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PTEN augments SPARC suppression of
proliferation and inhibits SPARC-induced
migration by suppressing SHC-RAF-ERK

and AKT signaling
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SPARC (secreted protein acidic and rich in cysteine) is
expressed in all grades of astrocytoma, including glio-
blastoma (GBM). SPARC suppresses glioma growth
but promotes migration and invasion by mediating
integrin and growth factor receptor-regulated kinases
and their downstream effectors. PTEN (phosphatase
and tensin homolog deleted on chromosome 10),
which is commonly lost in primary GBMs, negatively
regulates proliferation and migration by inhibiting
some of the same SPARC-mediated signaling pathways.
This study determined whether PTEN reconstitution in
PTEN-mutant, SPARC-expressing US7MG cells could
further suppress proliferation and tumor growth but
inhibit migration and invasion in SPARC-expressing
cells in vitro and in vivo, and thereby prolong survival
in animals with xenograft tumors. In vitro, PTEN
reduced proliferation and migration in both SPARC-
expressing and control cells, with a greater suppression
in SPARC-expressing cells. PTEN reconstitution sup-
pressed AKT activation in SPARC-expressing and
control cells but suppressed the SHC-RAF-ERK signal-
ing pathway only in SPARC-expressing cells.
Importantly, coexpression of SPARC and PTEN resulted
in the smallest, least proliferative tumors with reduced
invasive capacity and longer animal survival.
Furthermore, direct inhibition of the AKT and SHC-
RAF-ERK  signaling pathways suppressed the
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proliferation and migration of SPARC-expressing cells
in vitro. These findings demonstrate that PTEN reconsti-
tution or inhibition of signaling pathways that are acti-
vated by the loss of PTEN provide potential
therapeutic strategies to inhibit SPARC-induced inva-
sion while enhancing the negative effect of SPARC on
tumor growth.
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brain tumor in adults, and individuals with this

aggressive tumor often survive 12 months or
less." This poor prognosis is largely due to the highly
infiltrative nature of GBM. Our laboratory has found
that secreted protein acidic and rich in cysteine
(SPARC/osteonectin/basement membrane protein-40)
is highly expressed in all grades of astrocytoma, includ-
ing GBM.? In addition, we have shown that SPARC pro-
motes glioma cell motility and invasion both in vitro®*
and in vivo.> Our laboratory and others have shown
that high levels of SPARC correlate with increased
expression of specific matrix metalloproteinases, which
may be 1 mechanism by which SPARC promotes inva-
sion.® 1% Furthermore, SPARC has been found to inter-
act with integrin B1'"!? and activate integrin-regulated
kinases including ILK and focal adhesion kinase
(FAK),">~'"* and signaling through these molecules
may be important for glioma cell motility (Fig. 1).

On the other hand, we have demonstrated that
SPARC suppresses glioma cell proliferation in
vitro'>'® and delays tumor growth in rat brains in
vivo.” We found that the effects of SPARC on cell
growth were biphasic; low levels of SPARC arrested

Glioblastoma (GBM) is the most common primary
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Fig. 1. Proposed SPARC-mediated signaling pathways and
regulation by PTEN. We propose that SPARC activates the
FAK-AKT and SHC-RAF-ERK signaling pathways by regulating
ECM interactions with integrins or by directly interacting with
integrin B1. SPARC may also reduce SHC signaling by interfering
with growth factor interactions with tyrosine kinase receptors
(RTK). PTEN  suppresses migration by promoting the
dephosphorylation of PIP3, FAK, and SHC, which inhibits
downstream signaling in these pathways.

cells at the G,M phase of the cell cycle, whereas high
levels of SPARC arrested cells in the Go/G; phase." It
has also been suggested that SPARC may suppress cell
growth by interfering with growth factor—growth
factor receptor interactions, as SPARC can bind platelet-
derived growth factor (PDGF) and vascular endothelial
growth factor (VEGF) and inhibit the binding of these
growth factors to their tyrosine kinase receptors.'”'®
Therefore, a potential therapeutic strategy to inhibit
brain tumor progression could involve inhibiting the
positive effect of SPARC on tumor invasion while
enhancing the negative effect of SPARC on proliferation
and tumor growth.

The tumor suppressor phosphatase and tensin homolog
deleted on chromosome 10 (PTEN/mutated in multiple
advanced cancers) is a phosphatase, which is mutated at
a high frequency in multiple human cancers'>*° and
plays a role in keeping the processes of cell migration
and proliferation under control. Loss of PTEN is associ-
ated with primary GBM development,'**° with estimates
of up to 30%-36% of GBMs having PTEN loss/
mutation.”"*? Transfection of wild-type PTEN into
human glioma cells decreases tumorigenicity in nude
mice, demonstrating that PTEN serves as a tumor suppres-
sor in glioma.?? PTEN functions as a phosphatase for both
lipids and proteins.”* Due to its lipid phosphatase activity,
PTEN is a negative regulator of phosphatidylinositol-3-
kinase (PI3K) signaling by dephosphorylating phospha-
tidylinositol-3-5-triphosphate (PIP3), whereas its protein
phosphatase activity inhibits the activation of FAK and
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SHC.?>?° PTEN expression suppresses cell migration by
negatively regulating FAK, SHC, and ILK signaling®’~%*
(Fig. 1). Furthermore, through inhibition of the
PI3K-AKT pathway, PTEN suppresses glioma cell pro-
liferation by arresting cells in the G; phase of the cell
cycle.?” As PTEN can suppress integrin-mediated signal-
ing pathways, which have increased activation due to
SPARC, the reconstitution of PTEN or the direct inhibition
of signaling pathways that are negatively regulated by
PTEN provide potential therapeutic approaches to
inhibit SPARC-mediated brain tumor invasion and poss-
ibly further suppress brain tumor growth.

As the loss of PTEN and the overexpression of SPARC
are important changes that contribute to GBM develop-
ment and progression, the present study sought to deter-
mine whether the reconstitution of PTEN in invasive
PTEN-mutant, SPARC-expressing GBM cells could sup-
press the in vitro proliferation and migration and the in
vivo tumor growth and invasion of these cells, and
prolong the survival of animals with xenograft tumors.

Materials and Methods

Generation of PTEN-Expressing GBM Cells

Generation and characterization of SPARC- (A2b2),
empty vector control- (C2a2), SPARC-GFP- (H2), or
GFP vector control- (C1.1) expressing US7MG cells
was previously reported.’ %1530 The PTEN sequence
was subcloned from pBP-PTEN, kindly provided by
Drs. Frank Furnari and Webster Cavenee, into the
pcDNA6/V5-HisB plasmid (Invitrogen) with blasticidin
resistance and confirmed by DNA sequencing (Becton
Coulter CEQ8000  Genetic  Analysis  System).
PTEN-encoding pcDNA6 vector (PTEN) or pcDNA6
empty vector (EV) plasmids were transfected into the
A2b2, C2a2, H2, and C1.1 cell lines by electroporation
using Cell Line Nucleofector Kit T (Amaxa Biosystems)
using the manufacturer’s U87MG protocol with the
Nucleofector 1 program X-01 (Amaxa Biosystems).
Stable transfectants were selected with blasticidin
(9 pg/mL) over 14 days. Clones were isolated using lim-
iting dilution, and specific clones were selected based on
SPARC and/or PTEN expression.

Cell Culture

Cells were cultured in DMEM + 10% fetal bovine
serum (FBS) and 10 wg/mL gentamycin. A2b2 and
C2a2 clones were grown in blasticidin (9 pg/mL) and
puromycin (1 pg/mL) while the H2 and C1.1 clones
were grown in blasticidin (9 wg/mL) and geneticin
(400 wg/mL). Selective antibiotics were removed at
least 3 days prior to use in an assay or experiment.

Cell Morphology

Cells were plated at 2 x 10°/100-mm dish and
cultured in growth media for 5 days. Images were



captured on an inverted microscope at x10 and x20
magnification.

Western Blot Analysis

Cells (5 x 10°) were plated on S0 wg/mL fibronectin-
coated 100-mm dishes and grown in either DMEM +
10% FBS, serum-free DMEM, or Opti-MEM. After 24
and 48 hours, cells were lysed and the protein concen-
tration was determined using BCA protein assay
(Pierce). Equal protein/lane (15-25 mg) was loaded
onto 10% polyacrylamide sodium dodecyl sulfate
Tris—Glycine gels. After electrophoresis (20 mA/gel),
proteins were transferred (100 volts) to PVDF mem-
branes (Millipore). Membranes were blocked (5%
nonfat dry milk) and then incubated with primary anti-
body overnight at 4°C, followed by incubation with
HRP-conjugated secondary antibody at room tempera-
ture for 1 hour. The blots were developed using ECL
(Pierce). The primary antibodies used were purchased
as follows: Hematologic Technologies: SPARC
(AON-5031); Cascade BioScience: PTEN (ABM-2052);
BD Biosciences: pFAK (611 722) and ¢-RAF (610 151);
Cell Signaling: FAK (3285), pAKT (4051L), AKT
(9272), pSHC (2434S), and pRAF (9427S); and Santa
Cruz Biotechnology: SHC (sc-967), pERK (sc-7383),
ERK1 (sc-94), Actin (sc-1616), and all secondary
antibodies.

Proliferation Assay

Cells (1.5 x 10° cells/well) were seeded in triplicate in
fibronectin-coated,  96-well,  white-walled  plates
(#3610, Corning, Inc.). Separate plates were made for
0-, 3-, 5-, and 7-day timepoints. Cells were cultured in
DMEM + 10% FBS for 4 hours at which time the 0
timepoint plate was read and the other timepoint
plates continued to incubate for the appropriate time
period. At each timepoint, the media was removed and
the plate was frozen at —80°C. The media were
changed on the remaining plates. At the end of the exper-
iment, the number of viable cells was determined
using the FluoReporter Blue Fluorometric dsDNA
Quantitation Kit (Molecular Probes), according to the
manufacturer’s protocol. The fluorescent signal was
read on a Fusion Universal Microplate Analyzer
(PerkinElmer). The data at each timepoint were back-
ground subtracted using the reagent blank fluorescence
value and then calculated as a percentage of the 0 day
data. The experiment was repeated 3 times.

For the proliferation assay with inhibitors, separate
plates were made for days 0, 3, and 6. The cells were cul-
tured in DMEM + 10% FBS for 4 hours until the 0-day
timepoint plate was read. At this time, the media were
removed from the remaining timepoint plates and
replaced with new DMEM + 10% FBS with either
DMSO (1/1000), the MEK inhibitors PD98059
(50 uM; Calbiochem) or U0126 (20 uM, Cell
Signaling), or the AKT inhibitor AKT IV (2.5 pM,
Calbiochem). The concentration of inhibitor used was
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the lowest amount of inhibitor that could produce a
maximal suppression of protein activation and not
induce cell death.

Wound Healing Migration Assay

Cells (3.2 x 10°) were seeded onto fibronectin-coated
(50 pg/mL) 60-mm dishes.* Cells were grown in
DMEM + 10% FBS until confluent (2 days). Wounds
were made using a 19-mm razor blade to cut the cells
and mark the plate, and then the blade was moved
gently across the plate to remove the cell monolayer.
Following 2 PBS rinses to remove cellular debris,
DMEM + 10% FBS was added (plus inhibitors or
DMSO control if applicable). After 20 hours, the dis-
tance the cells migrated past the wounding line was
measured from images of 2 microscopic fields/wound
and 4 wounds/cell-type using SPOT version 4.0.8
(Diagnostic Instruments, Inc.) software. The distances
migrated were averaged from the 4 separate wounds
from each of 2 independent experiments.

Brain Xenograft

Using an [TACUC-approved protocol, cells were
implanted into nude rat brains (NCI Frederick, NIH),
as previously described’ with minor modifications.
Briefly, cells (4 x 10° cells/S wL PBS) were injected
3mm to the right of bregma at a rate of 0.5 pL/
minutes. Animals were sacrificed at days 7 and 10, and
when neurologic deficit occurred. The brains were
fixed with 10% formalin, placed in a coronal brain
matrix (Activational Systems, Inc.), and sliced into
2-mm blocks. The blocks were routinely processed,
paraffin-embedded, and serially sectioned at 5 pm.
Animals/group: day 7: n = 6, day 10: n = 3, and neuro-
logic deficit: 7 = 3.

Immunohistochemistry

Adjacent sections were retrieved for the human mito-
chondrial marker, SPARC, Ki-67 (HIER with Citrate
buffer pH 6.0), PTEN (rodent decloaker at 97°C for
25 minutes), and Factor VIII (0.4% pepsin for 50
minutes at 37°C). Sections were then immunohisto-
chemically stained for human mitochondrial marker
(1:100 for 60 minutes; E5204, Spring Bioscience),
SPARC (1:20000 in 0.25% BSA for 60 minutes;
AON-5031, Hematologic Technologies, Inc.), Ki-67
(1:100 for 30 minutes; M7240, Dako), PTEN (1:400
for 40 minutes; CM278, Biocare Medical), or Factor
VIII (1:1000 for 40 minutes; A0082, Dako) on a
Nemesis 7200 stainer using BioCare reagents (Biocare
Medical). Control sections were processed substituting
the primary antibody with the appropriate immunoglo-
bulin isotype. Detection was performed with streptavi-
din/biotin-HRP and DAB for 2 minutes and then
counterstained with hematoxylin for 8 seconds. Images
were captured on a Nikon Eclipse E800 microscope
with a Nikon DXM1200C digital camera. Composite
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figures were prepared using Adobe Photoshop CS3
software.

In Vivo Analysis of Tumor Volume

Every tenth section was stained with human-specific
mitochondrial marker, and the tumor was imaged at
x 0.5 magnification. ImagePro 6.0 Plus (Media
Cybernetics) software was used to outline the tumor
and calculate the area. The area was then multiplied
by the section thickness to determine the tumor
volume for that section. The total tumor volume was cal-
culated by adding the volumes for each section with
averaging for the 9 intervening sections (n=26
animals/group).

In Vivo Analysis of MIB-1 Proliferation Index

Every tenth serial section was stained with MIB-1 anti-
body (Dako).> Using Photoshop 6.0 software, images
(x40 magnification) were overlaid with a grid, and
total and MIB-1-positive cells were counted. The
MIB-1 proliferation index was calculated by dividing
the number of MIB-1-positive cells by the total cell
number and multiplying by 100 (7 = 6 animals/group).

In Vivo Analysis of Cell Invasion

Serial sections were immunohistochemically stained for
SPARC and human mitochondrial marker to assess inva-
sion. Tumor cell invasion was examined for the follow-
ing types of movement in the brain: (i) invasion into
surrounding parenchyma, (ii) invasion along blood
vessels, or (iii) invasion along white matter tracts.’
Animals/group: day 7: n =6 and day 10: n = 3.

In Vivo Analysis of Vascularity

Serial sections were immunohistochemically processed
for Factor VIII to assess tumor vasculature.® For each
tumor, 4 regions with the highest Factor VIII staining/
section were imaged at x40 magnification. The
number of vessel lumens/image was independently
counted by 2 individuals. ImagePro 6.0 Plus (Media
Cybernetics) software was used to calculate the cross-
sectional area of each vessel. The number of vessels,
size of vessels, and overall vascular area/image were
measured (7 = 6 animals/group).

Statistical Analysis

Analysis of variance (ANOVA) techniques were used to
assess the differences among groups and timepoints.
When the assumptions for ANOVA were not met, log
transformations were done to decrease the variability
among the groups. The statistical testing was set at
alpha equal to 0.05. All statistical data analysis was
done using SAS (SAS Institute, Inc.) version 9.2.
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Results

Characterization of U87MG Human GBM Cell Lines
Expressing SPARC and PTEN

Generation and characterization of SPARC- (A2b2),
empty vector control- (C2a2), SPARC-GFP- (H2), or
GEFP vector control- (C1.1) expressing cells has been pre-
viously reported.’~*'>*® These US7MG-derived cell
lines were transfected with a PTEN-encoding pcDNA6
vector (PTEN) or pcDNA6 empty vector (EV), and
blasticidin-resistant stable clones were selected. SPARC
and PTEN expression were confirmed by RT-PCR
(data not shown) and Western blot analysis (Fig. 2A).
The lower molecular weight PTEN band is likely the
mutant form of PTEN expressed by U87MG cells,
which contains a deletion that includes exon 3.'%°
Effects of gene expression on cell morphology were
assessed in vitro. As previously reported, SPARC
induced an elongated morphology.>* PTEN did not
alter the morphology of control cells; however, cell mor-
phology changes were detected when SPARC and PTEN
were coexpressed (Fig. 2B). A2b2_PTEN cells lost the
elongated morphology, became flattened in appearance
with more cytoplasm, and grew as a monolayer.
Similar changes in morphology were seen when the
control and PTEN vectors were transfected into GFP-
and SPARC-GFP-expressing clones (data not shown).

PTEN Reconstitution Decreases Proliferation and
Migration in SPARC-Expressing and Control
GBM Cells

The effect of PTEN on proliferation in SPARC-
expressing and control cells was assessed over 7 days
(Fig. 3A and B). PTEN expression (C2a2_PTEN) or
SPARC expression (A2b2_EV) significantly reduced pro-
liferation at 3 (P <0.01), 5 (P<0.05) and 7 days
(P <0.001) compared with control C2a2_EV cells
(Fig. 3A). PTEN and SPARC coexpression (A2b2_PTEN)
significantly reduced proliferation at 3, 5, and 7 days (all:
P < 0.001) and, by day 7, the effect of coexpression on pro-
liferation was more than additive. The results for the
GFP-expressing clones were similar except that
SPARC-GFP-expressing cells (H2_EV) grew similar to
the GFP control cells (C1.1_EV) (Fig. 3B). However,
PTEN expression (C1.1_PTEN) significantly reduced pro-
liferation at 7 days (P < 0.01), and PTEN and SPARC
coexpression (H2_PTEN) significantly reduced prolifer-
ation at 5 days (P < 0.01) and 7 days (P < 0.001). By
day 7, the effect of coexpression on proliferation was
more than additive.

The effect of PTEN on migration in SPARC-
expressing and control cells was assessed using the
wound healing assay (Fig. 3C and D). Similar to our
reported results,”'* SPARC (A2b2_EV) and SPARC-GFP
(H2_EV) expression increased migration compared with
control cells at 19% (P = 0.014) and 40% (P < 0.001),
respectively. No difference in migration was observed
between C2a2_PTEN and C2a2_EV, whereas a significant
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Fig. 2. SPARC and PTEN expression and morphology for the generated U87MG-transfected cell lines. (A) Control (C2a2, C1.1) and
SPARC-expressing (A2b2, H2) cells transfected with PTEN or EV were lysed 48 h after plating on fibronectin. Lysates (15 pg) were
analyzed for PTEN and SPARC/SPARC-GFP expression by Western blot. wt, wildtype. Top arrow: transfected WT PTEN. Bottom arrow:
endogenous mutant PTEN. (B) Cell morphology was assessed after equal numbers of the cells were plated for 5 days. Images were
taken at x10 (upper panels) and x20 (lower panels) magnification. Inset shows a 1.6-fold zoomed image of cells.

reduction in migration was found for C1.1_PTEN com-
pared with C1.1_EV (—24%, P < 0.001). The latter
results agree with published reports that PTEN suppresses
migration in U87 cells,*' and the difference between the 2
controls is likely due to the increased expression of trans-
fected PTEN in clone C1.1_PTEN compared with
C2a2_PTEN (Fig. 2A). Transfection of PTEN in
both SPARC-expressing cell lines (A2b2_PTEN and
H2_PTEN) resulted in a significant decrease in migration
compared with control cells (—29% and —17%, respect-
ively, P < 0.001) and to EV-transfected SPARC-expressing
cells (—40% and —41%, respectively, P < 0.001).

PTEN Reconstitution Suppresses FAK, AKT, SHC,
RAF, and ERK Activation in SPARC-Expressing
GBM Cells

To determine whether PTEN-induced changes in pro-
liferation and migration were mediated by changes in

the FAK-AKT and SHC-RAF-ERK signaling pathways,
signal transduction was assessed 24 and 48 h after
plating the cells on fibronectin. By 24 h, PTEN sup-
pressed the phosphorylation of FAK, SHC, RAF, and
ERK in SPARC-expressing cells (A2b2_PTEN) but not
in control (C2a2_PTEN) cells (Fig. 4). AKT activation
was suppressed by PTEN in both SPARC-expressing
and control cells (Fig. 4). The amount of total AKT
was upregulated when PTEN was expressed in the
cells, which may be a compensatory process by the cells
to increase AKT signaling when the activation of AKT
is strongly suppressed. Similar changes in 24-hour
signaling were observed when the cells were grown in 2
different serum-free media: DMEM and Opti-MEM
(data not shown). Furthermore, at 48 hours, RAF and
ERK activation were still suppressed by PTEN in
SPARC-expressing cells, and FAK and AKT activation
were suppressed by PTEN in both SPARC-expressing
and control cells (Fig. 4). In addition, similar signaling
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Fig. 3. PTEN decreases proliferation and migration in SPARC-expressing and control U87MG-transfected cell lines. (A,B) Cells were plated
on fibronectin and analyzed at O, 3, 5, and 7 day timepoints for dsDNA content using a fluorescent assay. The assay was repeated 3 times
and analyzed statistically. Asterisks denote significantly different from C2a2_EV or C1.1_EV where * =P < 0.01, ** =P < 0.001. (C,D)
Equal numbers of cells were plated on fibronectin and wounded. The black line represents the beginning of the wound. The distance
migrated past the wounding line was measured after 20 h using random microscopic fields from 4 wounds/cell type. The assay was
repeated twice and analyzed statistically. The numbers represent the distance in um =+ the SEM. Asterisks denote significantly different

from C2a2_EV or C1.1_EV where * = P < 0.05, ** = P < 0.001.

changes were seen for the GFP-expressing clones with the
exception of pFAK, which was not found to be sup-
pressed by PTEN in the clone H2_PTEN even though
the amount of total FAK was reduced by PTEN
(Supplementary Material, Fig. S1).

From this data, the SHC-RAF-ERK signaling
pathway appears to have increased sensitivity to PTEN
reconstitution in SPARC-expressing cells, suggesting
that this pathway may be important for the additional
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suppressive effect of PTEN on migration and prolifer-
ation in SPARC-expressing cells compared with
control cells (Fig. 3A-D).

To determine whether SPARC and PTEN interact,
coimmunoprecipitation was performed using antibodies
to each protein. Neither protein coimmunoprecipitated
the other in A2b2_PTEN cells or the glioma cell line
LN229 that naturally expresses both wild-type SPARC
and PTEN (Supplementary Material, Fig. S2).
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PTEN Reconstitution Suppresses the In Vivo Tumor
Growth and Proliferation of Both SPARC-Expressing
and Control GBM Cells

SPARC- and PTEN-expressing cells were implanted into
the brains of nude rats and allowed to develop for 7 days
to determine if the in vitro changes in proliferation
would be seen in vivo when the cancer cells were
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interacting with the tumor microenvironment. Serial
sections were H&E stained and evaluated for SPARC,
PTEN, and Ki-67 (Fig. 5). Identification of human
tumor cells in the rat brain was accomplished using an
anti-human-specific mitochondrial antibody. SPARC
and PTEN were expressed in the appropriate tumors.
SPARC was homogeneously and highly expressed in
A2b2_EV and A2b2_PTEN tumors. On the other
hand, SPARC had low and localized expression in
C2a2_EV and C2a2_PTEN tumors, which is due to
the low level of endogenous SPARC in these cell lines
and SPARC expression by host endothelial cells and
other host-derived infiltrating cells. PTEN had weak
staining throughout the cytoplasm of the cancer cells
in C2a2_PTEN and A2b2_PTEN tumors that was visu-
alized best at a high magnification. Strong PTEN stain-
ing was also detected in the blood vessels in all tumor
types. The suppressive effects of PTEN, SPARC, or
SPARC and PTEN on proliferation were visualized
using MIB-1 antibody to detect Ki-67.

Quantitation of the tumor volumes and proliferation
indices at 7 days postimplantation (Fig. 6) demonstrated
that PTEN- or SPARC-expressing tumors were signifi-
cantly smaller in size (6.3-fold, 6.4-fold, respectively;
P < 0.001) and had significantly reduced MIB-1 prolifer-
ation indices (P < 0.05) compared with the control
C2a2_EV tumors (Fig. 5; Fig. 6A and B; Fig. 7). Tumors
with both SPARC and PTEN had the smallest tumor
volumes (with a 17.7-fold reduction compared with
control tumors; P < 0.0001) and had a significantly
reduced MIB-1 proliferation index when compared
with control tumors (P < 0.0001) as well as to the
SPARC-expressing A2b2_EV tumors (P < 0.01) (Fig. 5;
Fig. 6A and B; Fig. 7). That the suppression of proliferation
was greatest when SPARC and PTEN were coexpressed
demonstrates that the effects on proliferation in vitro
(Fig. 3A) hold true in vivo.

PTEN Expression Increases Tumor Blood Vessel Size
and Vascular Area in Control but Not in
SPARC-Expressing Tumors

To determine whether vascularity differed between
tumor types and contributed to the reduction in tumor
volume when SPARC and/or PTEN were expressed,
serial sections were stained for Factor VIII (Fig. 5) and
the vascularity was compared according to the number
of vessel lumens, the vessel sizes, and the total vascular
area (Fig. 6C-E). A striking finding was that PTEN
expression alone (C2a2_PTEN) resulted in a significant
increase in median vessel size and total vascular area
even though these were not the largest or most prolifera-
tive tumors (Fig. 6A and B). It appears that SPARC was
able to suppress the ability of PTEN to increase vessel
size and vascular area because A2b2_PTEN tumors did
not show significant changes in these measures. The
A2b2_PTEN tumors did have a significant reduction in
the number of vessels compared with control C2a2_EV
tumors; however, there was no reduction in total
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Fig. 5. Characterization of intracranial xenografts of control-, PTEN-, SPARC-, and SPARC and PTEN-expressing cells lines. Cells (400 000 in
5 uL) were intracranially implanted into nude rat brains and allowed to grow for 7 days. Brains were harvested, formalin-fixed, and
paraffin-embedded. Tumor xenograft sections were H&E stained and immunohistochemically stained for human mitochondrial marker,
SPARC, PTEN, the proliferation marker Ki-67, and the blood vessel marker Factor VIII. Magnifications as indicated. Representative

images of n = 6 animals/group.

vascular area possibly because there was a trend toward
increased vessel size.

PTEN Reconstitution Suppresses the In Vivo Invasion
of SPARC-Expressing GBM Cells

Using human-specific mitochondrial marker staining,
tumors were examined 7 and 10 days after tumor
implantation (Fig. 7). All tumors developed along the
injection tract through the cerebral cortex into the sub-
jacent external capsule and caudoputamen. At day 7,
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each group of tumors had an overall well-defined
pattern of growth and invasion. By day 7, the large
control (C2a2_EV) tumors extended centrifugally as
broad-based nubbins in the gray matter and along the
axonal bundles in the white matter. Generally, the
control tumors had a broad, rather smooth border at
the brain—tumor interface. The intermediate-sized
C2a2_ PTEN tumors had an advancing edge that was
somewhat irregular due to limited nodular growth
along vessels. The SPARC- (A2b2_EV) expressing
tumors had a very irregular advancing edge as a result
of their long, well-defined finger-like projections of
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vessel size and vascular area in control but not in SPARC-expressing tumors. Intracranial xenografts were quantitated and analyzed
statistically for tumor volume (A), proliferation index (B), number of blood vessels (C), total vascular area (D), and median vessel size (E).
AU, arbitrary units. Asterisks denote significantly different from C2a2_EV (unless otherwise indicated) where * =P < 0.05, ** =P <

0.001, n = 6 animals/group.

perivascular tumor growth at the brain—tumor inter-
face. In addition, isolated tumor cells were present
invading into adjacent normal tissue. The smallest
SPARC- and PTEN-coexpressing tumors
(A2b2_PTEN) were mostly confined to the external
capsule, with only small extensions into the caudoputa-
men. Their invading edge was narrow and made of
short perivascular projections. Although a few small
masses of tumor cells were occasionally observed in
brain adjacent to the tumor mass, we found no
instances of isolated cells invading at a distance into
the normal tissue. By day 10, the size differences
across the tumors were similar to those at day 7
(Fig. 7), and the tumors retained their characteristic
invasion patterns. However, if the tumors were
allowed to grow until the animals demonstrated signs
of neurological deficit, all tumors reached massive pro-
portions and effaced large portions of the cerebral
hemisphere. Of note, the SPARC-expressing tumors
had massive regions of necrosis, as previously
reported,’ and PTEN was not capable of inhibiting this.

PTEN Reconstitution Prolongs Animal Survival Time
for SPARC-Expressing and Control Tumors with the
Longest Survival Time when Tumors Express Both

SPARC and PTEN

Animals with SPARC- and/or PTEN-expressing tumors
lived longer than animals with control C2a2_EV tumors
(P < 0.05), and animals with tumors that express both
SPARC and PTEN lived longer than animals with
tumors that express SPARC alone (P < 0.001) (Fig. 8).

Direct Inbibition of Signaling Pathways That Are
Negatively Regulated by PTEN Suppresses Proliferation
and Migration in SPARC-Expressing GBM Cells

In Vitro

The effect of the ERK pathway inhibitors PD98059 and
U0126 and the AKT pathway inhibitor AKT IV on the
proliferation of SPARC-expressing A2b2_EV cells was
assessed over 6 days (Fig. 9A). All 3 inhibitors reduced
A2b2_EV cell proliferation (P < 0.001), with an effect
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Fig. 7. PTEN reconstitution suppresses the in vivo invasion of SPARC-expressing cells. Cells (400 000 in 5 L) were intracranially implanted
into nude rat brains and allowed to grow for 7 and 10 days, or until signs of neurological deficit. Brains were harvested, formalin-fixed, and
paraffin-embedded. Tumor sections were stained for human mitochondrial marker to identify the tumor cells. Whole brain sections
illustrating the largest cross sections through the tumors were captured at x0.5 magnification. Days 7 and 10 sections were captured at
%20 magnification. Arrows indicate the single cell infiltration illustrated in the insets captured at x60 magnification. Representative
images of n =6 (day 7) and n = 3 (day 10; ND) animals/group.

that was greater than the reduction observed when  Interestingly, the AKT inhibitor AKT IV also suppressed
PTEN was restored to the cells. Western blot analysis  the activation of ERK, which may explain why there was
of the cells after 3 days with inhibitors showed that  a complete inhibition of growth with this inhibitor.
both the ERK and AKT inhibitors were effective in sup- ~ PTEN reconstitution also suppressed the activation of
pressing the activation of ERK and AKT, respectively. ~ both ERK and AKT in this assay, as expected from
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results in Fig. 4. After 6 days of treatment with AKT IV,
the cell morphology did not indicate that the cells were
undergoing cell death; rather it appeared that the cells
were not dividing (data not shown). In addition, the
AKT inhibitor reduced the expression of transfected
SPARC, whereas the ERK inhibitor U0126 increased
SPARC compared with DMSO-treated A2b2_EV cells.

We further tested whether an ERK inhibitor and
an AKT inhibitor could suppress migration in
SPARC-expressing A2b2_EV cells to the level observed
when PTEN was restored to the cells (Fig. 9B). Both
the ERK inhibitor PD98059 and the AKT inhibitor
AKT 1V significantly reduced migration by 20% (P <
0.001) and 38% (P < 0.001), respectively; however,
reconstitution of PTEN produced the greatest suppres-
sion of migration by 48% (P < 0.001). Western blot
analysis of the migration assay lysates showed that
ERK activation was suppressed by PD98059 and
PTEN reconstitution. PTEN reconstitution suppressed
AKT activation, but AKT IV did not appear to reduce
the activation of AKT although the amount of total
AKT was suppressed in the presence of the inhibitor.
In this assay, the cells are confluent at the start of
migration and the majority of the cells are overly conflu-
ent at the end of the assay when the cells are lysed. It is
possible that the migrating cells have a reduction in AKT
activation as indicated by the inhibition of migration in
the presence of AKT IV; whereas AKT activation in the
stressed, overly confluent cells may remain high due to
the survival stimuli affecting the cells under these con-
ditions. Because the migrating cells make up only a
small proportion of the cell lysate, the changes in AKT
activation in these cells may not be detected.

Discussion

In this study, we demonstrate that reconstitution of
PTEN suppresses the in vitro proliferation and migration
and the in vivo tumor growth and invasion of
SPARC-expressing GBM cells and prolongs animal
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survival. These changes correlate with suppression of
the AKT and SHC-RAF-ERK signaling pathways, and
chemical inhibitors of these pathways can suppress
the in vitro proliferation and migration of SPARC-
expressing GBM cells.

The in vitro data demonstrate that, similar to our pre-
vious reports, SPARC expression suppressed prolifer-
and increased migration™'> compared with
control cells. PTEN reconstitution was able to suppress
proliferation and migration in both SPARC-expressing
and control U87MG glioma cells. These results are in
agreement with several previous reports in which
PTEN restoration was found to reduce the in vitro pro-
liferation,”?*  cell  cycle  progression,”  and
migration” =233 of glioma cells. Interestingly, the
PTEN effects were greater in SPARC-expressing cells
compared with control cells, which may in part be due
to the suppression of ERK activation by PTEN, which
was only seen in SPARC-expressing cells.

The PTEN-induced suppression of proliferation and
migration correlates with inhibition of the AKT and
SHC-RAF-ERK signaling pathways. PTEN reduced
AKT signaling in both control and SPARC-expressing
cells, whereas SHC-RAF-ERK signaling was suppressed
only in SPARC-expressing cells. Therefore, the
SHC-RAF-ERK pathway may be important for the
additional suppression of proliferation and migration
by PTEN in SPARC-expressing cells. Interestingly,
Li et al.** found that the p53 mutational background of
glioma cell lines determines whether PTEN restoration
will result in a tumor-promoting or tumor-suppressing
phenotype. In the current study, we find that SPARC
overexpression increases the tumor-suppressing potential
of PTEN both in vitro and in vivo. One possible expla-
nation is that when PTEN is expressed, the resulting sup-
pression in cell growth may induce the cells to become
more dependent on growth factor signaling, which can
be antagonized by SPARC. SPARC can interfere with
growth factor—growth factor receptor interactions by
binding to VEGF and PDGF and inhibiting the activation
of the tyrosine kinase receptors for these growth
factors.!”'® Furthermore, both SPARC and PTEN have
been shown to inhibit growth-factor stimulated ERK acti-
vation,'®** which may explain why there is a greater
effect on the ERK pathway when both SPARC and
PTEN are expressed.

Similar to reports that PTEN restoration reduces the
in vivo tumorigenicity of glioma cells,?>**?¢ the
current study found that PTEN suppresses the in vivo
tumor growth and proliferation of both control and
SPARC-expressing GBM cells when implanted into the
brains of nude rats, with the greatest reduction in
growth when SPARC and PTEN are coexpressed. The
in vivo proliferation rates correlated with animal survi-
val in which PTEN or SPARC alone increased survival
by 40% and 52%, respectively, and SPARC and PTEN
together increased survival by 134% compared with
control tumors.

Since SPARC?® and PTEN?® have both previously
been shown to regulate tumor vascularity, we deter-
mined whether changes in vascularity contributed to
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Fig. 9. Direct inhibition of signaling pathways that are negatively regulated by PTEN suppresses proliferation and migration in
SPARC-expressing GBM cells. (A) Cells were plated on fibronectin and analyzed at 0-, 3-, and 6-day timepoints for dsDNA content. The
cells were treated with either the MEK inhibitor PD98059 (50 M), the MEK inhibitor U0126 (20 wM), the AKT inhibitor AKT IV
(2.5 wM), or equivalent vehicle control (DMSO). The assay was repeated 3 times and analyzed statistically. Asterisks denote significantly
different from A2b2_EV DMSO at P < 0.001. After 3 days with inhibitors, the cells were lysed and analyzed for phosphorylated protein,
total protein, and actin (loading control) expression by Western blot. (B) SPARC-expressing cells were plated on fibronectin until
confluent and then wounded with a razor blade. After wounding, the cells were treated with either the MEK inhibitor PD98059
(50 wM), the AKT inhibitor AKT IV (2.5 M), or equivalent vehicle control (DMSO). The distance migrated was measured after 20 h
using random microscopic fields from 4 wounds/cell type. The assay was repeated twice and analyzed statistically. Asterisks mean
significantly different from A2b2_EV DMSO at P < 0.001. After migration, the cells were lysed and analyzed for phosphorylated protein,
total protein, and actin (loading control) expression by Western blot. Cap symbol denotes the deletion of intervening lanes.

the reduction in tumor growth when SPARC and/or  area even though PTEN-expressing tumors were
PTEN were expressed in the cells. Unexpectedly, we  smaller and less proliferative than control tumors.
found that PTEN expression alone resulted in a signifi-  In addition, the SPARC- and PTEN-expressing tumors
cant increase in median vessel size and total vascular ~ had a significant reduction in vessel number compared
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with control tumors; however, no reduction in the total
vascular area was detected. Thus, these data suggest that
proliferation rate is a more important contributor to
tumor volume and animal survival than vascularity in
this model.

We did detect a trend toward a decrease in the
number of vessels with SPARC alone, which is in agree-
ment with a previous report by our laboratory in which
SPARC-expressing GBM cells that were xenografted in
vivo produced tumors that had reduced vascularity and
VEGF staining.”® One difference between the studies is
that in the Yunker et al.?° report, individual endothelial
cells were counted, which would favor inclusion of small
angiogenic vessels, whereas in this study only blood
vessel lumens were counted, which would exclude the
small vessels.

PTEN has been reported to decrease vascularity
in U87MG>® or US7MGAEGFR?” brain xenografts in
nude rodents. In the current study, there was no difference
in the number of vessel lumens between PTEN-expressing
tumors compared with control tumors, although there
was a trend toward an increase in vessel number with
PTEN. The difference in the results between the studies
may be due to differences in the implantation sites of
the tumors, the rate at which the tumors developed, or
the methods used to quantitate vascularity. For
example, 1 group used a stain to detect only angiogenic
vessels®® and the other group normalized the number of
vessels to the tumor volume.?”

This is the first study to assess the effect of PTEN on
invasion in gliomas in vivo. When PTEN was restored in
invasive SPARC-expressing cells, the tumors resembled
control tumors rather than SPARC-expressing tumors,
and we did not detect invading single cells along white
matter tracts or into the adjacent parenchyma as seen
in SPARC-expressing tumors. Collectively, the data
suggest that PTEN suppresses SPARC-induced invasion.
The ability of PTEN to suppress invasion in vivo agrees
with several in vitro reports and 1 ex vivo study that
PTEN can reduce glioma cell invasion.””>%~*2

PTEN may suppress invasion, in part, by reducing the
expression of matrix-degrading proteases. It has been
reported that the reconstitution of PTEN in glioma
cells inhibits matrix metalloproteinase (MMP)-2
expression and activity***? and hyaluronic acid-induced
MMP-9 secretion and activity.*® Interestingly, we and
others have previously shown that the expression of
SPARC in glioma cell lines increases the expression
and activity of several types of matrix metalloprotei-
nases.* ™'Y Future studies should determine whether
PTEN can reverse the increase in protease expression
induced by SPARC.

Direct inhibition of the AKT and ERK signaling path-
ways, which are negatively regulated by PTEN, suppresses

Thomas et al.: PTEN and SPARC suppress glioma growth and invasion

proliferation and migration in SPARC-expressing cells in
vitro. Chemical inhibitors of AKT and ERK were as effec-
tive as PTEN restoration at suppressing proliferation but
not migration. Since the AKT and the SHC-RAF-ERK
pathways are both involved in the suppression of
migration by PTEN, both pathways may have to be inhib-
ited together to mimic the effect of restoring PTEN to the
cells.

In summary, reconstitution of PTEN suppresses the in
vitro proliferation and migration and the in vivo tumor
growth and invasion of SPARC-expressing GBM cells
and prolongs animal survival. These changes correlate
with PTEN-induced suppression of the AKT and
SHC-RAF-ERK signaling pathways, and chemical
inhibitors of AKT and ERK can suppress the in vitro pro-
liferation and migration of SPARC-expressing GBM
cells. Therefore, the reconstitution of PTEN or the
direct inhibition of the AKT and/or SHC-RAF-ERK sig-
naling pathways provide potential therapeutic strategies
to suppress brain tumor progression by inhibiting the
positive effect of SPARC on tumor invasion while
enhancing the negative effect of SPARC on proliferation
and tumor growth. Future clinical studies should deter-
mine whether patients whose tumors express SPARC
and are deleted for PTEN respond better to AKT and
ERK inhibitors than patients whose tumors express

SPARC but retain PTEN.
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