to uncoated (PBS) coverslips (Fig. 4A and
D). This requirement for exogenous matrix proteins showed
that Ca21-independent adhesion was not mediated by factors
secreted from the transferred cells. Both mock- and VV-in-
fected cells adhered well to coverslips coated with vitronectin
or fibronectin at concentrations of $1 mg/ml but less well to
collagen II or laminin (Fig. 4B and E). Depletion of extracel-
lular Ca21 15 h after transfer of cells disrupted the adhesion of
mock-infected cells to all matrix proteins (Fig. 4C), showing
that adhesion to each of these substrates is mediated by Ca21-

FIG. 5. Vitronectin and fibronectin permit the formation of VV-induced cellular projections. BS-C-1 cells were infected with VV and were transferred to glass
coverslips pretreated with PBS (A), 10 mg of vitronectin/ml (B), FBS (C), or 10 mg of fibronectin/ml (D). The morphology of cells was recorded at 18 hpi after fixation
for 1 h in 0.1% crystal violet.
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dependent interactions. In contrast, VV-infected cells main-
tained adhesion to vitronectin and fibronectin even after de-
pletion of extracellular Ca21 at 15 h after transfer. These data
show that VV infection changes the mechanism by which BS-
C-1 cells bind to vitronectin and fibronectin (Fig. 4C and F) but
not their inherent preference for adhesion to different matrix
proteins (Fig. 4B and E).

Analyses of the morphology of infected cells cultured on
vitronectin or fibronectin showed that both matrix proteins
promoted the formation of long cellular projections (Fig. 5B
and D), which were not formed in the absence of matrix pro-
teins added exogenously (Fig. 5A). Evidently, matrix proteins
which support Ca21-independent adhesion also promote the
formation of VV-induced cellular projections.

Ca21-independent adhesion to fibronectin can occur via cell
surface proteoglycans which bind to the heparin-binding do-
mains of fibronectin (23) or via integrins that bind to the
RGD-containing cell-binding domain of fibronectin (27). To
determine which form of matrix interaction mediates VV-in-
duced Ca21-independent adhesion, BS-C-1 cells were infected
with VV and cultured on glass coverslips coated with fibronec-
tin (10 mg/ml) or ProNectin-F (a synthetic molecule which
contains 13 fibronectin cell-binding domains interspersed with
structural segments derived from fibrin). VV-infected cells de-
veloped Ca21-independent adhesion to both fibronectin and
ProNectin-F, suggesting that integrins and not proteoglycans
were the surface receptors mediating Ca21-independent ma-
trix adhesion. This observation was confirmed by showing that
high concentrations of heparin (500 mg/ml) did not inhibit the

development of Ca21-independent adhesion to serum-treated
tissue culture plastic, fibronectin, or ProNectin-F (Fig. 6B
through D).

The ability of infected cells to bind to vitronectin and fi-
bronectin in a Ca21-independent manner is not surprising, as
both matrix proteins can be recognized by common integrin
heterodimers, including avb1 and avb3. The avb3 integrin
heterodimer is of particular interest, as it promotes cell
motility (26, 30). To assess the involvement of av-containing
integrins in VV-induced Ca21-independent adhesion and cel-
lular-projection formation, infected cells were cultured on vitro-
nectin in the presence of increasing concentrations of kistrin, a
disintegrin molecule which binds selectively to the avb3 vitro-
nectin/fibronectin receptor (26). VV-infected BS-C-1 cells
were cultured on coverslips coated in vitronectin (5 mg/ml),
and their morphology was recorded at 8 hpi, immediately be-
fore the addition of kistrin (0 to 100 mM), and again at 18 hpi,
before the depletion of extracellular Ca21. Concentrations of
kistrin of $1 mM suppressed the formation of VV-induced
cellular projections (Fig. 7A and D), although Ca21-indepen-
dent matrix interaction was preserved (Fig. 7B). Concentra-
tions of kistrin of .100 mM destabilized all matrix interactions
and induced cell rounding (data not shown). These data show
that binding of a kistrin-sensitive receptor to vitronectin is
essential for the formation of VV-induced cellular projections
and that Ca21-independent matrix adhesion alone is not suf-
ficient to induce the formation of cellular projections.

Ca21-independent adhesion is a dynamic process. Previ-
ously it was shown that the migration of VV-infected cells is
retarded just before the formation of cellular projections (47).
Because the onset of Ca21-independent adhesion also occurs
at this time (Fig. 2C), it was of interest to determine if adhe-
sion to vitronectin in the absence of extracellular Ca21 is a
dynamic process or if Ca21-independent interactions are per-
manent points of contact which act to stabilize preformed
structures. To investigate these possibilities, changes in the
morphology of infected cells that were cultured in the presence
or absence of extracellular Ca21 were analyzed. BS-C-1 cells
were infected with VV and were cultured at low confluence on
vitronectin (5 mg/ml)-coated CELLocate coverslips. At 11 hpi,
cells were either washed in PBS and then incubated in spinner
culture-modified Eagle’s medium (without serum or Ca21) or
maintained in Ca21-containing serum-free MEM. The mor-
phology of infected cells changed significantly between 11 and
18 hpi (data not shown). Of the 10 cells analyzed in the absence
of extracellular Ca21, 5 had rounded up or detached by 18 hpi.
This result is consistent with Fig. 2C, which shows that only
40% of VV-infected cells have attained Ca21-independent ad-
hesion by 11 hpi. Therefore Ca21-independent adhesion is a
dynamic process which mediates changes in the morphology of
VV-infected cells.

Transformed cells also exhibit Ca21-independent matrix
interactions. There are several similarities between the CPE
induced by VV infection and a transformed cell phenotype.
For example, VV infection induces cell-cell dissociation and
cell migration, which are comparable with the loss of contact
inhibition observed after transformation. Given these pheno-
typic similarities, it was intriguing that a motile, transformed
cell line also exhibited Ca21-independent adhesion. NFL-38
cells are a transformed cell line derived from NRK cells (17).
Unlike NRK cells, which are contact inhibited and take on a
cobblestone appearance (Fig. 8A), NFL-38 cells have a fibro-
blastic morphology (Fig. 8B) which resembles that of VV-
infected BS-C-1 cells (Fig. 1B). To test the mechanism of
cell-matrix adhesion exhibited by these two cell lines, NRK and
NFL-38 cells were cultured at low confluence prior to deple-

FIG. 6. Ca21-independent adhesion is mediated by protein receptors which
bind to the RGD motif of fibronectin. BS-C-1 cells were infected with VV and
were cultured on tissue culture plastic in MEM containing 2.5% FBS (A and B)
or on glass coverslips that had been precoated with 10 mg of fibronectin/ml (C)
or 10 mg of ProNectin-F/ml (D), both in the absence of serum. (A) To determine
if matrix adhesion was mediated by a protein receptor, at 16 hpi VV-infected
cells were incubated in PBS containing 1 mM EGTA with (1) or without (2) 1
mg of trypsin/ml, and the percentage of rounded cells was determined after 10
min at 37°C. (B through D). To assess the contribution of matrix-encoded
heparin-binding domains in Ca21-independent cell adhesion, 500 mg of hepa-
rin/ml was added where indicated to mock-infected (2) or VV-infected (1) cells
at 8 hpi. In each case the percentage of cells exhibiting Ca21-independent matrix
adhesion was determined at 18 hpi after the depletion of extracellular Ca21.
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tion of extracellular Ca21. Unlike the parental NRK cells,
NFL-38 cells remained adherent after depletion of extracellu-
lar Ca21 (Fig. 8C). Thus, Ca21-independent adhesion is also
exhibited by cells which have lost contact inhibition and exhibit
a transformed phenotype.

DISCUSSION

This paper shows that VV changes how cells bind to com-
ponents of the extracellular matrix. Specifically, late virus
genes induce a transition from Ca21-dependent to Ca21-inde-
pendent cell-matrix adhesion, so that infected cells, but not

uninfected cells, remain adherent after depletion of Ca21.
These data define another aspect of VV-induced CPE and
identify similarities among the adhesion phenotypes of VV-
infected cells, uninfected transformed cells, and embryonic
neuronal cells.

With respect to VV-induced CPE, it was shown previously
that VV infection induces two forms of cell motility: cell mi-
gration, which requires the expression of early viral genes, and
the formation of cellular projections, which requires late viral
genes (47). Here we show that Ca21-independent cell-matrix
adhesion is apparent after the onset of cell migration but

FIG. 7. Effect of kistrin on cell morphology and adhesion. BS-C-1 cells were either mock infected (stippled bars) or infected with VV (striped bars). At 3 hpi cells
were detached by depletion of extracellular Ca21 and transferred to glass coverslips coated with vitronectin (10 mg/ml). At 8 hpi kistrin was added at the indicated
concentration, and the percentage of cells which had developed multiple ($2) projections (A) or Ca21-independent adhesion (B) was determined at 18 hpi. (C and
D) Cells were infected with VV for 3 h before being detached and transferred to glass coverslips coated with vitronectin (10 mg/ml). At 8 hpi kistrin (100 mM) was added
to cells shown in panel D but not to cells shown in panel C. Cells were photographed under phase-contrast microscopy at 18 hpi. White arrows, virus-induced cellular
projections; solid arrow, a trailing extension formed by cell migration.
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before the formation of cellular projections (Fig. 2C). There-
fore, during VV infection, Ca21-independent matrix adhesion
is not linked directly to cell migration. However, the reduced
requirement for extracellular Ca21 may reflect functional
changes which regulate other aspects of cell movement, such as
the rate of cell migration, the way infected cells interact with
neighboring cells, or the formation of cellular projections. Sev-
eral observations suggest that conversion to Ca21-independent
cell-matrix adhesion may be linked to the formation of cellular
projections. First, VV-induced cellular projections are main-
tained via Ca21-independent adhesion (Fig. 1F). Second, both
phenotypes require the expression of late virus genes (Fig. 3B)
(47). Third, matrix proteins which support Ca21-independent
cell-matrix adhesion also promote the formation of cellular
projections (Fig. 4 and 5). Finally, the onset of Ca21-indepen-
dent adhesion immediately precedes the formation of cellular
projections (Fig. 2C). While Ca21-independent adhesion may
be necessary for projection formation, it is not sufficient, as
shown by the fact that addition of kistrin (1 to 10 mM) to
VV-infected cells inhibited the formation of cellular projec-
tions even though the cells still maintained Ca21-independent
adhesion to vitronectin (Fig. 7). These data can be interpreted
in two ways. One possibility is that at concentrations below 10
mM, kistrin can competitively inhibit the formation of new
Ca21-independent linkages, while higher concentrations of
kistrin (.100 mM) are needed to disrupt preformed matrix
interactions.

The rate of cell movement may be linked inversely to the
affinity with which cells bind to the extracellular matrix. Con-
sequently, if Ca21-independent matrix adhesion reflects an
increased affinity for matrix components, this could explain the
reduced rate of cell migration observed during the period of
Ca21-independent adhesion. Alternatively, projection forma-
tion may depend equally on two forms of matrix adhesion, one
which induces cytoskeletal reorganization and one which me-
diates matrix adhesion. In this scenario, kistrin would block
adhesion, leading to cytoskeletal reorganization but not Ca21-
independent adhesion. As yet no distinction can be made be-
tween these two possibilities; however, there is evidence that
kistrin-sensitive integrins do control cell motility in other sys-
tems (26).

With respect to the mechanism of Ca21-independent cell-
matrix adhesion, the data show that VV infection changes the
way cells bind to specific matrix proteins but not the preference
for these proteins. Because fibronectin supported Ca21-inde-
pendent cell-matrix adhesion, it was possible to assess the
requirement for both integrin-mediated binding to RGD-con-
taining motifs and the binding of proteoglycan to heparin-
binding domains. Addition of heparin (500 mg/ml) did not
inhibit Ca21-independent adhesion to fibronectin, and there-
fore it is clear that the heparin-binding domains of fibronec-
tin are not responsible for the observed Ca21-independent
adhesion. In addition, VV-infected cells developed Ca21-
independent adhesion when cultured on ProNectin-F, a syn-
thetic matrix protein which contains multiple RGD cell-bind-
ing domains but no heparin-binding motifs of fibronectin.
Together, these data suggest that Ca21-independent cell-ma-
trix adhesion is, at least in part, dependent on integrin-medi-
ated adhesion.

The observation that kistrin-sensitive receptors are involved
in the progression of VV-induced CPE led us to analyze the
possible role of a 32-kDa glycoprotein, encoded by gene A38L
(37), with amino acid similarity to integrin-associated protein
(IAP [31]; also known as OA3 [7] or CD47 [32]). IAP binds the
avb3 integrin heterodimer, which also binds to kistrin (26),
and therefore it was possible that the A38L protein could be
responsible for aspects of CPE observed during VV infection.
However, a virus lacking the A38L gene (46) still induced
Ca21-independent cell-matrix adhesion and cellular projec-
tions (data not shown).

As conversion to Ca21-independent matrix adhesion oc-
curred during the period of VV-induced motility, it was inter-
esting to know if similar changes in matrix adhesion were
observed within other motile cell systems. Two examples were
found. First, NFL-38 cells exhibit a transformed cell phenotype
that is quite distinct from that of the parental NRK cells.
Unlike NRK cells, NFL-38 cells are not contact inhibited and
have overlapping processes. In addition, NFL-38 cells exhib-
ited Ca21-independent cell-matrix adhesion, while the paren-
tal NRK cells did not (Fig. 8). Second, neuronal crest cells bind
to ECM components via integrin-mediated Ca21-independent
adhesion (27–29). In this case Ca21-independent adhesion was

FIG. 8. Cells with a transformed phenotype exhibit Ca21-independent cell-matrix interactions. (A) NRK cells are contact inhibited and exhibit a cobblestone
morphology when cultured on tissue culture plastic. (B) Transformed NFL-38 cells have a fibroblastic morphology. (C) Mean percentage of each cell type which
remained adherent after the depletion of extracellular Ca21 6 SEM (n 5 3).
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observed primarily on laminin and, under certain conditions,
on fibronectin and collagen (29). Neuronal crest cells that
bound to laminin in the absence of extracellular Ca21 were
more motile then those which exhibited Ca21-dependent ad-
hesion (28). Although all of these cells are motile and all
exhibit Ca21-independent adhesion, it is clear that there is no
simple correlation between the existence of Ca21-independent
cell-matrix adhesion and a motile phenotype. For example, in
the case of neuronal crest cells, Ca21-independent cell-matrix
adhesion enhanced migration (28). In contrast, VV-infected
cells exhibit Ca21-independent adhesion during a period of
reduced cell migration when projections are being formed
(47). Clearly, the reduced requirement for extracellular cations
is only one aspect of cell motility. Also, the functional conse-
quences of conversion to Ca21-independent adhesion may be
dictated by the particular receptor complex involved. There-
fore, although the mechanism of matrix adhesion may change
in the same way, different signals, which in turn result in dif-
ferent motile phenotypes, may be generated. Similarities in the
behavior of malignant cancer cells and developing cells are
well established (24). Consequently, it is perhaps not surprising
that NFL-38 cells that have a transformed phenotype exhibit
some similarities to embryonic neuronal crest cells. Less pre-
dictable are similar effects induced by the nontransforming
poxvirus VV. This observation raises the intriguing possibility
that VV has evolved mechanisms of controlling cell function
similar to those operative in transformed or embryonic cells.
Due to its ease of genetic manipulation, VV provides a good
system in which to analyze molecular mechanisms controlling
cell motility and focal adhesion. Further analyses of VV-in-
duced CPE may lead to a better understanding of how viruses
control cells but may also provide insights into events occurring
during malignancy and embryonic development.
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