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Ras leads an important signaling pathway that is deregulated in neurofibromatosis type 1 and malignant
peripheral nerve sheath tumor (MPNST). In this study, we show that overactivation of Ras and many of its
downstream effectors occurred in only a fraction of MPNST cell lines. RalA, however, was overactivated in all
MPNST cells and tumor samples compared to nontransformed Schwann cells. Silencing Ral or inhibiting it
with a dominant-negative Ral (Ral S28N) caused a significant reduction in proliferation, invasiveness, and in
vivo tumorigenicity of MPNST cells. Silencing Ral also reduced the expression of epithelial mesenchymal
transition markers. Expression of the NF1-GTPase-related domain (NF1-GRD) diminished the levels of Ral
activation, implicating a role for neurofibromin in regulating RalA activation. NF1-GRD treatment caused a
significant decrease in proliferation, invasiveness, and cell cycle progression, but cell death increased. We
propose Ral overactivation as a novel cell signaling abnormality in MPNST that leads to important biological

outcomes with translational ramifications.

The Ras family of guanine-nucleotide bound proteins exerts
a fundamental role in cell biology and constitutes an important
area of cancer research due to its significant involvement in the
development and progression of malignancies (8, 10, 17, 18,
32). Ras-like (Ral) proteins are crucial members of this family
and have been shown to play a pivotal role in human tumors (7,
28, 41, 66, 70). Because Ral guanine nucleotide exchange fac-
tors (Ral-GEFs) are direct effectors of Ras, the Ral signaling
pathway has been traditionally considered a Ras-effector path-
way. Activation of Ras (in resemblance to Ral) is regulated by
two classes of proteins: Ras-GEFs (e.g., SOS) and Ras-
GTPase activating proteins (Ras-GAPs such as neurofibro-
min). The latter induces hydrolysis of Ras from the active
(GTP) form to the inactive (GDP) form (13). Ral-GEFs in-
clude two main groups: the proteins that are stimulated by Ras
because of their carboxy-terminal Ras binding domain
(RalGDS, RGL1, and RGL2) and the proteins that are acti-
vated by substrates of PI3K through a pleckstrin homology
domain on their C-terminal (RALGPS1 and RALGPS2) (19).
Although highly similar to Ras, Ral proteins (RalA and RalB)
involve a series of distinctly different effectors that influence
gene expression and translation through interaction with ZO-
1-associated nucleic acid binding protein (ZONAB) and RalA
binding protein 1 (RalBP1) (11, 23, 33). RalB directly interacts
with the SECS5 subunit of exocyst to facilitate the host defense
response (48, 58).
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In addition to overactivation of GEFs, inactivation of GAPs
is another mechanism for overactivation of GTP-bound pro-
teins. The lack of neurofibromin (encoded by NFI on human
chromosome 17q11.2), a Ras-GAP protein, is the main molec-
ular event in neurofibromatosis type 1 (NF-1), an autosomal-
dominant human genetic disease occurring in approximately 1
in 2,500 to 3,500 births (22, 27, 42). One of the main tumor-
causing effects of inactivating mutations in the tumor suppres-
sor NFI gene is postulated to be the subsequent activation of
Ras (3, 29, 53, 57, 69). With two main functional domains,
SEC14 and Ras-GAP, neurofibromin is best known for its
Ras-GAP function. Although the yeast SEC14p is shown to be
involved in regulating intracellular proteins and lipid traffick-
ing, the function of its homologous domain in neurofibromin is
unknown (49, 62). Although neurofibromas are the most com-
mon tumors in NF-1, 10% of patients with plexiform develop
malignant peripheral nerve sheath tumors (MPNSTSs), which
are typically high grade and often fatal (21, 34, 65).

The molecular events involved in the malignant transforma-
tion of benign neurofibromas to MPNST are poorly defined.
Usually arising in the third through sixth decades of life, these
tumors are composed of tightly packed hyperchromatic spin-
dle-shaped cells with frequent mitotic figures. Inactivation of
both copies of the NFI gene has been demonstrated in benign
human neurofibromas and shown to cause tumors in murine
models (56). Loss of heterozygosity of NFI and p53 has fre-
quently been observed in human MPNST (35, 47, 54). Recom-
binant mouse strains (NP mice), which harbor inactivated NfI
and p53 alleles (cis-NfI*'~;p53%'7), demonstrate the cumula-
tive effects of loss of both NfI and p53 genes in the etiology of
MPNST (14, 68).

In the present study, we show that while both Ras activation
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and activation of a series of its downstream effector pathways
are observed in a fraction of MPNST cells, RalA is activated
globally in all studied mouse and human MPNST cells and
tumor samples. Our results also explain the involvement of this
signaling molecule in a series of key biological functions of
MPNST cells, as shown in a variety of in vitro assays and an in
vivo model of MPNST. Such information may play a role in
designing novel therapies for treatment of MPNST or other
tumors with overactivation of the Ral pathway.

MATERIALS AND METHODS

Cell culture, viruses, and plasmids. Mouse MPNST cells (6IE4, 37-3-18,
35-1-2, 38-2-18, and 32-5-24-12 cells) were originally isolated from different
mouse MPNSTs and were confirmed for lack of Nfl and p53 expression (68).
Mouse Schwann cells (SW10) were purchased from the American Type Culture
Collection (ATCC number CRL-2766), and human Schwann cells were pur-
chased from ScienCell Research Laboratories. Human 94.3 and 94.3GRD cells,
NF1-GRD and control retroviruses, and packaging GP-293 cells were from the
laboratory of G. H. DeVries (59). NF1-GRD and control plasmids were from the
laboratory of D. W. Clapp (59). RalA-S28N containing plasmid was purchased
from Upstate and has been described previously (2). S805 cells were from the
laboratory of V. F. Mautner (45). All cells were maintained in Dulbecco modified
Eagle medium with 10% fetal bovine serum supplemented with antibiotics.
Specialty media were provided for human Schwann cells by ScienCell Research
Laboratories.

Affinity pulldown assays for Ras and Ral. Ras and Ral activation assays
(Upstate) were performed in accordance with the manufacturer’s instructions.
Briefly, cells grown in 10-cm tissue culture dishes were lysed at 75 to 80%
confluence. After determination of the protein concentration, 7.5 pg of Ral assay
reagent (Ral BP1, agarose) or Ras assay reagent (Raf-1 RBD, agarose) was
added to 200 g of total cell protein in 200 wl of Mg?* lysis buffer. After a period
of rocking at 4°C, the activated GTP forms of Ras/Ral bound to the agarose
beads were collected by centrifugation, washed, boiled in 2X Laemmli reducing
sample buffer (Bio-Rad), and loaded onto a 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gel (Bio-Rad). The proteins were
transferred to a nitrocellulose membrane, blocked with Tris-buffered saline—
0.2% Tween-5% milk, and incubated with anti-RalA or anti-Ras antibody (1:
1,000). The membranes were then washed with Tris-buffered saline-Tween for
10 min each and then incubated with sheep anti-mouse horseradish peroxidase-
conjugated immunoglobulin G (Amersham) at 1:2,000. Bands were detected by
using LumiGLO chemiluminescent reagent peroxide (Cell Signaling).

Nonradioactive Ras downstream kinase assays. Nonradioactive Ras effector
assays (Cell Signaling) were performed in accordance with the manufacturer’s
instructions. Briefly, cells grown in 10-cm tissue culture dishes were lysed at 75 to
80% confluence with 300 i of cell lysis buffer. Immobilized antibody-bead slurry
capable of binding to the phosphorylated forms of extracellular signal-regulated
kinase (ERK), JUN, AKT, and p38 kinase were then added to 200 g of total cell
protein in 200 pl of cell lysis buffer. The mixture was incubated with gentle
rocking overnight at 4°C and then collected, washed, and introduced to an in
vitro kinase reaction in the presence of ATP and a special buffer. The levels of
phosphorylated ELK, JUN, ATF2, and AKT were then assayed by Western
blotting with antibodies directed against the phosphorylated forms of these
proteins.

Small interfering RNA (siRNA) preparation. Upon arrival, the double-
stranded oligonucleotide was resuspended in the related buffer and then incu-
bated in 95°C for 1 min, followed by 37°C for 1 h according to the manufacturer’s
(Qiagen) instructions.

Electroporation. The mouse anti-Ral siRNA (Ral-siRNA) (5'-AAGCATGC
TGTTAGGAATGTA) and negative control siRNA (5'-UUCUCCGAACGUG
UCACGUATdT) (Qiagen and Santa Cruz, respectively) are introduced to the
cells by electroporation. This method is considered transient since the concen-
tration of siRNA in the target cells eventually drops to nonefficient levels. A total
of 1 X 10° to 2 X 10° cells is resuspended in 270 pl of Opti-MEM and mixed with
30 wl of 20 uM siRNA stock solution, generating a final concentration of 2 pM
siRNA. This cocktail was then transferred to an electroporation cuvette (Bio-
Rad) while being kept on ice and electroporated at 300 mV for one 10-s pulse.
The cells in the cuvette were then incubated at 37°C for 2 h. The cells were then
washed, resuspended in 2 ml of their growth media, and transferred to a flow
cytometry facility for sorting. SDS-PAGE, and Western blot analysis.

Different cells were lysed with a single detergent lysis buffer (50 mM Tris [pH
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8.0], 150 mM NaCl, 0.02% sodium azide, 100 g of phenylmethylsulfonyl fluo-
ride/ml, 1 g of aprotinin/ml, 1% Triton X-100) and normalized for the amount
of total protein. The cells were then subjected to SDS-PAGE using a Bio-Rad
Mini-Cell Protein-II system (using precast 10% or 8 to 16% gradient discontin-
uous gels) and then subjected to electroblotting onto nitrocellulose paper. The
membrane was then washed, incubated with the primary antibodies against
epithelial mesenchymal transition (EMT) markers (Cell Signaling) or neurofi-
bromin (Santa Cruz Biotechnology), and incubated with horseradish peroxidase-
conjugated secondary antibody against mouse or rabbit. After appropriate wash-
ing, the blots were exposed to Lumigel detection solution and subjected to
autoradiography.

Cell invasion assay. In order to evaluate cell invasiveness, a commercial kit
was used (BD Biosciences). Briefly, cells (50,000 control or test cells) were
introduced into Matrigel-coated inserts fitting 24-well plates. As the cells pene-
trated the layer of Matrigel, the fraction of invaded cells was detected by staining
them with crystal violet and quantifying them by spectroscopy. Invaded cells were
fixed with 5% paraformaldehyde, stained with a 5% solution of crystal violet, and
then photographed to obtain a visual representation of their density. The cells
were then solubilized in a 3% detergent (NP-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
dehydrogenases. Expansion in the number of viable cells increases the overall
activity of the mitochondrial dehydrogenases and in turn increases the amount of
formazan dye formed. Briefly, 10* cells/well were seeded in a 96-well microplate
in volume of 100 pl/well. At different times, 10 pl of WST-1/ECS solution was
added to each well. The plates were incubated for 4 h in standard culture
conditions. The plates were then shaken thoroughly for 1 min. The absorbance
was measured at 480 nm.

s.c. model for in vivo tumorigenicity in SCID mice. siRNA transfected cells
were injected subcutaneously (s.c.) in the flank of 10 5- to 6-week-old male Fox
Chase SCID outbred mice (Crl:HA-Prkdc*'; Charles River Laboratories). Con-
trol treated cells were injected into the right flank, and Ral-siRNA treated cells
were injected into the left flank (5 X 10° cells/flank). Animals were checked for
tumor development every other day, and the tumor size was measured by using
a digital caliper. The tumor volume was determined with the following formula:
tumor volume (mm?) = [length (mm)] X [width (mm)] * X &.

Statistical analysis. Results are reported as means * the standard deviation.
A Student ¢ test was used to analyze statistical differences between groups. The
a level was set at 0.05.

RESULTS

Constant overactivation of Ral versus variable activation of
Ras and Ras effector pathways in MPNST cell lines. Ras-
activation stimulates a variety of effector pathways including
ERK (9), Jun amino-terminal kinase (JNK), p38 kinase, and
phosphatidylinositol 3-kinase (PI3K), and Ral (18, 24, 25, 29,
30, 52) (Fig. 1A and B). We compared the activation of Ras,
Ral, and other Ras downstream effector pathways in five
mouse MPNST cell lines from distinct tumors (61E4, 37-3-18,
35-1-2, 38-2-18, and 32-5-24-12) and a nontransformed mouse
Schwann cell line (SW10). Although Ras and the ERK, JNK,
p38K, and PI3K pathways were overactivated in 6IE4 and
37-3-18, their level of activation in the other three cell lines was
not higher than SW10 cells (Fig. 1A). Ral levels, however, were
consistently elevated in all MPNST cell lines in comparison to
SW10 cells (Fig. 1B). Because the Ras-GAP function of neu-
rofibromin is lost in these MPNST cell lines, it is important
that only a fraction of MPNST cells show elevated levels of Ras
while Ral remains overactive in all MPNST cell lines.

Ral silencing reduces cell viability of MPNST cells but not
Schwann cells. In order to investigate further the involvement
of Ral signaling in the growth of MPNST cells, we used siRNA
to silence the expression of RalA in a specific manner. Treat-
ment of MPNST cells (35-1-2) with Ral-siRNA caused a sig-
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FIG. 1. Activation of Ras and Ral signaling pathways in mouse MPNST cells. (A) Ras signaling induces the activation of a series of effector
pathways (left panel). The activity of Ras in different mouse MPNST cell lines and Schwann cells was detected by a Ras affinity pulldown assay
for Ras-GTP. The right panel shows the amount of the activated form of Ras (Ras-GTP). The lower panel shows the amount of the total form
of Ras. ERK pathway activation was evaluated by measuring the phosphorylation of ELK by immobilized phospho-ERK in an in vitro kinase assay.
The activity of other Ras downstream effector pathways were investigated by similar pulldown 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 in panel A as follows: 1, 61E4;
2,37-3-18; 3, 35-1-2; 4, 38-2-18; and 5, 32-5-24-12. Cell lines 61E4 and 37-3-18 are referred to as High-Ras. Cell lines 35-1-2, 38-2-18, and 32-5-24-12
are referred to as Low-Ras. Activated levels of Ras (H-, K-, and N-Ras) and other effector pathways were determined under growth conditions
in the presence of 10% fetal bovine serum. (B) Affinity pulldown assay for Ral-GTP was performed in lysates from different MPNST cell lines,
as well as nontransformed mouse SW10 Schwann cells. The amount of total RalA was detected with a monoclonal antibody against this protein.
Cell lines are numbered as in panel A. Activated levels of RalA were determined under growth conditions in the presence of 10% fetal bovine

Ral- Ral-GTP
pathway

serum.

nificant reduction of Ral expression to ~30% of basal levels
within 48 to 72 h (Fig. 2A). We observed no effects on the
expression of B-actin as a control for specificity of Ral-siRNA.
Ral-siRNA treatment also significantly decreased the prolifer-
ation rate of these cells at 48 to 72 h after exposure to siRNA
in comparison to control-treated cells (Fig. 2B; P < 0.001). We
plotted the growth rate of Ral-siRNA-treated samples as a
percentage of mock-treated cells at each time point. Although
we observed no significant difference for days 1 and 4, the
proliferation rates of the Ral-siRNA-treated and control-
treated cells were significantly different at days 2 and 3 (Fig.
2B). Interestingly, upon partial abrogation of Ral silencing at
day 4, the proliferation rate of 35-1-2 cells returned to pre-
siRNA treatment levels. The density of cell confluence at day
3 postelectroporation was also much lower for cells treated
with Ral-siRNA (Fig. 2B, callout panels).

Ral silencing reduces invasiveness of MPNST cells and af-
fects the expression pattern of EMT markers. Once we eval-
uated 35-1-2 cells for their invasiveness by migration through a

layer of Matrigel, we found a significant (P < 0.002) reduction
in the invasiveness of these cells upon silencing Ral. Figure 2C
shows the results of cell invasion assay upon Ral silencing at
day 3 postelectroporation. The callout panels show the density
of invaded cells stained with crystal violet at this time point.

To understand further the mechanism for such loss of inva-
siveness of MPNST cells, we evaluated the expression of a
series of EMT markers under conditions in which Ral was
silenced. As shown in Fig. 2D, the expression of transcription
factors B-catenin and Snail was remarkably reduced while Slug,
another transcription factor involved in EMT was not signifi-
cantly changed. The process of “E- to N-cadherin switch,”
considered an important step in EMT in tumor cells, was also
affected by Ral silencing, since the levels of N-cadherin were
significantly decreased, while those of E-cadherin were not
changed notably. Overall, the process of EMT appeared to be
reversed by silencing Ral in MPNST cells.

Ral silencing in nonmalignant Schwann cells does not in-
fluence proliferation rate in a significant manner. To deter-
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FIG. 2. Effects of Ral silencing on the biology of MPNST and Schwann cells. (A) Ral-siRNA (2 M final concentration) was introduced to
35-1-2 cells by electroporation followed by Western blotting for Ral expression. Lysates from Ral-siRNA-treated cells were blotted for expression
of RalA at different times postelectroporation in order to verify silencing. Intensity is reported for each band. 3-Actin was probed as a control for
specificity of the Ral-siRNA against its target. Control-treated cell lysates were also blotted for expression of RalA. (B) A significant reduction in
the growth rate of Ral-siRNA treated cells was seen on days 2 and 3 but not on days 1 or 4 compared to the proliferation rate of control-treated
cells, which were considered as 100% at each time point. Callout panels provide visualization of cell confluence at day 3 after electroporation.
Asterisks represent a significant difference between counterpart time points (P < 0.001). (C) A significant reduction in invasiveness of cells (P <
0.002) was observed upon silencing Ral in 35-1-2 cells. Cells were electroporated with Ral-siRNA as described in G and introduced into a cell
invasiveness assay. Cells were photographed at 3 days postelectroporation. Invasiveness was assayed by measuring the absorbance of cells stained
with crystal violet. Callout panels represent cell density at 3 days postelectroporation. (D) Expression of EMT markers was evaluated upon
silencing Ral at 48 h postelectroporation with Ral-siRNA in 35-1-2 cells. (E) Ral-siRNA (2 pM final concentration) was introduced into SW10
cells by electroporation, followed by Western blotting for Ral expression and an assay for cell proliferation. Lysates from Ral-siRNA-treated cells
were blotted for expression of Ral at different times postelectroporation in order to evaluate silencing (upper panel). No significant changes in the
growth rate of SW10 cells was seen compared to the proliferation rate of mock-treated cells (lower panel). The latter were plotted as 100% at each

time point.

mine whether Ral silencing would influence the viability of
nontransformed Schwann cells, we electroporated SW10 cells
in the same manner as described above and evaluated their
viability in comparison to control treated cells. As seen in Fig.
2E, silencing Ral did not induce any significant change in the
viability of SW10 cells within 96 h after electroporation with
Ral-siRNA. The silencing of Ral remained in effect up to 72 h
postelectroporation with recruitment of Ral expression to lev-
els close to those of the control at 96 h postelectroporation.
Inhibition of Ral activation by dominant-negative Ral re-
duces the viability and invasiveness of MPNST cells. Because
inhibition of Ral expression by siRNA silencing reduced the
growth rate of 35-1-2 MPNST cells, we decided to investigate
whether suppression of Ral activation would also suppress the
proliferation of MPNST cells. For this purpose, we used an
alternative MPNST cell line, 37-3-18, and transfected these
cells with a plasmid containing S28N, a dominant-negative
version of Ral, and the fluorescent protein DsRed-express
(pS28N-IRES-Dsred-express) or a control plasmid consisting

of the backbone void of S28N. At 72 h postelectroporation, the
proliferation rate of 37-3-18 cells was reduced (Fig. 3A, P <
0.05) in conjunction with an ~68% reduction in Ral-GTP
levels compared to control-treated cells (Fig. 3B). At this time
point, the invasiveness of 37-3-18 cells was also reduced to 10%
of the level of the control levels (Fig. 3C, P < 0.05).

Finally, we were interested to determine whether inhibition
of geranyl-geranylation, a posttranslational modification highly
required for Ral activation, would affect the proliferation of
MPNST cells. In order to study this, we used geranyl-geranyl
transferase inhibitor 2147(GGTI-2147), a cell-permeable non-
thiol peptidomimetic that acts as a potent and selective inhib-
itor of geranylgeranyl-transferase I (GGTase I) (6, 67). GGTI-
2147 has been shown to block the geranyl-geranylation of
RaplA with a 50% inhibitory concentration that is >60-fold
lower than that required to disrupt the farnesylation of H-Ras
(6, 67). Figure 3D shows that at a 250 nM concentration of this
drug the proliferation rate of MPNST cells (37-3-18) is re-
duced in a significant manner (lower panel). Interestingly, at
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FIG. 3. Inhibition of Ral activation in mouse MPNST cells.
(A) Mouse MPNST cells (37-3-18) were electroporated with a plasmid
containing the dominant-negative version of Ral named S28N. At 72 h
postelectroporation, the proliferation rate of these cells was reduced
significantly upon reduction of Ral activity. (B) Treatment of 37-3-18
cells with the plasmid expressing S28N (dominant-negative Ral) re-
sulted in the reduction of Ral-GTP at 72 h postelectroporation. The
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such a concentration, while the level Ral-GTP was decreased,
the Ras-GTP levels stayed unchanged (upper panel).

Ral activation in human MPNST is reduced by expression of
NF1-GRD. Once our murine data demonstrated that Ral is
critical to the proliferation and invasiveness of mouse MPNST
cells, we extended these findings to human MPNST cells and
tissues. To do this, we used two primary human MPNST cells
from independent sources, namely, 94.3 and S805 cells and the
derivatives of these cells, which were transfected with a retro-
virus expressing NF1-GAP related domain (NF1-GRD). As
seen in Fig. 4A, Ral activation in 94.3 cells is reduced to levels
comparable to primary human nontransformed Schwann cells
once NF1-GRD is expressed in these cells. The levels of Ral
activation were also reduced to beneath detectable levels upon
exposure of S805 cells to NF1-GRD virus. In addition, we
detected Ral overactivation in lysates from three human
MPNST samples (named HuMPNST-1, -2, and -3) compared
to primary human Schwann cells (Fig. 4A, top right panel).

Although all human MPNST primary cells and tumor sam-
ples showed Ral overactivation (in comparison to nontrans-
formed Schwann cells), we observed the overactivation of Ras
prominently in S805 and HuMPNST-3 (Fig. 4A, lower panel).

Expression of NF1-GRD decreases proliferation and inva-
siveness of human MPNST cells. We next investigated whether
reduction of Ral activation by expression of NF1-GRD would
affect the biological characteristics of human MPNST cells. We
observed that the proliferation rate of 94.3 cells was reduced
after 48 h of infection with the NF1-GRD virus at a multiplicity
of infection of 1 compared to the control virus (empty vector)
(Fig. 4B). We also saw a significant reduction in the invasive-
ness of NF1-GRD-expressing MPNST cells after 48 h of ex-
posure of 94.3 cells to NF1-GRD virus compared to the control
virus (Fig. 4B, lower panel). A similar pattern was also ob-
served (reduction in proliferation and invasiveness) for S805
cells exposed to NF1-GRD and control viruses (Fig. 4C). No-
tably, although S805 cells appear to be much more invasive
than 94.3 cells in the control group, their invasiveness was
significantly reduced upon exposure to NF1-GRD.

Expression of NF1-GRD alters cell cycle progression of hu-
man MPNST cells and increases the rate of cell death. We
next investigated the effects of expression of NF1-GRD and a
subsequent decrease in Ral activation on cell cycle progression
of human MPNST cells. As shown in Fig. 5A and B, both 94.3
and S805 cells exposed to the NF1-GRD virus showed a de-
crease in the fraction of G, cells and an increase in the fraction
of S and G, cells compared to cells exposed to the control virus
(P < 0.01). The rate of cell death was increased more than
2.5-fold for both cell types under such conditions (Fig. 5C).

total amount of Ral as well as B-actin remained unchanged. (C) Inva-
siveness of 37-3-18 cells at 72 h after electroporation with a plasmid
expressing S28N. Callout panels provide a visualization of the density
of invaded cells at this time point. (D) GGTI-2147 has been shown to
block the geranyl geranylation, a posttranslational modification in-
volved in Ral activation. Although the level Ral-GTP was decreased,
Ras-GTP levels stayed relatively unchanged (upper panel). At a 250
nM concentration of this drug the proliferation rate of MPNST cells is
reduced in a significant manner (lower panel).
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FIG. 4. Ral activation in human MPNST and Schwann cells and the
effects of expression of NF1-GRD. (A) Ral activation was evaluated in
lysates from two independent human MPNST cell lines (94.3 and
S805), as well as three samples from human MPNST tumor tissues
(HuMPNST-1, -2, and -3) and primary human nontransformed
Schwann cells (HuSch). Although Ral-GTP levels were found to be
elevated in 94.3 and S805 cells (compared to Schwann cells), such
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Ral silencing reduces in vivo tumorigenicity of MPNST
cells. Although the in vitro data mentioned above reveal many
aspects of the role of Ral in the biology of MPNST cells, we
focused on studying the impact of Ral silencing on the in vivo
characteristics of these cells. For this purpose, 35-1-2 cells were
electroporated with Ral-siRNA, sorted for cells containing
siRNA and then injected s.c. into the left flank of severe
combined immunodeficient (SCID-outbred) male mice (5 X
10° cells/flank, n = 10). An equal number of control-treated
cells were injected into the right flank. Tumor sizes were mea-
sured every other day. As is seen in Fig. 6, Ral-silenced cells
grew into smaller tumors at each time point postinjection (P =
0.01). Figure 6A shows the extent of tumor growth on two of
the test subjects at days 10 and 16 postinjection (yellow circles
focus on the sites of s.c. injections and tumoral masses). Figure
6B compares the tumor volumes (mean * the standard error)
for the control and Ral-siRNA-treated sides. A significant re-
tardation of the tumor growth was observed for the side in-
jected with Ral-siRNA treated cells compared to control-
treated cells.

In order to evaluate Ral activation, we extracted these s.c.
tumors at 16 days postinoculation and evaluated Ral-GTP in
lysates from these samples. Figure 6C shows three such tu-
mors, their relative sizes, and the levels of Ral-GTP in each
one of them. The overall size and Ral activation show notable
reduction in the group treated with Ral-siRNA.

DISCUSSION

Ras signaling orchestrates highly complex molecular events
that can, with aberrant activation, progress toward malignancy.
In the last 20 years, the involvement of the Ral family of
GTPases in human malignancies has been revealed, a fact
originally not appreciated since the prominent role of Ral was
not recognized in previously studied mouse models. Ral-GEF
has since been found to be sufficient for Ras transformation in
human cells (28), and Ral-GTP is understood to be chronically
activated in cancer cell lines and tissues in comparison to their
normal counterparts (12, 36, 37).

In NF-1, the loss of one copy of the neurofibromin tumor
suppressor gene which encodes a Ras-GAP lowers the thresh-
old for tumorigenesis while occurrence of a second hit is nec-

levels were reduced to amounts comparable to primary human non-
transformed Schwann cells (or lower) upon transfection with NF1-
GRD. Three human MPNST tumor tissue samples also show increased
levels of Ral-GTP. In the lower panel, the activation of Ras was
evaluated in 94.3 and S805 cells, along with lysates from three human
MPNST tissue samples. S805 and HuMPNST-3 show prominent Ras
overactivation compared to primary human nontransformed Schwann
cells. (B) Expression of NF1-GRD reduces proliferation and invasive-
ness of 94.3 cells in a significant manner (P < 0.05). Callout panels
represent the cell density at 48 h after infection of cells with the
retrovirus expressing NF1-GRD or control retrovirus. The mean num-
ber of invaded cells for control groups is plotted as 100%, and the
mean number of cells in NF1-GRD-treated group is plotted accord-
ingly. (C) Proliferation and invasiveness of S805, another human
MPNST primary cell, was reduced in a significant manner upon ex-
pression of NF1-GRD by a retrovirus. Callout panels represent cells at
48 h postinfection with NF1-GRD retrovirus.
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FIG. 5. Effects of expression of NF1-GRD on cell cycle progression and cell death in human MPNST cells. (A and B) Alterations in cell cycle
progression upon expression of NF1-GRD in 94.3 and S805 human MPNST cells. Once NF1-GRD was expressed in these cells by exposure to a
retrovirus for 48 h, a significant (P < 0.01) increase in the G, fraction was observed, along with an increase in cells in the S and G, phase. In the
case of S805 cells, the same pattern of change was observed in terms of a decrease in the G, subpopulation. (C) The rate of cell death (apoptosis

plus necrosis) was significantly increased (P < 0.05) upon exposure of human MPNST cells to the retrovirus expressing NF1-GRD compared to
the control virus.
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FIG. 6. Ral silencing reduces in vivo and in vivo tumorigenicity of MPNST cells and a model for involvement of Ral in the biology of MPNST.
(A) SCID-Fox Chase outbred mice (n = 10) were injected s.c. with 5 X 10° Ral-siRNA (left flank) or control-treated cells (right flank). The panels
represent the difference in tumor size at day 10 and day 16 postinjection. Yellow circles focus on the sites of injection and the tumoral mass.
(B) Tumor volumes for Ral-siRNA and control-treated cells were measured and compared at each time point. A significant reduction in tumor
size (P = 0.01) was observed in the Ral-siRNA treated group. (C) s.c. tumors were extracted at 16 days postinoculation, and the levels of Ral-GTP
were evaluated in lysates from these samples. Three such tumors, their relative sizes, and the Ral-GTP amounts in each of them are shown in this
panel. (D) Ras activation leads to the activation of a series of downstream effectors. Activation of Ral, which was observed in all mouse and human
MPNST cells and tumor tissues, is involved in proliferation, invasion, cell attachment/EMT, cell cycle progression, and in vivo tumorigenesis.
Neurofibromin deficiency promotes the activation of Ral as a Ras-independent mechanism evidenced by the reduced levels of Ral-GTP in cells

expressing NF1-GRD.

essary for tumorigenesis. The subsequent deregulation in Ras-
GAP activity has been assumed to cause an all-encompassing
overactivation of Ras activity and its downstream signaling in
neurofibromas (20, 29, 46). Our present work has examined
this assumption by showing that mouse MPNST cells bearing
deletions in both copies of the NfI gene exhibit variations
in their Ras-signaling portfolio. Only two of five different
NfI~'~/p53~/~ MPNST cell lines expressed high levels of Ras-
GTP, while the other three remained at levels comparable to
nontransformed Schwann cells. These differences were also

found for the activity of Ras downstream signaling elements
with the exception of Ral. Although the overall activation of
ERK, JNK, p38 kinase, and PI3K pathways were higher in the
MPNST cells with high levels of Ras-GTP, an elevated level of
RalA activity was observed in all MPNST cells compared to
untransformed Schwann cells. Therefore, the role of the Ral
pathway in the development of MPNST and as a potential
target for therapeutic strategies requires further study. Aside
from NF1 mutations, a series of genetic lesions, such as p53
inactivation (39), p16 inactivation (4), and EGFR overexpres-
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sion (38), have been identified that cooperatively develop the
background needed for formation of MPNSTSs. In this plat-
form, Ral overactivation can play a central role in linking such
molecular abnormalities, considering the role of Ral in atten-
uation of p53-indepenedent DNA damage response (1), in-
volvement of p16 in blocking oncogenesis by RalGDS-related
(Rgr) oncogene (43, 44), and the cooperation between Ral and
EGFR in transforming cells (40). According to our data, gene-
specific silencing for Ral, as well as reducing its activation via
the expression of a dominant-negative Ral (S28N), can signif-
icantly impair the viability and invasiveness of MPNST cells,
confirming the central role of Ral in supporting fundamental
malignant characteristics of these cells. In addition, GGTI-
2147 also reduced the viability of MPNST cells at concentra-
tions which mainly reduced the active levels of Ral but not Ras.
Untransformed Schwann cells, however, did not go through
significant change in their viability upon Ral silencing, indicat-
ing a preferential dependence of transformed cells on this
pathway. It is notable that although previous studies claimed
that RalA had no effects on cell migration in bladder and
prostate cancer cells (50), our studies in an MPNST model
show that inhibition of RalA with different methods reduces
invasiveness of these cells in a significant manner. However,
differences in the molecular genetics of these cancers may be
the primary reason for the observed differences in the role of
RalA. The same reason might explain the observation by oth-
ers that the depletion of RalA in the context of pancreatic
cancer cells does not affect the viability of adherent cells (36).
Further studies into the role of RalB in the biology of MPNST
cells might also provide important information about the over-
all role of the Ral pathway in peripheral nerve sheath tumors.

Additional details about the effects of Ral silencing on in-
vasion have been elucidated by our studies that assess the
expression of EMT markers after Ral silencing. Changes in
tumor tissue architecture allowing cancer cells to acquire in-
vasive properties take place through EMT (31, 63). The im-
portant characteristics of EMT are the deregulation of inter-
cellular contacts and increased cell mobility resulting in the
release of cells from the parent epithelial tissue (26). Although
the molecular bases of EMT is still being studied, several signal
transduction pathways and a number of signaling molecules
have been identified as involved. These include growth factors,
receptor tyrosine kinases, Ras and other small GTPases, Src,
B-catenin, and integrins (5, 63, 64). Recently, the role of the
p38 kinase pathway in this process has also been identified as
critical for downregulation of E-Cadherin (72). In addition,
molecules such as ZO-1 and B-catenin, which shuttle between
the plasma membrane and the nucleus or the cytosol, partici-
pate in the regulation of genes such as vimentin or matrix
metalloproteinase-14, which are turned on during EMT (51).
The effects of Ral silencing on EMT markers are for the most
part antagonistic. In our study, we observed that the expression
of two important transcription factors, B-catenin and Snail, is
remarkably decreased. The expression of E-Cadherin (an anti-
invasion molecule) is relatively unchanged, but the level of
N-Cadherin (a proinvasion molecule) is decreased. Overall,
this scenario shows that Ral overactivation is involved in en-
hancing the invasiveness of MPNST cells and driving the pro-
gression of EMT.

An important next step in our research was to shed light on
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the potential mechanism for Ral activation in MPNST. To
date, most of the focus in this field has been on the impact of
lack of neurofibromin on Ras activation. Such central genetic
abnormality, however, has not been investigated for its poten-
tial involvement in Ral activation, although some studies have
suggested “Ras-independent” roles for neurofibromin via ad-
enyl cyclase (60) or focal adhesion kinase and mitogen-acti-
vated protein kinase (15). To investigate the role of Ral, we
decided to express the GRD domain of NF1 in MPNST cells
and evaluate the outcome of such a manipulation on active
levels of Ral. We observed that in the case of both human
MPNST cell lines, the levels of Ral-GTP were reduced upon
NF1-GRD expression. Still unclear is whether neurofibromin
has any direct GAP activity on Ral or if its effects are modu-
lated via other modifiers of Ral activation such as Ral-GEFs,
Aurora kinase A (61), or protein phosphatase 2A (PP2A AB)
(55). Once again, reduction in Ral activation by NF1-GRD was
accompanied by reduction in the viability and invasiveness of
94.3 and S805 human MPNST cells. In addition, cell cycle
progression in both cells was affected, with a decrease in G,
and an increase in S and G, fractions.

Finally, we investigated whether Ral silencing would affect in
vivo tumorigenicity of MPNST cells. Previous studies have
shown different results in terms of involvement of RalA in SC
tumor formation. RalA was found to be required for anchor-
age-independent growth in vitro and s.c. tumor growth in im-
munodeficient mice (36). However, inhibition of RalA did not
affect tumor formation in metastatic prostate cancer cells but
did abolish bone metastasis (71). Our data show the retarda-
tion of SC tumor growth of MPNST cells to a significant
degree upon exposure to anti-RalA siRNA and the reduction
of Ral levels in these tumors. Potential correlation between
Ral activation and oncogene-induced senescence (16) is an-
other possibility requiring further study in light of our data that
show Ral overactivation in MPNST. The main question here is
whether Ral activation in MPNST triggers negative feedback
on Ral effectors and, if so, whether that process plays a role in
the biology of benign neurofibromas.

In conclusion, our studies reveal that the activation of the
Ral pathway (as shown for RalA) is consistently seen in mouse
and human MPNST cells with important biological conse-
quences on the characteristics of the malignant phenotype.
Further research is required to explore in more detail the role
of Ral activation in MPNST cells, including any potentially
distinctive role for RalB, as well as possible strategies for
intervening with Ral pathway that may have therapeutic ben-
efits.
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