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Lack of expression of neurofibromin in neurofibro-
matosis 1 and its lethal derivative, malignant periph-
eral nerve sheath tumors (MPNSTs), is thought to
result in the overactivation of the Ras signaling path-
way. Our previous studies have shown that cells with
overactivation in the Ras pathway are more permis-
sive to infection with herpes simplex virus 1 and its
mutant version R3616. In this study, we show that
among five different mouse MPNST cell lines, only the
ones with elevated levels of Ras signaling are highly
permissive to infection with oncolytic herpes G207.
Specific inhibitors of the Ras, ERK, and JNK pathways
all reduced the synthesis of viral proteins in MPNST
cells. The cell lines that contained lower levels of Ras
and decreased activation of downstream signaling
components underwent an enhancement in apopto-
sis upon exposure to G207. Additionally, mouse SW10
Schwann cells were able to become infected by paren-
tal herpes but were found to be resistant to G207. The
immortalization of these cell lines with the expres-
sion of SV40 large T antigen increased the levels of
Ras activation and permissiveness to oncolytic her-
pes. A Ras/Raf kinase inhibitor reduced the synthesis
of both herpes simplex virus-1 and G207 proteins in
SW10 cells. The results of this study, therefore,
introduce Ras signaling as a divergent turning point

for the response of MPNST cells to an assault by
oncolytic herpes. (AmJ Pathol 2008, 173:1861-1872; DOI:
10.2353/ajpath.2008.080376)

The Ras signal transduction pathway acts as a central
hub through which a variety of cell functions are con-
trolled. The influence of Ras signaling on the responsive-
ness of cancer cells to therapy makes this complicated
molecular machinery a critical area of inquiry in basic
and translational research.'* Overactivation of the
Ras proto-oncogene occurs in more than 30% of hu-
man malignancies,® whereas activation of its down-
stream elements triggers pro-oncogenic events lead-
ing to neoplasia and malignancy.®2° Ras activation is
regulated by the interplay between two groups of
proteins: Ras-guanine nucleotide exchange factors
(GEFs), which activate Ras by exchanging guanosine
diphosphate (GDP) to guanosine triphosphate (GTP),
and Ras-GTPase activating proteins (Ras-GAPs),
which function by the process of conversion of Ras-
GTP (active) to Ras-GDP (inactive).?" Neurofibromin, a
Ras-GAP, negatively regulates Ras output by acceler-
ating the hydrolysis of Ras-GTP to Ras-GDP.?? Muta-
tions in the neurofibromin coding gene (nf7) cause
neurofibromatosis type 1 (NF1), an autosomal-domi-
nant human genetic disease with an incidence of ~1in
2500 births.?"2324 Malignant peripheral nerve sheath
tumors (MPNSTs) arise from plexiform neurofibromas
in 10 to 15% of NF1 patients. MPNST is considered the
main cause of mortality in adult NF1 patients, with only
34 to 52% of patients surviving for 5 years.?® The
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molecular events involved in the malignant transforma-
tion of benign neurofibromas to MPNST are poorly
defined. It has been postulated that one of the main
tumor-causing effects of mutations in the tumor sup-
pressor nfl gene is the subsequent activation of
Ras.ZG—SO

Inactivation of both copies of the nf7 gene has been
demonstrated in benign human neurofibromas and has
been shown to cause tumors in murine models.®' Loss of
heterozygosity of nfl and p53 has frequently been ob-
served in human MPNST.®273* Recombinant mouse
strains (NP mice), which harbor inactivated nf7 and p53
alleles (cis-nf1™'~:p537~) demonstrate the cumulative
effects of loss of both nf7 and p53 genes in the etiology of
MPNST.3536 To understand the extent of the influence of
nf1-mutations on the outcome of Ras signaling, we have
examined the activation of this pathway in cells isolated
from distinct MPNST tumors of NP mice®® that exhibit loss
of heterozygosity for both nf7 and p53 genes but no
mutations in Ras gene. The results of our study show that
although all of the studied MPNST cell lines originated
from a cis-nf1™/~:p53*/~ background, overactivity in Ras
signaling was only observed in two of the five cell lines.
Activation patterns of downstream Ras-signaling path-
ways follow the overactivity seen for Ras: cell lines with
higher Ras-GTP levels exhibit elevated levels of kinase
activity for extracellular signal-related kinase (ERK), Jun
amino-terminal kinase (JNK), p38-kinase, and phospha-
tidylinositol 3-kinase (PI3K). In the next step, we linked
the overall Ras-signaling portfolio of MPNST cells to bio-
logical characteristics that may influence the outcome of
therapy. The apoptotic capabilities of MPNST cells and
their permissiveness to G207, an oncolytic version of
herpes simplex virus-1 (HSV-1),%738 was studied. G207
has been explored for its therapeutic efficacy in a murine
model of MPNST.3°

Upon infection with G207, MPNST cells with increased
Ras signaling exhibited higher viral permissiveness than
cell lines with lower levels of Ras signaling. The cells with
lower Ras signaling underwent apoptosis after exposure
to G207. This finding is in agreement with our previous
studies in which Ras signaling was correlated to the
permissiveness of cells to herpesvirus*®*! and other vi-
ruses such as reovirus.*>~** For MPNST cells with both
high- and low-Ras signaling, a significant decrease in
proliferation and invasiveness was observed. Further, we
have observed that untransformed Schwann cells (with
low-Ras activation) remain nonpermissive to G207 infec-
tion. However, these cells become more permissive to
infection upon conditional immortalization (by expression
of SV40 large T antigen), which induces the Ras-Raf
pathway. Blockers of Raf, Ras, ERK, and JNK all inhibit
the production of viral proteins. The results of this
study, therefore, not only expand our fundamental un-
derstanding about the regulation of Ras signaling in
MPNST cells but also correlate such information with
the responsiveness of MPNST tumor cells to oncolytic
HSV as a model for linking signaling characteristics
and therapeutic outcomes.

Materials and Methods

Cell Culture and Viruses

Mouse MPNST cells (61E4, 37-3-18, 35-1-2, 38-2-18, and
32-5-24-12 cells) were originally isolated from different
mouse MPNSTs.®® Mouse Schwann cells, SW10, were
purchased from American Type Culture Collection, Rock-
ville, MD (American Type Culture Collection number CRL-
2766). All cells were maintained in Dulbecco’s modified
Eagle’s medium, 10% fetal bovine serum, and additional
antibiotics. G207 was prepared as described previously>’
or provided by MediGene, Inc., San Diego, CA. HSV-1(F)
virus was a gift from Dr. Bernard Roizman (University of
Chicago, Chicago, IL).

Affinity Pull-Down Assays for Ras

Ras activation assay were performed in accordance to
the manufacturer’s (Upstate, Lake Placid, NY) instruction.
Briefly, cells grown in 10-cm tissue culture dishes were
lysed at 75 to 80% confluency in magnesium lysis buffer.
After determination of protein concentration, 10 ul of Ras
assay reagent (Raf-1 binding domain-agarose) was
added to 200 ug of total cell protein in 200 wl of magne-
sium lysis buffer. After a period of rocking at 4°C, the
activated (GTP) form of Ras bound to the agarose beads
was collected by centrifugation, washed, boiled in 2X
Laemmli reducing sample buffer (Bio-Rad, Hercules, CA)
and loaded on a 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gel (Bio-Rad). The proteins
were transferred to a nitrocellulose membrane; blocked
with Tris-buffered saline/0.2%Tween/5% milk (TBST-
MLK) and incubated with Pan-Ras antibody (1:1000). The
membrane was then washed with TBST for 10 minutes
each and then incubated with sheep anti-mouse horse-
radish peroxidase-conjugated 1gG (1:2000; Amersham,
Arlington Heights, IL). Bands were detected using Lumi-
GLO chemiluminescent reagent peroxide (Cell Signaling,
Beverly, MA).

Nonradioactive Ras Downstream Kinase Assays

Nonradioactive Ras effector assays were performed in
accordance with the manufacturer’s (Cell Signaling) in-
structions. Briefly, cells grown in 10-cm tissue culture
dishes were lysed at 75 to 80% confluency with 300 ul of
cell lysis buffer. Immobilized antibody-bead slurry capa-
ble of binding to the phosphorylated forms of ERK, JUN,
AKT or p38-kinase was then added to 200 ug of total cell
protein in 200 wl of cell lysis buffer. The mixture was
incubated with gentle rocking overnight at 4°C then col-
lected, washed, and introduced to an in vitro kinase re-
action in presence of ATP and a special buffer. The levels
of phosphorylated ELK, JUN, ATF2, and AKT were then
assayed by Western blotting using antibodies directed
against phosphorylated forms of these proteins.



Early (Annexin-V Assay) and Late Phase
[Terminal dUTP Nick-End Labeling (TUNEL)
Assay] for Detection of Apoptosis

Annexin-V labeling was performed according to the man-
ufacturer’s (Calbiochem, La Jolla, CA) recommendations
for the conventional Annexin-V binding protocol. Briefly,
cells were washed in phosphate-buffered saline (PBS)
with gentle centrifuge (1000 X g for 5 minutes at room
temperature) and resuspended in 0.5 ml of cold 1X
binding buffer with the addition of 1.25 ul of Annexin
V-fluorescein isothiocyanate (FITC). After incubation for
15 minutes, cells were centrifuged, supernatant was re-
moved, and cells were resuspended in 0.5 ml of cold 1X
binding buffer. In the next step, 10 ul of propidium iodide
were added and samples were placed on ice in the dark
and then analyzed by a flow cytometer using an argon
488-nm argon ion laser source. TUNEL assay was also
performed according to the recommendations by the
manufacturer (Chemicon, Temecula, CA). Briefly, cells
were fixed in paraformaldehyde and alcohol and then
incubated at —20°C overnight. After rehydration of cells
in Tris-buffered saline, they were permeabilized by pro-
teinase K, equilibrated by terminal deoxynucleotidyl
transferase (TdT) buffer, and labeled by TdT reaction
mixture/enzyme at 37°C for 1.5 hours in the dark. The
reaction was then stopped by washing with Tris-buffered
saline and cells were analyzed by a flow cytometer using
an argon 488-nm argon ion laser source.

Immunofiuorescent Analysis of HSV-1 Infection

MPNST and Schwann cells were grown in eight-well slide
chambers (Falcon, San Jose, CA) and infected with
HSV-1 (strain F) or G207 or mock-infected. At different
times after infection, cells were fixed in acetone (100%)
for 10 minutes and then left at room temperature to dry
before incubation with a fluorescein-labeled mouse
monoclonal antibody against HSV-1 gC antigen (Labvi-
sion, Fremont, CA) for 30 minutes at 37°C. The slides
were washed with distilled water, dried, and mounted in
90% glycerol containing 0.1% phenylenediamine, and
viewed with an Axiophot microscope (Carl Zeiss, Thorn-
wood, NY) on which a Carl Zeiss camera was mounted.
Pictures were captured by an attached computer and
processed with appropriate software.

Sodium Dodecyl! Sulfate-Polyacrylamide Gel
Electrophoresis and Western Blot Analysis

Different cells were lysed with a single detergent lysis
buffer [50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.02%
sodium azide, 100 ug/ml phenylmethyl sulfonyl fluoride, 1
pg/ml aprotinin, and 1% Triton X-100], normalized for the
amount of total protein and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using a Bio-
Rad minicell protein-Il system (using precast 10% dis-
continuous gels) followed by electroblotting onto nitrocel-
lulose paper. The membrane was then washed and
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incubated with a primary rabbit antibody against all
HSV-1 antigens (DAKO, Carpinteria, CA), followed by the
horseradish peroxidase-conjugated secondary antibody.
After extensive washing, the blot was exposed to Lumigel
(Viagen, Tempa, FL) detection solution and subjected to
autoradiography.

Exposure of Cells to the Inhibitors of Cell
Signaling

Uninfected 37-3-18 cells were exposed to Ras and its
downstream specific inhibitors overnight at the following
concentrations: AG-14178 at 0.5 wmol/L, L-744,832 at 60
pwmol/L, PD98059 at 20 umol/L, and SP600125 at 25
pmol/L. Schwann cells were exposed to Rafl kinase
inhibitor-11. L-744,832 and Raf1 kinase inhibitor-Il were
obtained from Calbiochem. AG14178, PD98059, and
SP600125 were obtained from Biosource (Camarillo, CA).

Plaque (Viral Progeny) Titration Assay

Plaque titration was performed with the purpose of eval-
uating the yield of progeny virus at 24 hours after infec-
tion. Briefly, the supernatant from infected cells were
serially diluted from 1/10 to 1/108. A volume of 300 ul from
each dilution was added to duplicate wells (of six-well
plates) containing Vero cells at ~75% confluency after
removal of the existing media and rinsing the cells with
PBS. Cells were then incubated at 37°C until development
of cytopathic effects in the form of plaques, which usually
occurs within 2 to 3 days. At this point, a monolayer was
fixed with methanol and stained with Giemsa solution for 10
minutes. The number of clear plaques was then determined
by calculating the average number of plaques per well for
each dilution and the volume used to infect each well.

Cell Invasion Assay

To evaluate cell invasiveness, a commercial kit was used
(BD Biosciences, San Jose, CA). Briefly, cells (50,000
control or test cells) were introduced into Matrigel-coated
inserts fitting 24-well plates. As cells invaded through the
layer of Matrigel, the fraction of invaded cells were de-
tected by staining with crystal violet and quantifying by
spectroscopy. Invaded cells were fixed with 5% parafor-
maldehyde and stained with a 5% solution of crystal
violet and then photographed to obtain a visual represen-
tation of their density. The cells were then solubilized in a
3% detergent (Nonidet P-40) solution, and the absorbance
was measured by spectrophotometry at 590 nm.

Cell Proliferation Assay

The cell proliferation assay was performed using a kit
(Chemicon) according to the manufacturer’s instructions.
The assay is based on the cleavage of the tetrazolium salt
WST-1 to formazan by cellular mitochondrial dehydroge-
nases. Expansion in the number of viable cells results in
an increase in the overall activity of the mitochondrial
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dehydrogenases resulting in an increase in the amount of
formazan dye formed. Briefly, 10* cells per well were
seeded in a 96-well microplate in volume of 100 ul per
well. At different times, 10 wl of WST-1/ECS solution was
added to each well. The plates were incubated for 4
hours in standard culture conditions. The plates were
then shaken thoroughly for 1 minute and absorbance was
measured at 480 nm.

Statistical Analysis

Results are reported as means #+ SD. Student’s t-test was
used to analyze statistical differences between groups. a
level was set at 0.05.

Results

MPNST Cell Lines Vary in Their Levels of Ras
and ERK Pathway Activation

Ras activation stimulates a variety of effector pathways
including ERK, JNK, p38 kinase, and PI3K (Figure 1A)."
Because the Ras-GAP function of neurofibromin is lost in
the MPNST cell lines used in this study, we were inter-
ested in elucidating the effects of such Ras-deregulating
genetic abnormalities on Ras activation and signaling. To
achieve this, the amount of Ras-GTP was determined
using an affinity precipitation assay effectively differenti-
ating between active and inactive forms of Ras. As is
shown in Figure 1B, among the five studied mouse
MPNST cell lines, only 6lE4 and 37-3-18 showed elevated
levels of Ras-GTP as compared with the other three
MPNST cell lines (35-1-2, 38-2-18, and 32-5-24-12). The
activated levels of Ras (H-, K-, and N-Ras) were deter-
mined under growth conditions in the presence of 10%
fetal bovine serum. We also evaluated the amount of the
active (phosphorylated) form of ERK (P-ERK) and found
that at equal total enzyme levels, P-ERK levels were
higher in 6lE4 and 37-3-18 as compared with the other
three MPNST cell lines.

MPNST Cells Exhibit Variable Levels of Stress-
Activated MAPK and PIBK Pathway Activity

JNK and p38-kinase pathways are known as stress-acti-
vated MAPK pathways.*® We evaluated the amount of the
phosphorylated forms of the JNK substrate, JUN, and the
p38-kinase substrate, ATF-2, in lysates of MPNST cells
after in vitro kinase reactions. As shown in Figure 1B,
increased activities for both pathways were detected in
6lE4 and 37-3-18 as compared to other MPNST cell lines
in the absence of external stress stimuli. Notably, the cell
line 38-2-18 also showed elevated levels of JINK pathway
activity, independent of elevated Ras-GTP.

The PI3K pathway is a downstream effector of Ras with
significant anti-apoptotic effects that can greatly influ-
ence cell survival.*® We determined the level of PI3K
activity in MPNST cell lines by measuring the amount of
GSK3a/B phosphorylated on serines 9 or 21 by the phos-
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Figure 1. Activity of Ras and its downstream signaling pathways in mouse
MPNST cells. A: Schematic representation of Ras and its downstream effector
pathways. B: The activity of Ras in different mouse MPNST cell lines was
detected by Ras affinity pull-down assay for Ras-GTP. The first panel shows
the amount of activated form of Ras (Ras-GTP), and the second panel shows
the amount of total form of Ras. Western blotting using phospho-specific
antibody against ERK1/2 was used to detect the amount of activated ERK in
MPNST cells in comparison to the amount of total form of this enzyme. The
activities of other Ras downstream effector pathways were investigated by
pull-down assays coupled with in vitro kinase reactions for JUN, P38, and
PI3K pathways. In each assay an in vitro kinase reaction was performed to
detect the capability of each effector in phosphorylating its specific substrate,
which was in turn detected by blotting with a phospho-specific antibody.
Cell lines are numbered as follows: lane 1, 6IE4; lane 2, 37-3-18; lane 3,
35-1-2; lane 4, 38-2-18; lane 5, 32-5-24-12.

phorylated form of AKT, a downstream substrate in the
PI3K pathway. Once again, the highest levels of activity
were observed for cell lines 6lE4 and 37-3-18 cells, as
compared to the other cell lines.

Ras Signaling in MPNST Cells Increases
Resistance to Apoptosis

Increased levels of Ras signaling can enhance cell resis-
tance to apoptosis by activation of the PI3K pathway and
its multiple effectors*” such as 3-phosphoinositide-de-
pendent protein kinase 1 (PDK1) and protein kinase-B
(PKB/AKT).*® Therefore, MPNST cells with higher levels
of Ras-GTP and AKT activation may be characterized by
increased resistance to pro-apoptotic signals. To inves-
tigate this, we exposed MPNST cells to UV irradiation (10
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Figure 2. Induction of apoptosis after UV exposure in MPNST cells. MPNST
cells with high- and low-Ras signaling activity were exposed to UV (10 mJ/cm?)
and the induction of apoptosis was measured after 6 hours using the Annexin-V
conversion test. A: The average (+SD) percentage of apoptosis occurring after
UV exposure is plotted for two groups including high-Ras (6IE4 and 37-3-18) and
low-Ras MPNST cells (35-1-2, 38-2-18, and 35-5-24-12). B: Annexin-V labeling
results obtained for 37-3-18 and 38-2-18 cells after exposure to UV. The top
right quadrant represents cells committed to undergoing apoptosis.

md/cm?), which triggers p53-independent apoptosis.*9:%°

Early induction of apoptosis was evaluated by performing
the Annexin-V assay. The percentage (mean * SD) of
apoptotic 61E4 and 37-3-18 cells (high-Ras group) was
approximately three times lower than the other three
MPNST cell lines with low-Ras-GTP and AKT activity lev-
els (~4.5% versus ~13%; Figure 2A). Figure 2B shows a
representation of the Annexin-V labeling for apoptotic
cells obtained for cell lines 38-2-18 and 37-3-18. The
basal level of apoptosis in the absence of any controlla-
ble insult was found to be ~2% in multiple experiments
for all MPNST cell lines (data not shown).

MPNST Cells with Higher Levels of Ras
Signaling Show Increased Permissiveness to
G207 Herpesvirus

G207 is a recombinant oncolytic HSV-1 that has a dele-
tion in both copies of the viral y,34.5 gene and interrup-
tion of the viral U 39 gene coding for ICP6, the large
subunit of HSV ribonucleotide reductase.®” MPNST cells
were infected with G207 at a multiplicity of infection (MOI)
of 2 (pfu/cell). In a single-step growth experiment, infec-
tion with G207 yielded a higher titration of progeny virus
in cells with higher levels of Ras signaling (6lE4 and
37-3-18) as compared with 35-1-2, 38-2-18, and 32-5-
24-12 cells. The parental wild-type HSV-1 strain F, how-
ever, generated a comparable amount of progeny virus in
all cell lines (Figure 3A). Similarly, cytopathic effects
(rounding and detachment of cells) were predominantly
observed in 6IE4 and 37-3-18 at 24 hours after infection
(Figure 3B). Expression of glycoprotein-C (gC), a late
envelope protein used frequently for detection of herpetic
infection, was also higher in infected 6lE4 and 37-3-18
cells than 35-1-2, 38-2-18, and 32-5-24-12 cells (Figure
3C). Western blot analysis of G207-infected cells dem-
onstrated higher levels of HSV-1 proteins in high-Ras-
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signaling MPNST cell lines (Figure 3D). No proteins were
detected in lysates from uninfected 6IE4 cells (Figure 3D,
lane 6). These findings show that cells with higher levels
of Ras signaling (61E4 and 37-3-18) are more permissive
to infection with G207 virus.

Viral Replication Reduces Proliferation and
Invasiveness of MPNST Cells

Once MPNST cells were infected with G207, it was im-
portant to investigate the impact of infection on cell pro-
liferation and invasiveness. Cells with both high (37-3-18)
and low (38-2-18) levels of Ras signaling exhibited a
significant (P < 0.05) loss of viability (Figure 3E) and
invasiveness (Figure 3F) upon exposure to G207. Callout
panels show the density and morphology of these cells at
48 hours after infection. Notably, control 38-2-18 cells
were less invasive than 37-3-18 cells (Figure 3F).

Viral Protein Synthesis Is Reduced by Ras
Signaling Inhibitors in MPNST Cells

Ras signaling can be efficiently repressed when plasma
membrane association of Ras, phosphorylation of ERK1/2
(by MEK1/2), or activation of JNK1/2 is blocked by their
specific inhibitors. As shown in Figure 3G, the synthesis of
viral proteins is decreased when 37-3-18 cells are exposed
to effective and nontoxic concentrations of these inhibitors.
The blockade of Ras farnesylation (by the FTI compound
L-744,832 at 60 umol/L) or its downstream pathways such
as ERK (by PD90859 at 20 umol/L) and JNK (by SB600125
at 25 umol/L) reduced the level of viral protein synthesis.
However, a specific blocker of epidermal growth factor
receptor (EGFR), AG14718 (at 0.5 umol/L), was unable to
cause any prominent difference in this regard.

Infection with G207 Induces Apoptosis in MPNST
Cells with Lower Levels of Ras Signaling

Oncolytic viruses are designed to cause tumor regres-
sion by inducing a cascade of lytic infection. G207 is
capable of inducing such lytic infection in MPNST cell
lines with higher Ras signaling (Figure 3). MPNST cells
with low levels of Ras signaling, however, are poorly
permissive to infection with G207 at 24 hours after expo-
sure to this virus (Figure 3, A-C). Nuclear 4',6-diamidino-
2-phenylindole-staining (DAPI) of G207-infected MPNST
cells with low-Ras signaling revealed patterns of chroma-
tin condensation reminiscent of apoptosis, as exemplified
by results for 35-1-2 cells (Figure 4A). In contrast, the
majority of nuclei of MPNST cells with high-Ras signaling
did not demonstrate such fragmentation on exposure to
G207, as shown for 37-3-18 cells in Figure 4A.

To further verify the occurrence of apoptosis, a TUNEL
assay was performed 24 hours after treating MPNST cells
with G207 (MOQOI~2). Apoptosis was prominently ob-
served in MPNST cells with low-Ras signaling as the
result of infection with G207 (Figure 4B, results shown for
35-1-2 cells). Figure 4C shows the results of fluorescence-



1866 Farassati et al
AJP December 2008, Vol. 173, No. 6

>

225107 B Un-infected G207-infected C G207-infected

1.50x107

7.50x10° 6|E4

0.00
Cell line #: 1 2 3 4 5  Vero

Released HSV-1
Progeny Virus
(pfu/ml)

1.5x107
S8
S 2. 1.0x107 |
32E 37-3-18
252
8§ 2= s0x100
ga

0.00 ﬁ i B

Cell line #: 1 2 3 4 5 Vero

IWHSV-1 []G207

35-1-2

D G207-infected Control

3 4 5 6
HSV-1 gC labeling
120%
5 @
£ g
g 100% g
= Z
o
i 80% 00 _E G G207-infected
=) o S S
£ g A
§ 60% . £ & S SE S
g 8 KB o S &
o $ mhibitor: . ¥ Y € &
40% .4 :
M]: 2
37-3-18 Control ~ 37-3-18 G207 37-318 37-3-18 HM]
& 120% Control G207-infected
o
2 & 160%
g 100% § 140%
s 2 1209
& P<0.05 g 120%
o 80% £ 100%
g S 80%
8 60% £ 60%
5 * § o P=0.05
40% & 20%
38-2-18 38-2-18 0%
4 b
Control G207-infected 38-2-18 38-2-18
Control G207-infected

Figure 3. Permissiveness of MPNST cells to infection by HSV-1(F) and G207. A: The released progeny virus was titrated after exposure of different MPNST cell lines as
well as Vero cells to G207 (an oncolytic version of HSV-1, white columns) or the parental virus, HSV-1, strain F (black columns), at the 20th hour after infection at MOI ~
2. The number of plaques/ml (as a representation of infectious viral particles) was counted after staining with Giemsa in independent experiments. B: Morphology of
MPNST cells lines in the presence and absence of G207 (MOI ~ 2) virus for 24 hours as studied by light microscopy (arrows point to monolayer showing rounding and
clumping typical of herpetic infection). C: Expression of HSV-1 glycoprotein-C (gC) in G207-infected MPNST cells. A FITC-conjugated mouse monoclonal antibody was
used to detect the expression of the HSV-1 glycoprotein C (gC) in different MPNST cell lines 24 hours after infection with G207. The green color represents expression
of this viral envelope protein. D: Western blot analysis of HSV-1 proteins produced in G207-infected MPNST cells. The viral protein production was evaluated in five
MPNST cells after 24 hours of infection with G207 using a polyclonal antibody raised against HSV-1 antigens. Control 61E4 cells (lane 6) were not infected and served
as an indicator for the specificity of the antibody. E: Proliferation of 37-3-18 and 38-2-18 cells after infection with G207 (MOI ~ 1) was compared to uninfected
control cells at 48 hours after infection (control cells are plotted as 100%). Callout panels show the density of cells at this time point. F: Invasiveness of 37-3-18
cells and 38-2-18 cells after infection with G207 (MOI ~ 1) was compared to uninfected control cells at 48 hours after infection (control cells are plotted as 100%).
Notably, control 38-2-18 cells were much less invasive than control 37-3-18 cells. Callout panels show the density of invaded cells at this time point. G: Effects
of Ras signaling inhibitors on production of G207 proteins in the 37-3-18 cell line. One of the most permissive MPNST cell lines, 37-3-18, was exposed to different
inhibitors of Ras signal transduction pathway overnight and then infected with the G207. Cells were lysed after 24 hours after infection and the amount of viral
proteins in the lysates was detected by Western blotting. Inhibitors were used at the following concentrations: AG1478 (an EGFR blocker) at 0.5 wmol/L, 1-744,832
(a Ras farnesylation blocker) at 60 umol/L, PD98059 (an ERK pathway blocker) at 20 wmol/L, and SP600125 (a JNK-pathway blocker) at 25 wmol/L. Cell lines are
numbered as follows: lane 1, 6IE4; lane 2, 37-3-18; lane 3, 35-1-2; lane 4, 38-2-18; lane 5, 32-5-24-12. Scale bars: 600 wm (B, E, F); 300 um (C).
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activated cell sorting analysis on MPNST cells labeled by
TUNEL assay at 24 hours after infection with G207 (cells
were fixed on a slide and studied with a fluorescent micro-
scope). When these cells were quantified by fluorescence-
activated cell sorting, the G207 nonpermissive cells (35-1-2,
38-2-18, and 32-5-24-12) exhibited higher levels of apopto-
sis compared to G207-permissive cells (61E4 and 37-3-18;
Figure 4D).

Immortalization Increases the Permissiveness of
Schwann Cells to G207 While Enhancing the
Level of Ras-GTP

Schwann cells undergo malignant transformation upon loss
of the nf7 and p53 genes in mice and humans, resulting in

Figure 4. Induction of apoptosis after infection of MPNST cells with G207. A: Nuclear morphology of infected
3 cells was studied by 4',6-diamidino-2-phenylindole (DAPD) staining (the red background in bottom right
panel is because of the Texas Red component of anti-gC antibody preparation) (arrows show nuclei with
chromatin condensation). B: Different MPNST cell lines were infected with G207 (MOI ~ 2). Twenty-four hours
after infection the occurrence of apoptosis was evaluated using TUNEL assay. The cells were fixed on a slide
and studied with a fluorescence microscope for FITC labeling of nucleosome-sized DNA. C: The panels show
fluorescence-activated cell sorting data as the counts of sorted cells (fluorescent events) versus the intensity of
FITC used for labeling the nucleosome-sized DNA in MPNST cells undergoing apoptosis after 24 hour of
infection with G207. D: The graph shows the percentage (mean = SD) of apoptotic cells for each MPNST cell
line after 24 hour of exposure to G207. Cell lines are numbered as follows: lane 1, 6IE4; lane 2, 37-3-18; lane

the development of MPNST 53651 Because Schwann cells
are considered as nonmalignant counterparts of MPNST,
we were interested to investigate the permissiveness of
these cells to G207. This would be not only of interest from
the biological point of view (to test the capabilities of G207
in infecting Schwann cells with low levels of Ras activation)
but is also important from a clinical point of view to under-
stand the specificity of this virus against tumor cells. To
achieve this we used SW10 mouse Schwann cells, gener-
ated by infecting primary Schwann cells with a retroviral
vector encoding a temperature-sensitive SV40 large T-anti-
gen (SV40-LT) transgene.®? Such cells express SV40-LT at
33°C (proliferative phenotype), but do not express this pro-
tein at 37°C (nonproliferative phenotype). Immortalization
induced by SV40-LT involves interference with the tumor
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Figure 5. Permissiveness of Schwann cells to HSV-1(F) and G207. A: SW10 mouse Schwann cells were incubated at 33°C (proliferative because of SV40-LT
expression) and 37°C (nonproliferative) and infected with HSV-1(F) and G207 (MOI ~ 2). At 24 hours after infection with HSV-1(F), cells were studied with light
microscopy for appearance of morphology of infection (middle) as well as stained with a FITC-conjugated mouse monoclonal antibody against expression of
the HSV-1 glycoprotein C (gC, green spots) as a marker for herpetic infection (right). Morphological changes after infection can be compared with uninfected
cells shown in the left panels. B: SW10 cells cultured at different temperatures are infected with G207 virus and the morphological changes (left) as well as
expression of gC (right, green spots) were detected by microscopy. The red background staining in bottom right panel is because of the Texas Red component
of the antibody preparation that stains all cells. This panel is photographed at Texas Red channel to visualize the monolayer confluency. C: The amount of viral
protein synthesis in SW10 cells for each virus in different temperature conditions (proliferative because of SV40-LT expression at 33°C and nonproliferative at 37°C)
was evaluated by Western blotting for herpes proteins. D: Using affinity pull-down assays, the amount of Ras-GTP (active form of Ras) in SW10 cells at proliferative
(33°C) or nonproliferative (37°C) temperatures was evaluated. E: The effects of treatment with a specific Raf-kinase inhibitor (500 nmol/L) on viral protein

synthesis in SW10 cells infected with HSV-1(F) and G207 at 33°C was studied by Western blotting for herpes proteins. Scale bars = 600 wm.

suppressors p53 and pRB,*® and is dependent on Ras
signaling.®* SV40-LT expression also induces Raf.>®

As shown in Figure 5A, SW10 cells cultured at 33°C
and 37°C appeared comparably permissive to wild-type
HSV-1 (strain F) replication, whereas G207 mainly repli-
cated in SW10 cells at the proliferative temperature (Fig-
ure 5B). A comparable amount of HSV-1 protein synthe-
sis was seen at both conditions for HSV-1, as determined
by Western blot analysis (Figure 5C). In the case of G207,
however, viral protein expression mainly occurred in pro-
liferating cells. Therefore, cellular conditions supporting
immortalization by SV40-LT enhance the permissiveness
of these cells to infection by the mutant virus G207,
whereas the parental HSV-1(F) virus infects Schwann
cells with comparable efficacy in both immortalized and
nonimmortalized conditions. It has been proposed that
Ras signaling is required for immortalization of cells by
SV40-LT.%* Therefore, we evaluated the levels of Ras-

GTP in SW10 cells at 33°C and 37°C. As shown in Figure
5D, an increase in the Ras-GTP fraction was observed in
Schwann cells cultured at 33°C, which may explain the
increased permissiveness to G207 infection at this tem-
perature. In addition to Ras, Raf-kinase may also be
activated by SV40-LT.>***We investigated whether inhib-
iting this pathway in SV40-LT immortalized cells might
influence their permissiveness to HSV-1 and G207. In the
presence of the Raf-kinase inhibitor-1l (500 nmol/L), the
amount of herpetic proteins synthesized in immortalized
SW10 cells was slightly decreased for both G207 and
wild-type virus (Figure 5E).

Discussion

Ras signaling exerts a myriad of proneoplastic effects via
various downstream effectors. Downstream of Ras, the
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Figure 6. Ras signaling pathway influences the outcome of oncolytic virus
G207 insult in MPNST cells. This diagram explains the influence of Ras
signaling via its downstream effector pathways on permissiveness of MPNST
cells to G207. In cells with low levels of Ras signaling, viral protein synthesis
does not occur at an efficient level. However, exposure to virus does induce
certain levels of apoptosis in these cells in part because of an inactive PI3K
pathway failing to exert its anti-apoptotic effects. In cells with elevated levels
of Ras signaling, however, efficient viral protein synthesis and activation of
the PI3K pathway reduces the capability of cells to undergo apoptosis. The
expected outcome of this scenario would be robust G207 replication and
death of cells via lytic infection (necrosis).

family of mitogen-activated protein kinases (MAPKSs) reg-
ulates different biological functions such as proliferation,
differentiation, and apoptosis.’®¢~58 The ERK pathway is
important because of its contribution to malignant trans-
formation. It is initiated by the activation of Raf by Ras,
which eventually results in the activation of the serine/
threonine kinases ERK1/2 (p42/44). The ERK pathway is
involved in cell-cycle progression and differentiation
whereas pathways such as JNK and p38-kinase contrib-
ute to stress signal responses and induce differentiation
and growth inhibition.>®~%2 Although activation of such
mechanisms generates a strong growth stimulatory sig-
nal for the cell, Ras signaling also down-regulates the
apoptotic capabilities via the PI3K-pathway.*¢°® Apopto-
tic inhibition is achieved by AKT-mediated phosphoryla-
tion of targets such as BAD, Forkhead transcription fac-
tors, and caspase-9.5664

In NF1, loss of neurofibromin tumor suppressor gene,
which encodes a Ras-GAP, lowers the threshold for tu-
morigenesis. The subsequent deregulation in Ras-GAP
activity has been assumed to cause overactivation of Ras
activity and its downstream signaling in neurofibro-
mas.?6:65€¢ Qur present data put this assumption into a
new perspective by showing that mouse MPNST cells
bearing deletions in both copies of the nf1 gene exhibit
variations in their Ras-signaling portfolio, resulting in a
drastic difference in their response to some therapeu-
tic agents. Two of the five different nf1~/~/p53~/~
MPNST cell lines expressed higher levels of Ras-GTP,
whereas the other three remained at lower levels.

Oncolytic viruses are novel therapeutic agents with the
potential to target cancer cells in a specific manner.®”-¢8
Mutant versions of herpes simplex virus-1 (HSV-1) have
been examined in a variety of in vitro and in vivo models as
well as phase | clinical trials for their anti-tumor action and
safety 38396972 We have previously studied the depen-
dence of some of these viruses on signaling pathways
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such as Ras and PKR.*®#"73 However, further studies
are necessary to clarify the precise underlying mecha-
nisms. In this study, we show that the observed variability
in Ras signaling in MPNST cell lines influences their bio-
logical responses including their behavior against G207.
Indeed, MPNST cells with high-Ras-signaling levels ex-
hibited reduced apoptotic capabilities compared to cells
with low-Ras signaling, which is consistent with our data
on the activity of the PI3K pathway. A higher level of Ras
signaling triggers higher PI3K pathway activity as shown
by the higher activity of AKT. This in turn inhibits apopto-
sis with greater efficiency as compared with low-Ras
MPNST cells. These results suggest that a substantial
variability in therapeutic effects might be observed when
an apoptosis-inducing modality is used against different
cases of an identical tumor type. On the other hand,
blockade of apoptosis is important for supporting effec-
tive viral replication because the first cycle of herpes
replication happens in 18 to 24 hours after infection, a
period in which apoptosis can significantly diminish viral
growth.

We observed that MPNST cell lines with elevated levels
of Ras signaling appear to be more permissive to G207.
In contrast, parental HSV-1 (strain F) was less dependent
on Ras signaling and infected all MPNST cells with com-
parable efficiency in this model. These results are in
agreement with our previous studies in which we identi-
fied the impairment of dsRNA-activated protein kinase
(PKR), the main host cell defense mechanism against
viruses, in Ras-transformed cells as the basis for in-
creased permissiveness.*! The viral ICP34.5 (y,34.5
gene product) functions as a viral anti-PKR protein and is
capable of increasing dephosphorylation of eukaryotic
initiation factor 2« (elF2«, a downstream molecule in PKR
pathway), effectively disabling the anti-viral action of
PKR. Therefore, G207 with deletions in both copies of
v,34.5 relies on the anti-PKR effects through active Ras
signaling for successful replication. The parental HSV-1,
however, is capable of exerting some anti-PKR effects
because of the existence of y,34.5 and therefore is less
dependent for replication on the anti-PKR effects of the
Ras pathway. Consequently G207 only replicates effi-
ciently in high-Ras MPNST cells, whereas wild-type
HSV-1 is capable of replicating in all five tested cell lines.

If overactivity of Ras signaling increases permissive-
ness of MPNST cells to G207, specific inhibitors of Ras
and its downstream signaling elements should be able to
decrease this permissiveness. Indeed, specific inhibition
of these pathways resulted in a clear reduction in viral
protein synthesis. No effects were observed for the EGFR
blocker AG14718, emphasizing the role of other mecha-
nisms for Ras activation. In the MPNST cell lines in which
the NF1 mutation causes an overactivation in Ras activity,
a decrease in the sensitivity of Ras to upstream elements
such as EGFR might occur because of the increased
amounts of Ras-GTP. In other words, the lack of neurofi-
bromin provides an oversupply of Ras-GTP because of a
decrease in Ras-GTPase activity. This might make the
conversion of Ras-GDP to Ras-GTP less dependent on
upstream signals such as stimuli from EGFR. This is also
supported by the observation that serum starvation does
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not significantly change the amount of Ras-GTP in high-
Ras-GTP MPNST cells (data not shown). Although loss of
proliferation in high-Ras cells is mostly because of the
lytic infection and therefore cell death via necrosis,”
G207 appears to induce apoptosis in low-Ras MPNST
cells suggesting localized cytotoxic effects of this virus.
However, virus-induced apoptosis may also reduce viral
replication and spread, thus limiting tumor cell killing. On
the other hand, the restriction of the area that undergoes
lytic infection (because of occurrence of apoptosis at its
borders with low-Ras cells) may act as an additional
mechanism for anti-tumoral specificity.

We were also interested in evaluating the status of Ras
activation in Schwann cells because these cells are con-
sidered to be the nontransformed counterpart of MPNST.
We found that the levels of Ras-GTP were lower in un-
transformed SW10 Schwann cells as compared to high-
Ras-GTP MPNST cell lines. Ras-GTP levels were in-
creased upon immortalization of these cells by SV40-LT
expression. When infected by wild-type HSV-1(F), Ras
activation (induced by SV40-LT expression) did not con-
siderably affect permissiveness of SW10 Schwann cells.
However, these cells became permissive to G207 only
once Ras-GTP levels were increased after SV40-LT ex-
pression. This observation provides support for the ca-
pability of oncolytic herpesvirus in targeting premalignant
(immortalized) cells on the basis of their increased Ras
activity and therefore preventing their transition to malig-
nancy. Activation of Raf kinase has been proposed as an
additional mechanism for SV40-LT immortalization.®® Be-
cause Raf is one of the most important effectors of Ras,
we were interested in determining whether the inhibition
of Raf kinase with a specific blocker can reduce the
permissiveness of Schwann cells to herpes. We found a
reduction in the amount of protein synthesis for wild-type
HSV-1 and G207 was observed in cells exposed to Raf
kinase inhibitor II.

Studies by Mahller and colleagues”® reviewed the per-
missiveness of MPNST cells to G207 in human MPNST
cell lines with low-and high-Ras-GTP levels. In their study,
it is reported that human MPNST cells were permissive to
G207, however, the study does not provide sufficient
signal transduction data on which to draw a conclusion
about the relationship between Ras signaling and sensi-
tivity to oncolytic herpesvirus. The data, however, show
that the level of Ras-GTP in most of the human MPNST
cells were found to be higher than their corresponding
normal Schwann cells, which might explain the reason for
their increased permissiveness to G207 corroborating
our findings.

Although oncolytic viruses are usually believed to de-
stroy cancer cells by lytic infection, our data suggest that
implementation of such events is in relationship with the
Ras signaling characteristics of the target cells. Figure 6
summarizes the impact of Ras signaling on the biological
response of MPNST cells to G207. In case of low levels of
Ras activation, the production of viral proteins does not
occur at efficient levels and diminished PI3K pathway
activity opens the way for occurrence of apoptosis in
these cells on infection with G207. One possibility is that
the existence of a signaling profile that is not conducive

to viral replication can trigger other effects such as apo-
ptosis because of the toxicity of some viral proteins. The
exact mechanism involved in this phenomenon awaits
clarification. In the case of high-Ras signaling MPNST
cells, however, an increased level of permissiveness to
virus is observed leading to lysis of cells and occurrence
of necrosis. In both cases, a significant loss of viability
and invasiveness is observed in our studies. In both
cases, although via primarily different mechanisms, ex-
posure to G207 induced cytotoxicity in MPNST cells.
Collectively, the data obtained in our study on cells from
mouse model for MPNST show that the signaling charac-
teristics of cells, and not only their genotypic profile, is an
important determinant of their behavior against an insult
by oncolytic herpes.
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