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Appropriation of signalling pathways facilitates poxvirus repli-
cation. Poxviruses, as do most viruses, try to modify the host cell
environment to achieve favourable replication conditions. In the
present study, we show that the early growth response 1 gene
(egr-1) is one of the host cell factors intensely modulated by the
orthopoxviruses VV (vaccinia virus) and CPV (cowpox virus).
These viruses stimulated the generation of both egr-/ mRNA and
its gene product, throughout their entire replication cycles, via
the requirement of MEK [mitogen-activated protein kinase/ERK
(extracellular-signal-regulated kinase) kinase]/ERK pathway. We
showed that, upon VV infection, EGR-1 translocates into the nu-
cleus where it binds to the EBS (egr-1-binding site) positioned at
the 5" region of EGR-1-regulated genes. In spite of both viruses
belonging to the same genus, several lines of evidence, however,
revealed a remarkable contrast between them as far as the roles
played by the MEK/ERK/EGR-1 pathway in their biological
cycles are concerned. Hence (i) the knocking-down of egr-1 by
siRNA (small interfering RNA) proved that this transcription fac-

tor is of critical relevance for VV biology, since a decrease of
about one log cycle in virus yield was verified, along with a small
virus plaque phenotype, whereas the gene silencing did not have
a detrimental effect on either CPV multiplication or viral plaque
size; (ii) while both pharmacological and genetic inhibition of
MEK/ERK resulted in a significant decrease in VV yield, both
approaches had no impact on CPV multiplication; and (iii)) CPV
DNA replication was unaffected by pharmacological inhibition
of MEK/ERK, but phosphorylation of MEK/ERK was dependent
on CPV DNA replication, contrasting with a significant VV DNA
inhibition and VV DNA replication-independence to maintain
ERK1/2 phosphorylation, observed under the same conditions.

Key words: cowpox virus, early growth response 1 (EGR-1),
mitogen-activated protein kinase/extracellular-signal-regulated
kinase kinase (MEK), orthopoxvirus, vaccinia virus, virus—host
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INTRODUCTION

The orthopoxvirus genus encompasses eight members of the
Poxviridae family of viruses, from which VV (vaccinia virus) is
the prototypic virus. VV shares with its closely related virus CPV
(cowpox virus) its capacity to infect a wide range of hosts,
among them humans, cows, rodents and zoo animals [1]. Edward
Jenner pioneered, in 1796, human inoculation with a cow-derived
poxvirus, which protected against smallpox, and, because of the
global and large-scale utilization of VV, in 1980 the World Health
Organization declared smallpox to be eradicated [2]. VV and CPV
are complex double-stranded DNA viruses that have the potential
capacity of encoding more than 200 gene products along their
~200 kb linear genomes. Their replication cycles occur entirely
within the cytoplasmic compartment of infected host cells [1].
Poxviruses present a genetic repertory, whose gene products en-

able them to efficiently evade the immune and inflammatory host
defences [3-5]. Although these mechanisms operate mostly at the
extracellular environment, they only facilitate viruses to approach
the cells. Nonetheless, these viruses have also evolved intra-
cellular mechanisms, the environment where replication will
finally occur, to counteract the antiviral effects associated with
IFNs (interferons) [6—8], and the innate responses elicited by
Toll-like receptors [6—10].

Thus it is becoming apparent that poxvirus—host cell interaction
results from a delicate balance between how viruses manipulate
cellular functions associated with the generation of virus progeny
while keeping the cells alive, and the avoidance of host responses.
For instance, it has been demonstrated that activation of PAK-1
(p21-activated kinase 1) and Raf-1 upon MV (myxoma virus)
(a rabbit-specific virus) infection renders mouse fibroblasts per-
missive for virus replication [11]. Furthermore, MV replication
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was made possible in non-permissive cells owing to disruption of
the MEK [MAPK (mitogen-activated protein kinase)/ERK (extra-
cellular-signal-regulated kinase) kinase/ERK/IRF-3 (IFN regul-
atory factor 3)/IFN-8 pathway [12]. VV also provides an attractive
model, although divergent from MV [13]. By activating the
MEK/ERK/RSK-2 (p90 ribosomal S6 kinase 2)/ELK-1 [ETS (E
twenty-six)-like kinase 1] signalling pathway, VV facilitates its
multiplication in mouse fibroblasts [14,15].

While appropriation of signalling pathways facilitates poxvirus
replication, expression of intermediate and late VV genes results
from the interplay between virus-encoded and cellular factors,
whose association promote their transcription, as demonstrated
for VV-intermediate or -late transcription factors, VITF [16] and
VLTF [17-19] respectively. The requirement of other cellular pro-
teins, such as the molecular chaperone HSP-90 (heat-shock
protein of 90 kDa) [20], cyclophilin A [21], along with SP1, RNA
polymerase II, or TBP (TATA-box-binding protein) [22], has also
been described to benefit VV replication. Even though collect-
ively those data suggest that some host factors could be ben-
eficial for viral replication, definitive proof, nonetheless, awaits
confirmation from in vivo experimentation.

The 82 kDa phosphoprotein EGR-1 (early growth response 1)
belongs to a family of transcription factors that includes EGR-1-4
and NGFI-B (nerve growth factor inducible factor IB) [23,24]. It
is a transcriptional regulator that presents a modular structure such
as a DNA-binding domain, which binds to the consensus, GC-rich,
DNA sequence 5'-GCG(G/T)GGGCG-3' [11] and a transcription
activation/repression domain, consistent with the diverse activities
associated with the molecule [25,26]. Its activation moiety is
equipped with three C,H, zinc fingers, characteristic of a class of
eukaryotic transcription factors [27]. EGR-1 couples extracellular
stimulation elicited by growth factors, cytokines, hormones and
environmental stress, to cellular responses associated with differ-
entiation, proliferation, apoptosis and tissue injury [24,25]. Some
viruses, such as HSV (herpes simplex virus), EBV (Epstein—
Barr virus) and HIV, are also capable of activating EGR-1 [28-31].

We have shown previously, although to a limited time-frame of
the viral replication cycle, that the abovementioned V V-stimulated
pathway led to the expression of EGR-1 [14]. In the present study,
we demonstrate that VV regulates EGR-1 expression from the
very early until late stages of the virus infective cycle. Further-
more, our data also demonstrate that CPV shares with VV its
ability in regulating this host factor via the MEK/ERK pathway.
In aremarkable contrast, however, virus-regulation of MEK/ERK/
EGR-1 appears to serve distinct viral biological needs. While the
pathway seems to be of critical relevance for VV multiplication,
loss-of-function experiments had no impact on CPV biology,
emphasizing overlapping but yet distinct utilization of the sig-
nalling pathway by these closely related orthopoxviruses.

EXPERIMENTAL
Cell culture, antibodies and chemicals

A31 cells (a clone derived from mouse Balb/c 3T3 cells) or
those stably expressing siRNA (small interfering RNA) [siIRNA
(irrelevant siRNA) and siEGR1 (EGR-1 siRNA)] were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 7% (v/v) heat-inactivated FBS (foetal bovine serum;
Cultilab), and antibiotics in 5 % CO, at 37 °C. Cells were starved
after reaching 80-90 % confluence by changing the medium to
1 % FBS and incubating for 12 h. Egr-I and viral TK (thymidine
kinase) mRNAs were investigated by using specific probes as
described [26,32] respectively. The anti-phospho-ERK1/2 and
anti-(total ERK1/2) antibodies were purchased from Cell Sig-
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naling Technology, and rabbit polyclonal antibody against EGR-1
(SC110) was from Santa Cruz Biotechnology. Secondary anti-
body Texas Red-conjugated goat anti-(rabbit IgG) was from
Jackson ImmunoResearch Laboratories. Chemicals and inhibitors
used throughout the experiments were purchased either from Cal-
biochem or from Sigma. The pharmacological inhibitors used
in the experiments were as follows: PD98059 and SB203580
are specific inhibitors of MEK and p38 MAPK respectively,
and H89 acts by inhibiting PKA (protein kinase A) and RSK.
The following inhibitors were used at the concentrations given:
PD98059 (50 uM), SB203580 (10 uM), H89 (20 uM), CHX
(cycloheximide) (100 pg/ml), actinomycin D (5 pg/ml) and Ara
C (cytosine arabinoside) (40 pwg/ml). The doses of drugs used
throughout the experiments were established on the basis of ex-
perimental observations, without, nonetheless, causing any harm
to the cells, given that no measurable effect on cell viability was
verified by Trypan Blue dye exclusion.

Viruses and virus infection

WT (wild-type) VV strain WR, recombinant VV vF13L-GFP
(green fluorescent protein) chimaera [33] and CPV strain BR
(Brighton Red) were propagated into Vero cells and were highly
purified by sucrose gradient sedimentation as described in [34].
There are two infective forms of VV/CPYV, the IMV (intracellular
mature virus) and the EEV (extracellular enveloped virus), which
use, at least for VV, distinct mechanisms to enter the target cells.
Whereas the IMV form requires a signalling-dependent mech-
anism for entry, the EEV form seems to be independent [35]. It
is believed that the IMV remains inside the cells, being released
upon cell lysis. The experiments of the present study were carried
out with the IMV form of VV or CPV. VV and CPV were UV-in-
activated after exposure of the viruses stocks for 5 min to a UV
lamp producing irradiation predominantly at 365 nm. After that,
the UV-irradiated viruses were tested for virus infectivity. Virus
that no longer was able to form plaques as compared with the non-
irradiated virus was assumed to be UV-inactivated. VV or CPV
infection of A31 cells was carried out when the cultures reached
80-90 % confluence. Cells were infected in the absence of FBS,
at the indicated MOI (multiplicity of infection), and for the times
shown. Cells were incubated with the indicated pharmacological
inhibitor for 30 min before VV infection which was maintained
throughout the infection.

Virus infectivity assays

A31 cells stably expressing siEGR1, WT MEK1 or MEK 1 domi-
nant-negative mutation, were cultured as described above at a
density of 4.5 x 10° cells per well, in a six-well culture dish and
then VV- or CPV-infected. Infections were carried out at an MOI
ranging from 1.0 to 10.0, as indicated, for the times shown. Cul-
tures were then washed with cold PBS, followed by three freezing/
thawing cycles. Virus was collected from the supernatant of centri-
fuged cells and then assayed for infectivity as described in [32].
Each experiment was run in duplicate, and the results are the
means. Data were confirmed by at least three independent experi-
ments with similar results.

RNA isolation and Northern blotting

Cells (3 x 10°) were cultured and starved as described above.
Then the cells were incubated with the inhibitors actinomycin D,
CHX or PD98059 at the indicated concentrations, before virus
infection at the indicated MOI for the times shown. Total RNA was
isolated as described in [36], and 15 ug of RNA per sample
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was loaded, electrophoresed on a 1.5 % denaturing agarose—for-
maldehyde gel, transferred on to a nylon membrane (Amersham
Biosciences) and UV cross-linked for 2 min. Membranes were
then probed with egr-1 cDNA (complementary DNA) or viral TK
labelled with [a-**P]JdCTP (Amersham Biosciences), to a specific
activity of (1-5) x 10® c.p.m./ug of DNA, by using a multiprime
DNA labelling system. Hybridization and washing procedures
were carried out as described in [36]. The membranes were then
stripped of the probe and re-probed with 18 S rRNA, labelled with
[y-**P]ATP by using phage T4 polynucleotide kinase (Promega),
which was used as an internal control for RNA loading.

EMSA (electrophoretic mobility-shift assay)

A31 cells were cultured and starved as above and then VV-
infected at MOI of 3.0 for the indicated times. When appropriate,
cells were pre-incubated for 30 min with PD98059 and then
infected. EMSAs were carried out essentially as described in [37].
Whole-cell extracts were prepared by a modification of the method
described in [38]. Briefly, frozen cell pellets were thawed on ice
and lysed with an equal volume of lysis buffer (100 mM Tris/HCI,
pH 8.0, 0.2 mM EDTA, 1% Triton X-100, 10 % glycerol, 5 mM
sodium pyrophosphate, 4 png/ml leupeptin and 1 mM sodium
orthovanadate). Lysates were scraped and collected into
Eppendorf tubes and then centrifuged at 13000 g for 20 min at
4°C. Protein concentration was determined by using a Bio-Rad
assay. Protein (10 pug) was pre-incubated with 1.2 ul of poly(dI—
dC) - (dI-dC) (5.4 mg/ml) (Amersham Biosciences) at room tem-
perature (25°C) for 10 min, followed by addition of 1.25 ug of
BSA, 0.125 pg of Escherichia coli DNA, 0.25 ng of yeast tRNA,
2 % Ficoll 400 and 0.32 ng of labelled probe. The reaction mix-
tures were incubated at room temperature for 15 min and then
analysed by 6 % PAGE. The 5 **P-end-labelled double-stranded
probes (only one strand is shown) corresponding to the con-
sensus cis-acting elements, EBS (EGR-1-binding site): 5'-GG-
ATCCAGCGGGGGCGAGCGGGGGCGA-3' or the unrelated
probe NF-«B (nuclear factor «B) 5'-GTTGAGGGGACTTTCC-
CAGGC-3', were used in the assays. The supershift experiments
were carried out by incubation of the cell extracts with anti-EGR-1
antibody for 1h before mixing it with the labelled probe for
15 min. Competition assays were carried out by incubating a 50-
fold molar excess of unlabelled homologous or unrelated probe
with the proteins for 10 min, before adding the labelled probe.

MEK1 dominant-negative cell lines

A31 cells were transfected with 10 ng of plasmid DNA carrying
either dominant-negative mutant MEK 1 or WT MEK1 cDNA [39]
using standard calcium phosphate protocols [40]. Transfectants
were ring-cloned after selection with 800 p1g/ml Geneticin (G418;
Invitrogen) for at least 21 days and then tested for MEK1 un-
responsiveness, as evaluated by ERK1/2 phosphorylation, after
stimulation with 50 pg/ml EGF (epidermal growth factor; Sigma—
Aldrich) or virus infection at an MOI of 3.0. Unresponsive clones
to both stimuli above were then used to carry out the experiments.

Western blotting: whole-cell lysate preparation

Cells were left untreated or incubated with the specific inhibitor
for 30 min before VV or CPV infection at the indicated MOI. 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 leu-
peptin and 1 mM sodium orthovanadate). Lysates were scraped
and collected into Eppendorf tubes and then centrifuged at

13000 g for 15 min at 4 °C. Protein concentration was determined
by using the Bio-Rad assay.

Western blotting: electrophoresis and immunoblotting

Whole-cell lysates (25-30 ng) were separated by electrophoresis
on an SDS/10 % polyacrylamide gel and then transferred on to
nitrocellulose membranes as described in [14]. Membranes were
blocked overnight at 4°C with PBS containing 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 anti-
body (1:1500) in PBS containing 5 % (w/v) BSA and 0.1 % (v/v)
Tween 20. After washing, the membranes were incubated with
horseradish-peroxidase-conjugated secondary anti-rabbit anti-
body (1:3000 dilution). Immunoreactive bands were visualized
by using ECL® (enhanced chemiluminescence) detection system
as described in the manufacturer’s instructions (Amersham Bio-
sciences).

siRNA targeted to egr-1

A DNA construct from which egr-1 siRNA could be generated
in vivo was designed to specifically target the egr-/ mRNA, there-
fore excluding any other egr family member, according to
Ambion’s siRNA target finder (http://www.ambion.com/techlib/
misc/siRNA_finder.html). Only the 19 nucleotides of sense-
strand sequence is described: 5'-GGTGGTTTCCAGGTTCCCA-
3, which corresponds to positions 42404 to 42422 of the egr-1
mRNA (Gene ID 13653). BamHI and HindIII restriction endo-
nuclease recognition sequences were added to the ends of the
siRNA. Sense and antisense strands were annealed and then
cloned into the plasmid pSilencer™ 3.1-Hi neo (Ambion). Egr-1
recombinants were confirmed by DNA sequencing and were
purified, and then 10 ug of DNA was used to transfect A31 cells
using standard calcium phosphate protocols. Cell clones were
allowed to grow under selection with 800 pwg/ml G418 for 2—
3 weeks, and individual clones were ring-cloned and then checked
for functionality. As a control, 12 clones generated by stable
transfection of the pSilencer™ 3.1-Hi neo vector expressing a
hairpin siRNA with limited homology (irrelevant) to any known
sequences of human and mouse genomes were ring-cloned and
designated siIRNA.

Immunofluorescence microscopy

Cells were grown on coverslips and infected with VV vF13L-GFP
at an MOI of 10.0 for 12 h. Detection of EGR-1 was performed
in 4% (w/v) paraformaldehyde-fixed and 0.2% (v/v) Triton
X-100-permeabilized cells, after incubation with specific rabbit
polyclonal serum coupled with a secondary Texas Red-conjugated
goat anti-rabbit antibody. Fluorescently labelled cells were visual-
ized using a Zeiss (LSM 510 META) confocal laser-scanning
microscope.

Dot-blot assays

A31 cells (3 x 10°) were cultured and starved as described above
and then were infected with CPV at an MOI of 10.0 for 3, 5, 7
or 9 h, in either the presence or the absence of 50 uM PD98059.
After the infections, the cells were scraped from the dishes and
collected by centrifugation at 800 g as described in [14]. In brief,
after centrifugation, the cells were washed with cold PBS and
were resuspended in 0.3 ml of loading buffer [10x SSC (1x SSC
is 0.15M NaCl/0.015 M sodium citrate) and 1 M ammonium
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Figure 1  VV-stimulated EGR-1 expression

Northern blot assays (A-D) carried out as described in the Experimental section. Gells were serum-starved and then were either mock- (MO) or VV-infected at an MOI of 3.0 or as stated otherwise.
() Time course of egr-1 expression (upper panel). Lane 1, MO; lane 2, stimulated with 10% FBS for 30 min; lanes 3-11, VV-infected for 1-9 h respectively. (B) VV-induced egr-1 expression is
MOI-dependent (upper panel). Lane 1, MO; lane 2, incubated with 10 % FBS for 30 min; lanes 3-6, VV-infected with MOIs of 0.01, 0.1, 1.0 and 10.0 respectively. (C) VV-induced egr-1 expression
relies on ongoing protein synthesis, ERK1/2 activation and virus multiplication (upper panel). Lanes 1 and 6, MO; lane 2, stimulated with 10% FBS for 30 min; lanes 3-5 and 7, VV-infected at
an MOI of 3.0 for 4 h; lanes 4 and 5, pre-incubated with PD98059 (50 M) or CHX (100 .g/ml) respectively for 30 min; lane 8, incubated with UV-inactivated VV for 4 h. (D) VV-induced egr-1

expression is dependent on active gene transcription (upper panel). Lanes 1 and 5, MO-infected for 3

or 5 h respectively; lanes 2 and 6, VV-infected for 3 or 5 h; lanes 3, 4, 7 and 8, VV-infected for

4,5,6and 7 h respectively. Actinomycin D (5 1.g/ml) was added to the culture at 3 or 5 hpi and culture continued for an additional 1 or 2 h respectively. Lane 9, VV-infected for 7 h. Lower panels of
(A-D) show membranes re-probed with 18 S rRNA as an internal control for RNA loading. (E and F) Upper panels: VV-stimulated EGR-1 accumulation. Western blot analysis of VV-infected cells
at MOIs and times indicated. Cells were either MO-infected, or infected with V'V, blotted and then probed with anti-EGR-1 antibody. Where indicated, cells were incubated with PD98059 (50 «M)

before virus infection. Lower panels: blots were re-probed with anti-total ERK1/2 antibody as a control
Molecular masses are given in kDa.

acetate). The cells were then frozen and thawed three times,
followed by the addition of 0.45 ml of loading buffer. A 25 ul
volume of each sample was applied under vacuum to Hybond-
N membranes (Amersham Bioscience) using a HYBRI- DOT
Manifold apparatus (BRL Life Technology). The DNA was de-
natured for 30 min with 500 mM NaOH and 1.5 M NaCl, and the
membrane was washed twice with 10x SSC in situ for 10 min.
DNA was then cross-linked by exposure of the membrane to UV
light for 2 min. Hybridization conditions were as described for
Northern blotting.

Densitometric analysis

Dot-blot assays were quantified by using a densitometer (Typhoon
9210 phosphoimager; GE Healthcare). Results are the means for
duplicate samples (arbitrary units) representing each time post-
infection.

© 2006 Biochemical Society

for protein loading. Experiments were carried out independently three times with similar results.

RESULTS
Analysis of egr-1 expression upon VV and CPV infection

Our previous studies had shown that the VV-stimulated MEK/
ERK signalling pathway led to the expression of EGR-1 [14].
Since EGR-1 expression paralleled the sustained activation of
MEK/ERK upon viral infection, our present analysis attempted to
extend our studies to the entire virus replication cycle and tried
to get some insights into its biological significance. We first ob-
served that VV infection stimulated a prolonged and yet sustained
accumulation of the egr-1 transcript. The steady-state levels of
egr-I mRNA were apparent 1 hpi [hour(s) post-infection] and
remained elevated for up to 9 hpi (Figure 1A, upper panel). As
shown in Figure 1(B), we also observed that VV-induced egr-1
mRNA is MOI-dependent, and reached a plateau at an MOI
of 1.0. In addition, gene stimulation seems to rely on both
ongoing protein synthesis (Figure 1C, lanes 3 and 5) and active
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Figure 2 CPV activates ERK1/2 leading to EGR-1 expression

Cells were either mock-infected (MO/MOCK) or infected with CPV atan MOl of 1.0 or 5.0 as indicated, blotted and then probed with anti-phospho-ERK1/2 antibody (A-D) or with anti-EGR-1 antibody
(E and F). (A) Effects of MOl and UV-inactivated CPV on virus-stimulated ERK1/2 activation. Lanes 2—4, infected with CPV for 2 h; lanes 67, incubated with CPV at an MOI of 5.0 or the same
amount of UV-inactivated virus for 4 h respectively. (B and C) Time courses of CPV-stimulated ERK1/2 activation at an MOI of 1.0 or 5.0 respectively. (D) Viral-activation of ERK1/2 is specifically
affected by PD98059. Cells were incubated with PD98059 (50 M), H89 (20 1.M) or SB203580 (10 £M) before virus infection (MOI of 5.0) as indicated. (E and F) Time courses of CPV-stimulated
EGR-1 expression at an MOI of 1.0 or 5.0 respectively. (E) Lane 4, incubated with 10 % FBS. Data were consistently confirmed in three independent experiments. Molecular masses are given in kDa.

transcription (Figure 1D, lanes 3-8), since incubation with CHX
or actinomycin D respectively resulted in a remarkable reduction
in VV-induced egr-1 transcript. Our data also demonstrated that
virus multiplication was required for VV-induced egr-I transcrip-
tion, (Figure 1C, lanes 6-8), since U V-inactivated viruses were no
longer able to stimulate egr-/ transcription. Moreover, our find-
ings provided evidence that ERK1/2 activation was required for
egr-1 expression (Figure 1C, lane 4), because incubation with
PD98059 before VV infection caused a significant reduction in
egr-1 mRNA accumulation. Finally, VV stimulated EGR-1 pro-
tein accumulation up to 36 hpi, i.e. the late stages of the viral life

cycle, and the pathway associated with this stimulation appears to
recruit MEK, since its pharmacological inhibition resulted in an
accentuated decrease of EGR-1 accumulation (Figures 1E and 1F).

CPV activates ERK1/2 leading to EGR-1 expression

Since V'V regulates the expression of EGR-1 via MEK/ERK, we
hypothesized that the same regulation might be a common theme
utilized by another orthopoxvirus, CPV. Indeed, our findings
showed that CPV stimulated ERK1/2 phosphorylation in an
MOI-dependent manner (Figure 2A, lanes 1-4). Furthermore,
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Figure 3 MEK dominant-negative mutation affects both VV- and CPV-stimulated ERK1/2 phosphorylation and EGR-1 expression

Upper panels: cell lines expressing WT MEK or MEK dominant-negative mutation (DN) were either stimulated with EGF (50 .g/ml) for 30 min or infected with VV or CPV at an MOI of 10.0 for 4 h
(A) or at an MOI of 10 for the indicated times (B and C). Whole-cell lysates were prepared and immunoblotted with anti-phospho-ERK1/2 (A) or anti-EGR-1 (B and C) antibodies. Lower panels: blots
were re-probed with anti-(total ERK1/2) antibody as an internal control for protein loading. Blots are representative of at least three independent experiments with similar results.

replication-competent CPV was absolutely required to phos-
phorylate the kinases, because UV-inactivated virus was not
allowed to do so (Figure 2A, lanes 5-7). We next examined the
time course of phospho-ERK1/2 stimulation upon viral infection.
Our findings (Figures 2B and 2C) showed that the kinases were
stimulated from early (~2 hpi) until late times (~24-36 hpi)
during the virus infection cycle, in accordance with the depend-
ence on the MOI observed in Figure 2(A) and therefore only
kinetic differences were verified. Our data also showed that virus-
stimulation of ERK1/2 was specifically regulated by MEK, since
pre-incubation with its pharmacological inhibitor PD98059 com-
pletely blocked ERK1/2 phosphorylation (Figure 2D, lane 3),
whereas PKA (H89) and p38 MAPK (SB203580) inhibitors were
not effective (Figure 2D, lanes 4 and 5). We next investigated
whether the signal generated through the MEK/ERK pathway
upon CPV infection was delivered to egr-1. Figure 2(E) shows that
CPV regulated EGR-1 expression with kinetics that paralleled
that of virus-activation of MEK/ERK and was equally inhibited
by PD98059, characterizing MEK/ERK as the virus-activated kin-
ases recruited to regulate EGR-1 expression. Once again, the
kinetics of EGR-1 expression upon CPV infection at MOI of 5.0
(Figure 2F) were paralleled to that verified with viral activation
of MEK/ERK at the same MOI (Figure 2C). Thus Figures 1 and 2
showed that both VV and CPV activated the MEK/ERK pathway,
which in turn targeted the expression of EGR-1, during their entire
life cycle.

Cell lines expressing MEK1 dominant-negative mutation
interfere with both VV- and CPV-stimulated ERK1/2 activation
and egr-1 expression

On the basis of pharmacological inhibition of MEK (Figure 1F)
and on our previous results [ 14], we demonstrated that VV-stimul-
ated EGR-1 expression relies on MEK/ERK pathway. However,
to rule out the possibility of non-specific inhibition of MEK, we
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generated cell lines stably expressing either WT MEK1 or MEK 1
dominant-negative mutation. Figure 3(A) illustrates this analysis.
As shown, while cells expressing WT MEK1 associated EGF
stimulation and VV infection with ERK1/2 phosphorylation
(lanes 1-6), cells expressing dominant-negative MEK 1 mutation
responded neither to EGF nor to the infection (lanes 7-12). This
analysis was also performed with CPV infection with very similar
results (lanes 13—18). Expression of EGR-1 was then investigated
in these lines. Figures 3(B) and 3(C) demonstrate that MEK/ERK
was specifically required to mediate EGR-1 expression either
upon VV or CPV infection respectively; the same requirement was
also observed with the control EGF (lanes 1-14). Taken together,
results from Figures 1-3 demonstrated that both viruses regulated
the MEK/ERK/EGR-1 pathway throughout their entire replication
cycles. The data were confirmed not only by pharmacological but
also by genetic inhibition of the pathway.

EGR-1 translocates into the nucleus upon VV infection

EGR-1 is a transcriptional regulator associated with a number
of biological processes, such as proliferation/differentiation,
apoptosis and pathogenesis of vascular disease [24]. To investigate
whether viral infection would be able to stimulate EGR-1 to
translocate into the nucleus, immunofluorescence microscopy
was carried out. Figure 4 demonstrates that VV stimulated the
nuclear translocation of EGR-1 (middle row). It also shows that
the translocation relied upon the MEK/ERK signalling pathway,
since its pharmacological inhibition resulted in a complete block
of EGR-1 expression (bottom row). CPV infection was also able
to stimulate EGR-1 nuclear translocation (results not shown).

Upon translocation to the nucleus, EGR-1 hinds to the regulatory
sequence EBS

We next examined whether EGR-1 was able to recognize and bind
to the cis-acting element EBS found at the promoter region of
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Figure 4 VV stimulates EGR-1 nuclear translocation

Immunofluorescence microscopy of EGR-1 cellular localization in virus-infected cells. Cells growing on coverslips were mock-infected (top row) or infected with VVF13-GFP (green) at an MOI
of 10.0 for 12h and then stained with anti-EGR-1 antibody (red), either in the absence (middle row) or in the presence of PD98059 (50 rM) (bottom row). Nuclei were stained with DAPI
(4’ 6-diamidino-2-phenylindole). Merged pictures show the DAPI-stained image superimposed on the EGR-1-stained image. Results were confirmed by three independent assays with similar results.
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Figure 5 Upon nuclear translocation, EGR-1 binds to the regulatory sequence EBS

EMSA carried out with labelled EBS probe. Whole-cell extract (10 1. per sample) was mixed with the probe. Lanes 1—4 and 13, mock-infected; lane 5, stimulated with 10 % FBS for 30 min; lanes 6—
12 and 14-17, VV-infected for the times shown; lanes 11, 12 and 15, incubated with PD98059 (50 1.M) before virus infection; lanes 16 and 17, competed with 50-fold molar excess of unlabelled

EBS or NF-«B oligonucleotides respectively; lane 18, incubated with anti-EGR-1 antibody for 15 min

putative EGR-1-regulated genes. Our findings showed that, upon
nuclear translocation, EGR-1 binds to EBS as revealed by gel
supershift assay (Figure 5, lane 18). The earliest DNA—protein
interaction observed was at 3.0 hpi, reached its maximum at 12—
18 hpi and declined thereafter. The EGR-DNA complex formed
is specific and was dissociated after competition with a molar
excess of unlabelled homologous probe, but was not dissociated
after competition with the unrelated one, as shown in Figure 5
(lanes 16 and 17). Likewise, EGR-DNA interaction relied on the
MEK/ERK transduction pathway, as demonstrated after its spe-
cific pharmacological blockade (Figure 5, lanes 11, 12 and 15).

Efficient silencing of erg-1 by stable transfection with siRNA

Because (i) both VV and CPV stimulated EGR-1 expression from
the very early until late stages of their replication cycle, and (ii) by

before virus infection. Data were confirmed experimentally three times with similar results.

knowing that EGR-1 is not the only downstream substrate of
MEK/ERK, we decided to investigate the functional significance
of this specific host factor in orthopoxvirus biology. To that end,
we knocked-down the gene by using siRNA [41]. To examine the
levels of egr-1 gene silencing, cell lines stably expressing either
siEGR1 or the silRNA were analysed. Figure 6(A) shows the
DNA sequences designed to generate siEGR1 in vivo. A total of
28 G418-resistant clones expressing siEGR1 and 12 expressing
silRNA were analysed by immunoblot and Northern blot analysis.
Figures 6(B) and 6(C) illustrate these analyses. Cells were grown
to 80 % confluence, serum-starved for 12 h and then stimulated
with 10 % FBS for 30 min, VV at an MOI of 3.0 for 4 h or CPV
at an MOI of 1.0 or 5.0 for 6 or 4 h respectively, and then probed
either with anti-EGR-1 antibody or with a-*P-labelled egr-1
probe. Figure 6(B) shows that egr-/ was knocked-down to a vari-
able extent, compare the differences between clones siEGR1-01

© 2006 Biochemical Society
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Figure 6 Efficient siRNA-mediated silencing of EGR-1 expression

(A) The DNA sequence designed to knock-down the gene is shown. (B and G) Cell lines stably expressing SIEGR1 (lanes 4—13) or expressing SilRNA (lanes 1-3) were left unstimulated (C) or
stimulated with 20 % FBS, or infected either with VV at an MOI of 3.0 for 4 h, as indicated, or with CPV at an MOI of 1.0 (lane 12) or 5.0 (lane 13) for 6 h and 4 h respectively. (B) Western blot
analysis of siEGR-1-expressing clones (upper panel). Whole-cell lysates were prepared for immunoblot of EGR-1. (C) Northern blot analysis of SiEGR1-expressing clones (upper panel). Total RNA
was isolated, blotted and probed with labelled egr-7. (B and C) Lower panels: blots were re-probed with anti-total ERK1/2 antibody or with 18 S rRNA respectively as an internal control for protein or
RNA loading. Blots are representative of at least three independent experiments with similar results.

Table 1 Effects of siRNA targeted to egr-7 on VV multiplication

Cell lines stably expressing siEGR1-01 and SIEGR1-20 or silRNA-15 were infected with VV at
an MOI of 10.0 and 12 hpi viruses were collected and titrated. Virus growth carried out with
clone silRNA-15 was taken as 100 % (6.0 x 10° plaque-forming units/ml).

Infection Virus yield (%) Inhibition (%)
silRNA-15 100 0
SiIEGR1-01 56 44
siEGR1-20 13 87

and siEGR1-20 (lanes 4—6 and 7-9), with the latter presenting a
higher level of gene silencing. In contrast, egr-/ expression in re-
sponse to either FBS or VV was unaltered in the clone expressing
silRNA (siIRNA-15) (lanes 1-3). Of note, reduction in EGR-1
protein accumulation observed in Figure 6(B) was paralleled by
a decrease in the steady-state levels of egr-I mRNA as shown
in Figure 6(C). Very similar results were obtained when the cell
lines silRNA-15 (not shown) and siEGR1-20 were infected with
CPV (Figures 6B and 6C, lanes 10-13). It is important to point
out that the levels of expression of both egr-/ mRNA and its
gene product in the clone silRNA-15, upon viral infection, were
comparable with those ones observed in the untransfected cell
line (A31) (results not shown).

EGR-1 plays a critical role in VV multiplication

In order to confirm that sustained expression of egr-/ mRNA fol-
lowed by its continued translation upon VV infection were of bio-
logical relevance, the cell lines siEGR1-01 and -20 were infected
with VV at an MOI of 10.0 and 12 hpi virus was collected and
assayed for infectivity. As shown in Table 1, Egr-1 appears to
be required for VV multiplication, since its silencing resulted
in ~ 10-fold reduction in virus yield (siEGR1-20). Of note, the
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decrease in virus production correlated well with the level of egr-1
silencing, and was less pronounced when the cells siEGR1-01
were used.

Differential roles played by EGR-1 in orthopoxvirus biology

To gain some insights into whether egr-1 played differential roles
in VV and CPV biology, the following set of experiments was car-
ried out. First, as shown in Figure 7, VV multiplication performed
with siEGR1-20, the cell clone expressing higher levels of gene
silencing, resulted in reduction not only of viral plaque pheno-
type (Figure 7A, upper panel), but also of viral yield (Figure 7B).
Secondly, and opposite, altered plaque phenotype was not veri-
fied (Figure 7A, lower panel), neither was CPV multiplication
affected, when the experiments were performed with the same
cell line, at different MOI (Figures 7D and 7F). Because VV- and
CPV-stimulated EGR-1 expression is governed by the MEK/ERK
pathway ([14], and the present study), finally, we tested whether
or not viral multiplication performed with a cell line expressing
MEK dominant-negative mutation (MEK-DN3) paralleled that
carried out with the clone siEGR1-20. As shown in Figure 7(C),
VV growth rates decreased approx. one log cycle in this line as
compared with that expressing WT MEK (MEK-WT10). Once
again, it is noteworthy that CPV multiplication did not rely on the
MEK/ERK pathway, independently of the MOI used, as shown in
Figures 7(E) and 7(G).

Both CPV early gene expression and DNA replication do not depend
on the MEK/ERK pathway, but sustained ERK1/2 phosphorylation is
dependent on viral DNA replication

We have shown previously that pharmacological inhibition of
MEK/ERK was associated with both delayed VV early viral gene
(TK) expression and decreased DNA replication, in accordance
with the reduction verified in virus yield [14]. In order to invest-
igate whether both CPV TK gene expression and DNA replication
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Figure 7  Effects of EGR-1 gene silencing and MEK dominant-negative mutation in viral biology

Cell lines (4.0 x 10° cells) stably expressing either siEGR1-20 or silRNA-15 (A, B, D and F) or WT MEK or dominant-negative MEK1 (MEK-DN3) (C, E and G), were infected with VV at 400 pfu
(plaque-forming units)/well (A, upper panel) or with CPV at 150 pfu/well (A, lower panel) and 48 or 96 hpi respectively were fixed with formaldehyde. Cells were infected with VVV at an MOI of 3.0
(B and C) for the times shown. Infections with CPV were performed at an MOI of 1.0 (D and E) or an MOI of 5.0 (F and G). Plaques were visualized after staining with Crystal Violet. Results are

representative of at least three independent experiments with similar results.

also relied on signals transmitted by MEK/ERK, cells were in-
fected with CPV at an MOI of 5.0 and viral RNA/DNA was isol-
ated at the indicated times and blotted on to a nylon membrane.
Figure 8(A) shows that TK gene expression was delayed when
the infections were carried out in the presence of PD98059
(lanes 5-8). On the other hand, CPV viral DNA replication was
not affected by MEK/ERK, since no statistically significant differ-
ences were found with or without inhibitor (Student non-para-
metric two-tailed # test) (Figure 8B), contrasting with the partial
dependence on this pathway displayed by VV [14]. In an attempt
to clarify whether the sustained ERK1/2 phosphorylation upon
CPV infection was dependent on DNA replication or on a post-
replicative protein synthesis event, experiments were carried out

in either the presence or the absence of Ara C. As shown in
Figure 8(C), inhibition of viral DNA synthesis was followed by a
dramatic decrease in ERK1/2 phosphorylation.

DISCUSSION

The large genome of VV codes for molecules necessary to pro-
mote self-expression of viral early genes, such as RNA poly-
merase [42], the VV early transcription factor (VETF) [43], and
capping enzyme [44], among others. Consequently, early studies
had suggested that VV transcription might rely entirely on virus-
encoded products. However, it was quickly realized that the virus

© 2006 Biochemical Society



92 P.N. G. Silva and others

A PV

CPV + PD

1 3 s 7

3 5 7 = Time (hpi)

e .

@ -

(%]

3

154

L e e cus e e e -
1 4 5 6 7 8

= C—ICPV BR
a2 = CPV BR +PD
&
; 104
2
1)
3
- ﬂ I
=3
=
2
= |
Niml
3 hpi 5 hpi 7 hpi 9 hpi
MOCK CPV AraC CPV + AraC
KDa 4 12 24 4 12 24 12 24 4 12 24 <= Time (hpi)
4 | _— <= P-ERK1
2 — — v <= P-ERK2
1 2 3 4 5 6 8 9 10 11 12

Figure 8 Both CPV TK gene expression and DNA replication did not rely on MEK/ERK, but sustained ERK1/2 phosphorylation was dependent on viral DNA

replication

Cells were mock-infected or infected with CPV at an MO of 5.0 in either the absence or the presence of 50 .M PD98059 (PD) (A and B) or Ara C (40 wg/ml) (C) for the times shown. (A) Viral
RNA was isolated as described in the Experimental section, blotted and hybridized with %P-labelled CPV TK probe. (B) Viral DNA was isolated, dot-blotted and hybridized with *2P-labelled CPV
DNA. Results are means + S.D. of the quantification of duplicate samples for each time point. No statistically significant difference was seen between samples with or without PD98059 (Student’s
non-parametric two-tailed ¢ test). (C) Whole-cell lysates were immunoblotted with anti-phospho-ERK1/2. Results were consistently confirmed in three independent experiments.

must also benefit from the interaction with its hosts, which provide
not only the necessary energy to carry out essential metabolic
functions, but also transcription factors needed for expression of
intermediate and late virus genes [16,17,19].

Thus viral replication results from a complex network of virus—
host interactions culminating with the most adequate intracellular
environment for the generation of its progeny. As far as poxvirus
replication is concerned, it has been shown that viral manipulation
of signalling pathways is a fertile way of promoting replication
[13]. MV illustrates this assumption. By activating PAK-1 and
Raf-1, this rabbit-specific poxvirus makes mouse fibroblasts
permissive for its replication [11].

We have shown previously that the MEK/ERK/RSK2/Elk-1
pathway is required for maximal VV replication [14]. By combin-
ing both pharmacological and genetic inhibition of MEK, we show
now that viral stimulation of this pathway leads to the express-
ion of egr-1 (Figures 1C, 1F and 3B). Consistent with the viral
requirement for activation of the signalling cascade, induction of
egr-1 is also dependent on viral multiplication, de novo protein
synthesis and active gene transcription, since UV-irradiated
viruses are unable to stimulate the gene expression and the same is
verified when infection is carried out in the presence of the respect-
ive inhibitor (Figures 1C and 1D). Whether host or viral (or both)
protein and RNA synthesis are required for VV-stimulated egr-/
expression, under our experimental conditions, it is not possible
to discriminate between them, and it remains to be demonstrated
further. Stimulation of the MEK/ERK/EGR-1 pathway is also a
CPV-regulated process (Figures 2A-2E, 3A and 3C). Of note, the
kinetics of egr-/ mRNA/protein accumulation is prolonged until
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times where viral morphogenesis had already come to completion
(Figures 1F, 2E, 7B, 7D and 7F).

Also remarkable is the observation that, upon VV infection,
EGR-1 translocates into the nucleus and binds to the regulatory
sequence EBS, a cis-acting element found at the promoter region
of EGR-1-regulated genes, suggesting a regulatory role played by
EGR-1. Once again, both processes rely upon MEK/ERK pathway
(Figure 4, bottom row; Figure 5, lane 11). Nonetheless, other
genes under EGR-1 regulation and the roles they may play on VV
biology, remain to be investigated further. CPV was also able to
stimulate EGR-1 nuclear translocation (results not shown).

Collectively, however, our data suggest that VV- and CPV-
regulated induction of egr-/ should be of biological relevance.
The beneficial role played by egr-/ on the HSV replication
cycle, was reported previously [30]. Thus, through its binding
to the HSV LAT (latency-associated transcript) promoter, EGR-1
prevents TBP from binding and RNA polymerase I from initiating
transcription of LAT, and thus reactivates HSV from latency.
In our study, the roles played by EGR-1 in VV biology were
confirmed by knocking-down this gene (Figure 6). This host factor
not only affects the generation of virus progeny (decrease of about
one log cycle), but also alters the virus plaque phenotype. Virus
replication carried out with siEGR1-20 cells presents a smaller
plaque size than that observed with the control silRNA cells
(Figures 7A, upper panel, and 7B). Gene silencing, however, does
not appear to affect the expression of the viral early gene (TK),
because comparable levels of mRNA accumulation are verified in
both knocked-down and control cells (results not shown). On the
other hand, the knocking-down process does seem to affect late
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Both VW and CPV stimulate the MEK/ERK/EGR-1 pathway from early until late times of viral infective cycle. Upon stimulation, EGR-1 translocates into the nucleus where it binds to the regulatory
region (EBS) of EGR-1-regulated genes to control their expression. Pharmacological (PD98059) and genetic (dominant-negative mutation, DN) inhibition of MEK/ERK in conjunction with gene
silencing (SiEGR1-20) approaches demonstrate a distinct requirement of the pathway for viral biology (see right-hand box; Un, unaffected). While viral TK gene expression upon pharmacological
inhibition was equally delayed (D) for both viruses (see left-hand box), viral DNA (vVDNA) replication was unaffected (Un) only for CPV. A post-replicative event is required (Ara C) for CPV- but not

for VV-stimulated ERK1/2 phosphorylation.

VV gene expression as revealed by immunoblot assay carried out
using the anti-viral H3L antibody (results not shown). Moreover,
the dominant-negative approach carried out with MEK/ERK, the
pathway that ultimately leads to VV-stimulated egr-1 expression,
also shows about one log cycle decrease in virus yield (Figure 7C),
accompanied by a reduction in plaque size (results not shown),
confirming the virus-dependence on MEK/ERK/EGR-1. It is
worth noting that the levels of egr-/ silencing are in accordance
with the decrease observed in virus yield (Table 1), which appears
to point to a threshold level of gene product expression required to
be of biological significance. Contribution of egr-/ to virus
replication could be even more pronounced considering that the
knocking-down process hardly reaches 90 % of gene silencing, as
observed with other viruses [45—-47]. Even though EGR-1 appears
to have multiple implications for VV biology and, in addition, it
also appears to be regulated by the modified VV Ankara [48].
In remarkable contrast, however, this host factor does not seem
to play a relevant role for the orthopoxvirus CPYV, as far as virus
yield (Figures 7D and 7F) and virus plaque phenotype (Figure 7A,
lower panel) are concerned, since none of them is affected when
assayed either with the siEGR1-20 or dominant-negative mutant
MEK cell lines. In addition, CPV DNA replication is not affected
at all by disruption of the MEK/ERK pathway, and, even though
TK expression is delayed, it does not affect CPV multiplication,
which is in contrast with what we have observed previously
with VV [14]. Whether intermediate or late CPV genes are
affected by EGR-1 or MEK/ERK, it remains to be investigated
further. Also remarkable is the observation that CPV-stimulated
ERK1/2 phosphorylation is dependent on virus DNA replication
(Figure 8C), once again in a remarkable contrast with what has
been reported for VV [14]. Thus, despite their closely related

evolution, and their ability to infect common hosts, evidence is
provided that virus-stimulated MEK/ERK/EGR-1 pathway play
distinct and yet overlapping roles in orthopoxvirus biology.

Since both viruses regulate the expression of EGR-1 until late
times in their infective cycles and a number of reports support the
conclusion that VV infection shuts down host protein synthesis
and decreases mRNA half life [1,49], how virus deals with the
selective up-regulation of some host genes, as demonstrated in
the present study and in [18,48] and yet down-regulates others,
remains largely a matter of speculation.

We believe that the effect caused by knocking-down egr-I is
specific because (i) both the mRNA and the gene product are
down-regulated, thus ruling out the possibility of a translation at-
tenuation effect mediated by miRNA (micro RNA) [50], (ii) trans-
lation attenuation associated with IFN production seems to be
unlikely because these viruses present unequivocal mechanisms
to counteract IFN production and actions [7,10,51,52]. Moreover,
we were not able to detect induction of IFN-stimulated genes in
the VV-infected cells expressing siEGR1 (results not shown).

On the basis of the findings in the present study and our pre-
vious one [14], we propose a model for the orthopoxvirus—host
cell interaction and the roles played by the MEK/ERK/EGR-1
pathway in viral biology. Although both VV and CPV stimulate
the same transduction pathway, distinct biological outcomes,
nonetheless, are verified (Figure 9).

To the best of our knowledge, this is the first report to describe
a novel category of host factors required for efficient VV repli-
cation, although the role played in CPV biology remains to be
demonstrated further. While others have reported and character-
ized host factors associated with viral intermediate and late tran-
scription termination or host factors necessary for in vitro virus
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replication, for example, VITF-2 [47], VLTF [17,18], HSP-90
[20], cyclophilin A [21], RNA polymerase II, and the transcription
factors YY1, SP1 and TBP [22], although these data await
confirmation from in vivo experimentation, the characterization
of EGR-1 is novel in the sense that this host factor, in contrast
with the others, is virus-regulated throughout its entire life cycle,
and relies upon a signalling pathway. Thus we believe that this
study has contributed to lay one more brick to building the picture
of the interaction of the brick-shaped VV with host cells.
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