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Vaccinia virus regulates expression of p21WAF1/Cip1 in A431 cells
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In this paper, we provide evidence that both the mRNA and protein levels of the cyclin-dependent kinase (CDK)
inhibitor p2IWAF1/CDK-interacting protein 1 (Cipl) increase upon infection of A431 cells with Vaccinia virus
(VACV). In addition, the VACV growth factor (VGF) seems to be required for the gene expression because infection
carried out with the mutant virus VACV-VGF" revealed that this strain was unable to stimulate its transcription. Our
findings are also consistent with the notion that the VGF-mediated change in p2IWAF1/Cipl expression is dependent
on tyrosine kinase pathway(s) and is partially dependent on mitogen-activated protein kinase/extracellular-signal
regulated kinase 1/2. We believe that these pathways are biologically significant because VACYV replication and dis-
semination was drastically affected when the infection was carried out in the presence of the relevant pharmacologi-

cal inhibitors.
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Vaccinia virus (VACV) is one of the largest animal
double-stranded DNA viruses and replicates in the cy-
toplasm of host cells. It is the prototypic member of the
Poxviridae family and its genome has the capacity to en-
code more than 250 gene products (Moss 2007). About
half of the VACV genes encode immediate-early or early
genes associated with the establishment of infection, reg-
ulatory proteins involved in transcription or DNA repli-
cation and proteins implicated in immune evasion or the
spread of infection (Seet et al. 2003, Moss 2007). During
viral replication, a phenomenon of localized cellular pro-
liferation (hyperplasia) is observed (Burnet 1936) and is
associated with the release of a soluble growth factor
by the infected cells (Twardzik et al. 1985, Buller et al.
1988). This effect is attributed to the VACV growth fac-
tor (VGF), which shares amino acid sequence homology
and functional properties with the cellular growth fac-
tors (EGF) and transforming growth factor beta (TGF-f)
(Brown et al. 1985, Twardzik et al. 1985). VGF is highly
conserved among different members of the Poxviridae
family and it is sometimes associated with their onco-
genicity (Tzahar et al. 1998). The mitogenic activity of
VGF has been considered beneficial for viral replication
because the VACV-VGF-deficient virus (VACV-VGF)
replicates better in proliferating cells than in quiescent
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ones (Buller et al. 1988), which is in line with the re-
quirement of mitogen-activated protein kinase (MAPK)/
extracellular-signal regulated kinase (ERK kinase)
(MEK)/ERK for maximal viral replication (Andrade
et al. 2004). Mitogenic signals triggered in A431 cells
by VGF are mediated by the EGFR, which is tyrosine-
phosphorylated (Y1173) (King et al. 1986, Tzahar et
al. 1998) and activates phospholipase C-yl (Kim et al.
1995). Upon tyrosine-phosphorylation of phospholipase
C-y1, it promotes phosphoinositide breakdown to gener-
ate diacylglycerol and inositol triphosphate.

Exposure of A431 cells to EGF leads to phosphoryla-
tion of EGF receptor (EGFR) at Y1173 (Downward et al.
1984); coincidentally, the same tyrosine residue is acti-
vated upon VACYV infection or exposure to VGF (King et
al. 1986). Downstream targets of EGF signalling in A431
cells include protein kinase C (PKC), which is activated
on threonine 654 (T654) as a consequence of phospholi-
pid turnover (Hunter et al. 1984). VGF is also able to
phosphorylate PKC on T654 (King et al. 1986). Thus,
both EGF and VGF seem to share common signalling
molecules to deliver intracellular signals.

Although EGF acts as amitogen for anumber of normal
or transformed cell lines, it appears to arrest cell growth
under certain circumstances, as is the case for A431 cells
(Gill & Lazar 1981, Barnes 1982). These cells express a
high number of EGFRs, which, upon EGF stimulation,
undergo receptor hyper-phosphorylation followed by cell
growth arrest (Gill & Lazar 1981). The mechanism associ-
ated with cell growth arrest appears to require the cyclin-
dependent kinase (CDK) inhibitor (CKI) p21WAF1/cy-
clin-dependent kinase (CDK)-interacting protein (Cipl),
which is regulated by both EGF and interferon-Y (Chin et
al. 1996, Zhou et al. 2002) and controls the transition from
the GO/GL to the S-phase during the cell cycle (el-Deiry et
al. 1993, Sherr & Roberts 1999).
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This study was undertaken to investigate whether
p21WAF1/Cipl expression is regulated upon VACV-
wild-type VACV (WR) infection. Our findings are con-
sistent with a role played by VACV in the regulation of
gene expression. In addition, VGF of VACV appeared to
control the expression of p21WAF1/Cipl because infec-
tion with VACV-VGF- was unable to induce its expres-
sion. We further demonstrated that the same pathways
associated with the expression of p21WAFI1/Cipl were
also required for viral replication, emphasizing their bio-
logical role.

MATERIALS AND METHODS

Cells and reagents - Human squamous cell carci-
noma A431 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 7.5% (v/v) heat-in-
activated foetal bovine serum (FBS) (Cultilab, Campi-
nas, SP, Brazil) and antibiotics in 5% CO, at 37°C. Cells
were serum-starved in 0.5% FBS after reaching 80-90%
confluence and incubated for 12-24 h. In order to col-
lect supernatant from virus-infected cells [conditioned
medium (CM)], serum-starved cells were infected at a
multiplicity of infection (MOI) of 1 for 4 h. After the
adsorption/penetration step (about 1 h at 37°C), cul-
tures were extensively washed with PBS to remove any
remaining virus in the medium. The medium was re-
placed with 0.5% FBS and infection was allowed for
additional 4 h, duration sufficient for the secretion of
VGF into the medium. The supernatant was then col-
lected and used in the experiments shown in Figs 1E,
2A, C at the volume of 2 mL per monolayer of 1 x 107
A431 cells. Prior to adding the CM to the monolayers,
the CM was incubated with the monoclonal antibody
7DI11 (1:1000) at 37°C for 1 h to eliminate contaminant
virus particles and then titrated for any residual virus
contamination on BSC-40 cells. The 7D11 antibody
recognizes LIR, a specific antigen present on the sur-
face of intracellular mature virions (IMV) (Wolffe et
al. 1995) and blocks its penetration in the host cell.
The titres obtained after 7D11 antibody treatment were
very low [15+£10 pfu/mL (n = 3)] indicating the success
of the treatment. The African green monkey (Cerco-
pithecus aethiops)-derived fibroblast cell line BSC-40
was cultured in modified Eagle’s medium (MEM) sup-
plemented with 7% (v/v) (FBS) and antibiotics in 5%
CO, at 37°C. The p21WAF1/Cipl message was detected
using a specific probe as described previously (Cerese-
to et al. 1996). The anti-phospho ERK1/2 antibody was
purchased from Cell Signalling Technology (Beverly,
MA, USA) and the anti-p21WAF1/Cipl antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The pharmacological inhibitors were pur-
chased either from Calbiochem (La Jolla, CA, USA) or
Sigma (Sao Paulo, Brazil). Interferon-y was purchased
from R&D Systems (MN, USA).

The doses of drugs used throughout the experiments
were established on the basis of experimental observa-
tions without causing any harm to the cells, given that
no measurable effect on cell viability was verified by
trypan blue dye exclusion.

Viral propagation and infection - WR, mutant VACV-
VGF (vSC20) (Buller et al. 1988) and the recombinant
VACYV vFI13L-green fluorescent protein (GFP) chimera
(Husain & Moss 2001) were propagated in BSC-40 cells
and highly purified by sucrose gradient sedimentation
as described previously (Joklik 1962). This method was
appropriated for the purification of IMV, which corre-
spond to the majority of the infectious progeny formed
during VACV infection (Moss 2007).

For VACV infections, A431 cells were grown until
they reach 80-90% confluence. After reaching the de-
sired confluence, cells were FBS deprived for 12 h and
then infected with VACV at the indicated MOI for the
times shown. When appropriate, cells were incubated
with the indicated pharmacological inhibitor for 30 min
prior to and throughout VACYV infection.

Virus infectivity assays - A431 cells were cultured
in a 6-well culture dish at a density of 4.5 x 10° cells
per well and infected with VACV. Infections were car-
ried out at a MOI of 10 (4.5 x 10° pfu/well) for 3, 6, 12,
24, 36 and 48 h. Cultures were then washed with cold
PBS, followed by three freeze/thaw cycles. Virus was
collected from the supernatant of centrifuged cells and
then assayed for infectivity as described previously (da
Fonseca et al. 2002).

For infection foci imaging experiments, A431 cells
were serum-starved and then incubated with the phar-
macological inhibitor for 30 min prior to viral infection
at a MOI of 0.001. Infection was allowed to proceed
for 48 h in the continued presence of the inhibitor and
then the cells were fixed. Infection was carried with
the recombinant virus VACV-F13L-GFP, which allows
for the monitoring of viral infection through the visu-
alization of GFP. Fluorescently labelled cells and phase
contrast images were captured using an Olympus 1X70
microscope. Images were processed with the aid of
Adobe Photoshop 7.0 software.

RNA isolation and Northern blotting - A431 cells (5
x 10°) were cultured in 75 cm? tissue culture flasks and
starved as indicated above. Viral infections were carried
out at a MOI of 1 for the times shown. At the indicated
times, total RNA was isolated using the phenol-chloro-
form protocol (de Magalhdes 2001) and 15 pg RNA per
sample were loaded, eletrophoresed on a 1.5% denatur-
ing agarose-formaldehyde gel, transferred onto nylon
membranes (GE Healthcare), UV cross-linked for 5 min
and hybridized with the p2IWAF1/Cipl probe. Probes
were labelled with alpha[32P] dCTP (GE Healthcare) to
a specific activity 1-5 x 108 cpm/ug DNA by using a
multiprime DNA labelling system from GE Healthcare.
For the internal control of RNA loading, the membranes
were stripped of the probe and re-probed with oligonu-
cleotide for 18S rRNA labelled at the 5° end with gam-
maATP (32P) by using T4 phage PNK (GE Healthcare).

Electrophoretic mobility shift assay (EMSA) - A431
cells were cultured and starved as above and then VACV
infected at a MOI of 1.0 or incubated with IFN-y (500
IU/mL) for the indicated times (De Souza et al. 2005).
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Fig. 1: Vaccinia virus (VACV) stimulates p21WAF1/cyclin-dependent kinase-interacting protein (Cipl) expression in A431 cells. A: viral stimula-
tion of p21WAF1/Cipl mRNA accumulation. Cells were infected with either VACV [wild-type VACV (WR)] or with the mutant virus VACV-VACV
growth factor (VGF) at a multiplicity of infection (MOI) of 1 (+) or were left uninfected (-)/MOCK for 3, 5 and 7 h. Fifteen micrograms of RNA was
electrophoresed and hybridized with labeled p21WAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control
for loading; A-E: Northern blot analysis; B: viral stimulation of p2IWAF1/Cipl mRNA accumulation under high multiplicity of infection. Cells
were infected with either VACV (WR) or with the mutant virus VACV-VGF- at a MOI of 10 (+) or were left uninfected (-)/MOCK for 3-7 h. Fifteen
micrograms of RNA was electrophoresed and hybridized with labeled p21WAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was
used as an internal control for loading; C: p21WAF1/Cipl mRNA accumulation is maintained at elevated levels upon VACV infection. Cells were
infected with VACV (WR) at a MOI of 1 (+) or were left uninfected (-)/MOCK, for 12-20 h. Fifteen micrograms of RNA of each sample was elec-
trophoresed and hybridized with labeled p2IWAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control for
loading; D: p2IWAF1/Cipl mRNA accumulation is maintained at elevated levels upon VACV infection under high multiplicity of infection. Cells
were infected with VACV (WR) at a MOI of 10 (+) or were left uninfected (-)/MOCK, for 12-20 h. Fifteen micrograms of RNA of each sample was
electrophoresed and hybridized with labeled p2IWAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control
for loading; E: conditioned medium (CM) up-regulates p21WAF1/Cipl expression. Cells were left uninfected (-)/MOCK or were incubated with
CM (supernatant of VACV-infected cells at a MOI of 1-4 h) for 3, 5 and 7 h. Fifteen micrograms of RNA was electrophoresed and hybridized with
labeled p2IWAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control for loading; F: VGF is required for
p21WAF1/Cipl protein accumulation. Western blot analysis. Cells were either infected with VACV (WR) or with the mutant virus VACV-VGF- at a
MOI of 1 or were left uninfected (-) for the times shown. The blot was then probed with anti-p21WAF1/Cipl antibody (1:1000). The data are repre-
sentative of at least three independent experiments with identical results. ERK: extracellular-signal regulated kinase; hpi: hours post-infection.

Briefly, frozen cell pellets were thawed on ice and lysed 13,000 g for 20 min at 4°C. The protein concentration
with an equal volume of lysis buffer (100 M Tris/HCI, = was determined using a Bio-Rad assay. Protein (10 pg)
pH 8.0, 0.2 mM EDTA, 1% Triton X-100, 10% glycerol, = was pre-incubated with 1.2 pL of poly(dI-dC)-(dI-dC)
5 mM sodium pyrophosphate, 4 pg/mL leupeptin and 1 (5.4 mg/mL) (Amersham Biosciences) at RT (25°C) for
mM sodium orthovanadate). Lysates were scraped and 10 min, followed by the addition of 1.25 ng of BSA, 0.125
collected into Eppendorf tubes and then centrifuged at  pg of Escherichia coli DNA, 0.25 ng of yeast tRNA,
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2% Ficoll 400 and 0.32 ng of labelled probe. The reac-
tion mixtures were incubated at RT for 15 min and then
analysed by 6% PAGE. The 5’-32P-end-labelled double-
stranded probes corresponds to the p2lWAF1/Cipl cis-
acting elements (only one strand is shown): p21GAS: 5’-
ATCTCCTTCCCGGAAGCA -3’ (11) and the consensus
SRE: 5’ - GATGTCCATATTAGGACATC - 3’ (13) were
used in the assays. The supershift experiments were car-
ried out by incubation of the cell extracts with anti-p21
antibody for 1 h before mixing it with the labelled probe
for 15 min. Competition assays were carried out by incu-
bating a 50-fold molar excess of unlabelled homologous
or unrelated probe with the proteins for 10 min before
adding the labelled probe.

Immunoblotting - A431 cells (5 x 10°) were cultured
and starved as indicated above. Viral infections were
carried out at a MOI of 1 for the times shown. Cells
were then washed twice with cold PBS and lysed on ice
with lysis buffer (100 mM Tris/HCI, pH 8.0, 0.2 mM
EDTA, 1% Triton X- 100, 10% glycerol, 5 mM sodium
pyrophosphate, 4 pg/mL leupeptin and 1 mM sodium
orthovanadate). Lysates were scraped and collected into
Eppendorf tubes and then centrifuged at 13,000 g for 15
min at 4°C. Protein concentration was determined by us-
ing the Bio-Rad assay. For electrophoresis and immuno-
blotting, whole-cell lysates (25-30 pg) were separated by
electrophoresis on an SDS/10% polyacrylamide gel and
then transferred on to nitrocellulose membranes. Mem-
branes were blocked overnight at 4°C with PBS contain-
ing 5% (w/v) non-fat dried milk and 0.1% (v/v) Tween
20. The membranes were washed three times with PBS
containing 0.1% (v/v) Tween 20 and then incubated with
the specific primary polyclonal antibody for p21/Cipl
(1:100) or anti total ERK1/2 (1:1500) in PBS containing
5% (w/v) BSA and 0.1% (v/v) Tween 20. After washing,
the membranes were incubated with horseradish-peroxi-
dase-conjugated secondary anti-rabbit antibody (1:3000
dilution). Immunoreactive bands were visualized by us-
ing an ECL® (enhanced chemiluminescence) detection
system as described in the manufacturer’s instructions
(GE Healthcare).

RESULTS

VACYV stimulates the expression of p2IWAF1/Cipl in
A431 cells - 1t has been shown that both VACV infec-
tion and purified VGF activate the EGFR on Y1173 in
human A431 cells (King et al. 1986), which leads to the
phosphorylation of phospholipase C-yl and an increase
in phosphatidylinositol turnover (Kim et al. 1995). How-
ever, downstream targets of this pathway remain elu-
sive. In order to evaluate the mRNA accumulation of the
p21WAF1/Cipl gene, Northern blot analysis of cells in-
fected with either VACV (WR) or with the mutant virus
VACV-VGF-ataMOI of 1 (+) or leftuninfected (-)/MOCK
for 3, 5 and 7 h was performed (Fig. 1A). Fig. 1A shows
that VACV increases the transcription of p2lWAF1/Cipl
to above basal levels between 3-7 h post-infection (hpi)
(Fig. 1A, Lanes 4-6). Our results also demonstrate that
the viral protein VGF is required for the transcription of
p21WAF1/Cipl because infection by a VGF- virus leads

to only a minimal increase in the level of mRNA ac-
cumulation when compared with the WR infection (Fig.
1A, Lanes 7-9). A similar and slightly more intense pat-
tern of p21/WAF1 mRNA accumulation was obtained
in the experiments performed with a higher MOI (10),
as shown in Fig. 1B. To extend these analyses to later
times of infection, Northern blot assays of RNA samples
obtained from MOCK or VACV-infected cells from 12-
20 h were performed (Fig. 1C). As observed, after the
initial increase in the p21WAF1/Cipl message, infection
with the wild-type virus was sufficient to maintain its
elevated levels for at least 20 hpi (Fig. 1C, Lanes 1-10).
Once again, similar results were obtained with a higher
MOI (10), as shown in Fig. 1D.

Since VGF is secreted early during the VACV infec-
tion cycle (2 hpi), the next experiment was designed to
investigate the role of this viral protein on VACV-stimu-
lated p21WAF1/Cipl expression. To this end, the CM was
used to stimulate serum-starved A431 cells for different
time periods. The CM corresponded to the supernatant
collected from VACV-infected A431 monolayers for 4 h,
duration sufficient for the secretion of VGF into the me-
dium. After being collected, the CM was submitted to
anti-L1R antibody incubation for the neutralization of
any residual virus. As observed, once again p21WAF1/
Cipl expression increased over basal levels at 3 h post-
exposure to the CM (Fig. 1E, Lane 2) and was main-
tained for up to 5 h (Lane 4); however, it then declined
to basal levels by 7 h (Lane 6). As a control, the same
experiment was conducted with the CM obtained from
uninfected cells and VGF-infected cells, and under these
conditions, no increase in p21WAF1/Cip] transcript was
observed (data not shown).

To investigate whether the increased levels of
p21WAF1/Cipl transcript observed upon VACV infec-
tion were accompanied by an elevated production of its
gene product, immunoblotting of A431 cells infected
with either VACV (WR) or with the mutant virus VACV-
VGF, or were left uninfected (-) for the times shown
(Fig. 1F). As shown in Fig. 1D (Lanes 2, 5, 8), the wild-
type virus was sufficient to stimulate the accumulation
of the gene product. Consistent with the requirement of
VGF for VACV-stimulated expression of the p2IWAF1/
Cipl message, VGF was equally necessary for the accu-
mulation of the gene product, since p21WAF1/Cipl was
not detected upon infection with the mutant VACV-VGF
(Lanes 3, 6, 9).

A tyrosine kinase and MEK-dependent pathway is
required for VACV-stimulated p2IWAF1/Cipl expres-
sion in A431 cells - Next, we investigated the signal
transduction pathway(s) associated with the increase in
p21WAF1/Cipl transcription upon viral infection. To
do so, cells were incubated with the pharmacological
inhibitors genistein (GEN) (phosphotyrosine, 100 uM),
bisindolylmaleimide (Bis) (PKC, 0.25 uM) or PD98059
(MEK, 50 uM) for 30 min prior to exposure to the CM
for additional 4 h. After incubation, total RNA was ex-
tracted, electrophoresed and hybridized with labelled
p21WAF1/Cipl probe (Fig. 2A). As shown in Fig. 2A,
VGF requires a tyrosine kinase-dependent pathway(s)
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Fig. 2: effects of pharmacological inhibitors on p21WAF1/cyclin-dependent kinase-interacting protein (Cipl) mRNA/protein accumulation in A431
cells. A: Vaccinia virus (VACV) growth factor (VGF)-stimulated p2lWAF1/Cipl expression is tyrosine kinase and mitogen-activated protein
kinase/extracellular-signal regulated kinase (ERK kinase) (MEK)-dependent. Cells were incubated with the pharmacological inhibitors genistein
(GEN) (phospho-tyrosine, 100 uM), bisindolylmaleimide (Bis) [protein kinase C (PKC), 0.25 pM] or PD98059 (PD) (MEK, 50 uM) for 30 min
prior to exposure to the conditioned medium (CM) for additional 4 h. Fifteen micrograms of RNA was electrophoresed, blotted and hybridized with
labeled p21WAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control for loading. CM supernatant of VACV-
infected cells at multiplicity of infection (MOI) of 1-4 h; A, B: Northern blot analysis of serum-starved cells; B: VACV-stimulated p21WAF1/Cipl
expression relies tyrosine kinase and MEK pathways. Cells were incubated with the pharmacological inhibitors GEN (phospho-tyrosine, 100 uM),
Bis (PKC, 0.25 uM) or PD (MEK, 50 uM) for 30 min prior to VACV infection for 6 h ata MOI of 1. Fifteen micrograms of RNA was electrophoresed
and hybridized with labeled p21WAF1/Cipl probe. Ethidium bromide-stained 18S and 28S rRNA was used as an internal control for loading; C:
the signaling pathway leading to VACV-induced p2l WAF1/Cipl protein accumulation relies partially on MEK. Western blot analysis was carried
out using serum-starved cells after exposure to CM (as defined above) for the times shown. Cells were incubated with PD (50 uM) for 30 min prior
to incubation with CM. Blots were then probed with anti-phospho-ERK1/2 antibody (top panel), anti-p2I1WAF1/Cipl antibody (1:1000) (middle
panel) or with anti-total-ERK1/2 (1:1500) antibody as a loading control (bottom panel). Blots are representatives of two independent experiments
with identical results; D: electrophoretic mobility shift assay carried out with serum-starved A431 cells. Cells were left uninfected (-), infected with
VACV- VACV [wild-type VACV (WR)] (+) at MOI of 1 for 12 h (Lane 2) or infected with VACYV for 6 h and then incubated with IFN-y (500 IU/mL)
for an additional 6 h (Lane 4). In Lanes 3, 5-7 cells were incubated with IFN-y (500 [U/mL) for 6 h. Competition assays were performed by incubat-
ing whole-cell extracts with a 50-fold molar excess of homologous cold p21WAF1/Cipl GAS (GS1) or unrelated cold SRE oligonucleotides (Lanes
5, 6, respectively). Super-shift assay was carried out by incubating the cell extract with anti-STAT-1 antibody for 30 min prior to IFN-y treatment
(Lane 7). The data are representative of at least three independent experiments with identical results.

to stimulate gene transcription, since incubation with
GEN prior to exposure to the supernatant of VACV-
infected cells (CM) caused the p2IWAF1/Cipl message
to return to basal levels (Lane 4). In addition, the signal
transduction pathway is partially dependent on MEK/
ERK because pre-treatment with PD98059 resulted in an
accentuated reduction in transcript accumulation (com-
pare Lanes 2 and 8), whereas pharmacological inhibition
of PKC Bis did not seem to play a relevant role in gene
induction (Lanes 5, 6). In line with these observations,
p21WAF1/Cipl expression, upon VACV infection, did
not seem to rely on PKC because treatment with the PKC

inhibitor Bis caused an increase over basal levels in tran-
script accumulation (Fig. 2B, Lanes 5, 6). Pre-treatment
with GEN and PD98059, on the other hand, reduced
virus-stimulated gene transcription, as evidenced in Fig.
2B (compare Lanes 2, 3 and 7). In order to evaluate the
effect of pharmacological inhibitors in p21WAF1/Cipl
protein expression, immunoblot analysis was performed
(Fig. 2C). As observed, the signalling pathway(s) leading
to the production of the gene product upon VGF exposure
(CM) were also dependent on tyrosine kinase(s) (data not
shown) and partially relied on MEK, as shown in Fig. 2C
(compare Lanes 7 and 9, upper and middle panels).
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basis of experimental observations, without, nonetheless, causing any harm to the cells, given that no measurable effect on cell viability was veri-
fied by Trypan Blue dye exclusion; B: tyrosine kinase and MEK/ERK pathways are critical for VACYV replication foci formation in A431 cells.
A431 cells were serum-starved and then incubated with the pharmacological inhibitor for 30 min prior to and throughout of viral infection at MOI
of 0,001 for 48 h, when cells were fixed. Infection was carried with the VACV-F13L- green fluorescence (GFP) chimera, which allows monitoring
the viral infection through the visualization of GFP. Fluorescently labeled cells and phase contrast images were captured using an Olympus 1X70
microscope. Images were processed with the aid of Adobe Photoshop 7.0 software. The data were confirmed by two independent experiments. hpi:
hours post-infection.

VACV-stimulated p21WAF'1/Cipl expression is STAT-
l-independent - Because both EGF and IFN-y-stimulated
p21WAF1/Cipl expression levels are mediated via a
STAT-1-dependent pathway (Chin et al. 1996, Johannes-
sen et al. 1999), we asked whether viral infection could
lead to STAT-1 activation, which, in turn, could act as a
p21WAF1 gene activator. To address this question, cells

were left uninfected (-), infected with VACV-WR (+)
at an MOI of 1 for 12 h or incubated with IFN-y (500
IU/mL) for 6 h (Fig. 2D). As observed through EMSA,
shown in Fig. 2D, the exposure of A431 cells to IFN-y
caused STAT-1 (GAF) to associate with the GAS se-
quence present in the 5’ regulatory region of p2IWAF1/
Cipl (Lane 3), but VACV infection did not stimulate



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 705(3), May 2010 275

the formation of a GAS/GAF DNA/protein in complex
(Lanes 1, 2). The identity and specificity of the complex
formed upon IFN-y stimulation was confirmed through
competition (Lanes 5, 6) and super shift assays (Lane
7). Together these results show that STAT-1 is not the
transcriptional activator present and is, consequently,
not responsible for inducing p2IWAF1 gene expression
in VACV infected A431 cells.

Virus-stimulated pathways leading to p2IWAF1/Cip
expression are required for viral replication - To in-
vestigate whether virus-stimulated pathways that cause
p21WAF1/Cip expression are biologically relevant, a
one-step viral growth curve was designed. A431 cells
were serum-starved and then incubated either in the
presence or absence of GEN (tyrosine kinase inhibitor,
100 pm) or PD98059 (MEK inhibitor, 50 pM) for 30 min
prior to and throughout the viral infection at a MOI of
10 for the times shown. A monolayer of infected cells
at each time-point was scraped and then assayed for in-
fectivity. Fig. 3A shows that, in accordance with the re-
quirement for a tyrosine kinase-dependent pathway(s),
VACV multiplication was drastically affected. In line
with the partial requirement of MEK/ERK for virus-
stimulation of p21WAF1/Cip expression, PD98059 was
also detrimental for VACV, although this effect was not
as dramatic as that observed with GEN (Fig. 3A). Also,
viral multiplication was not altered by the addition of
the PKC inhibitor Bis (data not shown). In order to cor-
roborate the requirement of tyrosine kinase and MEK/
ERK pathways for VACV biology, the size of the foci
of infection was monitored in A431 cells treated with
GEN or PD98059 (Fig. 3B), as VACV plaques are not vi-
sualized in this cell line (King et al. 1986). In this assay
we used the VACV-F13L-GFP chimera, which allows
for the visualization of infected cells through the emis-
sion of GFP. As expected, treatment with both inhibi-
tors greatly reduced the size of foci of viral infection, as
demonstrated in Fig. 3B.

DISCUSSION

VACYV infection appears to mitogenically sensitize
the host cells and thus create the most adequate intracel-
lular environment for the virus to propagate (Twardzik
et al. 1985, King et al. 1986, de Magalhaes et al. 2001).
We have previously shown, using the nontransformed
mouse fibroblast cell line A31, that both VACV and VGF
are required to stimulate the MAPKs, which in turn lead
to the transcriptional activation of growth-related genes,
such as c-fos and early growth response gene (egr-1) (de
Magalhaes et al. 2001, Andrade et al. 2004). Moreover,
activation of MEK/ERK and further expression of EGR-
1 during the viral cycle have been proved to be benefi-
cial for viral multiplication, as functional inactivation of
EGR-1 by siRNA resulted not only in the reduction of
viral yield but also in diminished viral plaque formation
(Silva et al. 2006). Our data also showed that a tyrosine
kinase-dependent pathway(s) is required to transmit the
signals to MEK/ERK, which is a downstream target
(Andrade et al. 2004).

The intracellular environment has also been shown to
play a pivotal role in Orthopoxvirus biology (McFadden
2005). This assumption is based on the following obser-
vations: activation of MEK/ERK signalling pathway in
mouse fibroblasts renders the cells favourable for viral
multiplication, as occurs with VACV infection (Andrade
et al. 2004) and it also restrains viral growth, as reported
for the myxoma virus (Wang et al. 2004). In addition,
since the availability of cellular resources, such as host
factors required for the expression of intermediate and
late-viral genes (Broyles 2003, Katsafanas & Moss 2004,
Knutson et al. 2009), can be restrictive to viral multipli-
cation, viral stimulation of cell cycle progression from a
quiescent stage (Go/G1) to the S phase (DNA synthesis)
seems to be the way that viral multiplication succeeds
(Katz et al. 2005, Mo et al. 2009). In fact, VACV-VGF-
replicates better in cycling cells than in quiescent ones
(Buller et al. 1985) and VACYV infection affects cell cycle
progression by increasing the percentage of cells in the S
phase (Wali & Strayer 1999).

In the present study, we investigated whether the
EGF-regulated expression of p21WAF1/Cipl in A431
cells (Chin et al. 1996, Toyoda et al. 1998) was also par-
alleled by VACV infection. Our data show that VACV
regulated p21WAF1/Cipl expression in a time and VGF-
dependent manner (Fig. 1).

Our data also support the conclusion that virus-stim-
ulated p21WAF1/Cipl expression in A431 cells is medi-
ated through a tyrosine kinase-dependent pathway(s)
(Fig. 2A), in accordance with the requirement of Y1173
to activate EGFR, as reported by others (Downward et
al. 1984). Evidence also showed that the expression of
p21WAF1/Cipl after VACV infection relied partially on
the MEK/ERK pathway (Fig. 2 A-C), which is in line
with our previous observation (Andrade et al. 2004) and
those reported by others (Akashi et al. 1999). This ob-
servation diverges from EGF stimulation of p21WAF1/
Cipl in A431 cells, which is independent of MEK/ERK
(Toyoda et al. 1998).

We also provide evidence that VACV-stimulated
gene expression in A431 cells is independent of STAT-1
(Fig. 2D) because no GAS-GAF complex formed after
viral infection. This observation is divergent from the
EGF and IFN-y-requirement of STAT-1 for p2IWAF1/
Cipl expression via the GAS-GAF interaction (Chin et
al. 1996). Moreover, VACV down-regulation of the IFN-
y-stimulated GAS-GAF complex formation (Fig. 2D,
Lane 4) is consistent with viral inactivation of activated
STAT-1 (Najarro et al. 2001) and viral secretion of the
viral analogue of the IFN-y receptor (Smith et al. 1997).
VACYV infection and IFN-y stimulation of A431 cells ap-
peared to simultaneously increase the mRNA level of
CKI, suggesting that cooperative and yet independent
pathways might be associated with the gene regulation
(data not shown).

Thus, VACV-stimulated gene expression appears to
be dependent on a tyrosine kinase-dependent, STAT-1
-independent pathway, which partially recruits MEK/
ERK to deliver downstream signals for gene expression.
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Because other cis-acting elements are found in the 5’
regulatory region of p2IWAF1/Cipl, such as AP-1, SIE
and ISRE, among others (Chin et al. 1996), it is reason-
able to assume that the signals are delivered to a regula-
tory sequence other than the GAS element. Our previ-
ous data investigating the association of c-fos expression
with tyrosine kinase and MEK/ERK pathways upon
VACYV infection (de Magalhdes et al. 2001, Andrade et
al. 2004) provide support for this assumption. More-
over, VACV infection also activates c-Jun with kinet-
ics that parallel those verified for c-fos expression (our
unpublished observations) and both proteins associate
to form the AP-1 complex, which in turn binds to the
AP-1 regulatory sequence found in the promoter region
of genes regulated via tyrosine kinase and MEK/ERK-
dependent pathways. Thus, the expression of p2IWAF1/
Cipl in A431 cells could be achieved via the recruitment
of the AP-1 regulatory sequence. However, the detailed
VACV-stimulated pathway(s) associated with p21WAF1/
Cipl expression, in this particular cell line, remains to
be further characterized.

Irrespective of a positive or negative role of p2IWAF1/
Cipl in cell cycle progression, the signalling pathways
associated with CKI expression are similar to those
that regulate viral replication. Thus, even if p21WAF1/
Cipl negatively regulates cell cycle progression, a cir-
cumstance that is unfavourable for viral replication, the
signals conveyed by these pathways seem to activate
downstream molecules that, collectively, could counter-
act p21WAF1/Cipl. This hypothesis is highly suggestive
because pharmacological inhibition of MEK/ERK and
protein tyrosine kinase(s) was found to be detrimental
for viral replication and dissemination (Fig. 3) and is
consistent with the reduced growth of VGF- VACV ob-
served in quiescent cells (Buller et al. 1988 and data not
shown). The results emphasize a biological role for these
signalling pathways in ultimately creating the favourable
conditions required for the generation of viral progeny.
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