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Rapamycin has previously been shown to be efficacious
against intracerebral glioma xenografts and to act in a
cytostatic manner against gliomas. However, very little
is known about the mechanism of action of rapamycin.
The purpose of our study was to further investigate the
in vitro and in vivo mechanisms of action of rapamycin,
to elucidate molecular end points that may be applica-
ble for investigation in a clinical trial, and to examine
potential mechanisms of treatment failure. In the phos-
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phatase and tensin homolog deleted from chromosome
10 (PTEN)-null glioma cell lines U-87 and D-54, but not
the oligodendroglioma cell line HOG (PTEN null), doses
of rapamycin at the ICsq resulted in accumulation of cells
in Gy, with a corresponding decrease in the fraction of
cells traversing the S phase as early as 24 h after dosing.
All glioma cell lines tested had markedly diminished pro-
duction of vascular endothelial growth factor (VEGF)
when cultured with rapamycin, even at doses below the
ICsq. After 48 h of exposure to rapamycin, the glioma
cell lines (but not HOG cells) showed downregulation of
the membrane type-1 matrix metalloproteinase (MMP)
invasion molecule. In U-87 cells, MMP-2 was down-
regulated, and in D-54 cells, both MMP-2 and MMP-9
were downregulated after treatment with rapamycin.
Treatment of established subcutaneous U-87 xenografts
in vivo resulted in marked tumor regression (P < 0.05).
Immunohistochemical studies of subcutaneous U-87
tumors demonstrated diminished production of VEGF in
mice treated with rapamycin. Gelatin zymography showed
marked reduction of MMP-2 in the mice with subcuta-
neous U-87 xenografts that were treated with rapamy-
cin as compared with controls treated with phosphate-
buffered saline. In contrast, treatment of established
intracerebral U-87 xenografts did not result in increased
median survival despite inhibition of the Akt pathway
within the tumors. Also, in contrast with our findings
for subcutaneous tumors, immunohistochemistry and
quantitative Western blot analysis results for intracere-
bral U-87 xenografts indicated that there is not signifi-
cant VEGF production, which suggests possible deferen-
tial regulation of the hypoxia-inducible factor 1« in the
intracerebral compartment. These findings demonstrate

Copyright © 2005 by the Society for Neuro-Oncology

220z 1snbny oz uo 1senb Aq £€Z8¥ 1 L/1/1/./e1on4e/AB0j0ouo-01nau/woo dnooiwspese//:sdiy wolj papeojumoq



Heimberger et al.: Mechanisms of action of rapamycin

that the complex operational mechanisms of rapamy-
cin against gliomas include cytostasis, anti-VEGF, and
anti-invasion activity, but these are dependent on the in
vivo location of the tumor and have implications for the
design of a clinical trial. Neuro-Oncology 7, 1-11, 2005
(Posted to Neuro-Oncology [serial online], Doc. 04-
042, November 17, 2004. URL http://neuro-oncology
.mc.duke.edu; DOI: 10.1215/51152851704000420)

C lassic phase 1 and 2 clinical trials determine the

safety and efficacy of agents by evaluating indi-
rect end points based on clinical assessments of
toxicity and response, respectively. Reliance on these
indirect end points leaves unanswered important ques-
tions such as whether the drug actually reaches the tumor
and whether it alters the biology of the tumor. Conse-
quently, investigators have proposed revising the stan-
dard clinical design of brain tumor trials to also include
assessments of molecular targets to optimize dose and to
determine efficacy (Lang et al., 2002). For these trials to
be successful, however, preclinical studies must be aimed
at defining the appropriate molecular end points and
developing clinically applicable assays to assess these end
points (Lang et al., 2002). A molecular approach makes
more efficient use of animal studies given the frequent
observation that efficacy in animals only rarely correlates
with efficacy in humans. Because several groups have pro-
posed evaluating rapamycin, or one of its derivatives, as a
potential treatment for patients with malignant gliomas,
we explored the molecular targets of rapamycin in order
to determine which ones could be used as end point(s) in
molecular target-based, early-phase clinical trials.
Rapamycin has been recognized as an antineoplastic
agent and is a potent inhibitor of tumor cell growth (Seh-
gal et al., 1975; Supko and Malspeis, 1994), specifically
inhibiting the Ser-Thr kinase activity of mammalian tar-
get of rapamycin (mMTOR)? FKBP-rapamycin-associated
protein (FRAP) (Neshat et al., 2001; Price et al., 1992),
a signaling molecule that links extracellular signaling
to protein translation (Dilling et al., 1994). Activation
of growth factor or cytokine receptors results in the
sequential activation of PI3 kinase (PI3K), PDK1, Akt/
PKB, and mTOR-FRAP. Treatment of cells with rapa-
mycin leads to the dephosphorylation and inactivation of
p70S6 kinase and 4EBP1. Dephosphorylation of 4EBP1
results in the binding to e1F4E, which inhibits trans-
lation. The tumor suppressor phosphatase and tensin
homolog deleted from chromosome 10 (PTEN) down-
regulates Akt activity, and PTEN-null cell lines express-
ing high levels of Akt, such as U-87, U-251, SF-539,
and SF-295, are sensitive to rapamycin inhibition of
mTOR-FRAP at an ICsq of less than 0.01 pM in vitro
(Neshat et al., 2001). Although in established subcu-
taneous U-87 glioma tumors, doses of rapamycin that
inhibit mTOR (1 mg/kg administered i.p. once every 3
days) are insufficient for suppression of growth (Eshle-
man et al., 2002), higher doses of rapamycin (1.5 mg/kg
administered i.p. once daily) inhibit tumor growth and
angiogenesis (Guba et al., 2002). Furthermore, rapamy-
cin has been shown to be efficacious against established
intracerebral U-251 gliomas in a murine model. Specifi-
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cally, mice treated with rapamycin intraperitoneally at
200, 400, and 800 mg/kg/injection had increased life
spans of 67%, 47%, and 78%, respectively, compared
to survival of untreated controls (Houchens et al., 1983),
suggesting that rapamycin may be a promising agent
against gliomas.

The purpose of our study was to further investigate
the in vitro and in vivo mechanisms of action of rapa-
mycin in order to elucidate molecular end points that
may be applicable in early phase clinical trials and to
examine potential mechanisms of treatment failure. This
study demonstrates that rapamycin affects cytostasis, cell
signaling, angiogenesis, and invasion in vitro. Although
rapamycin in our model system demonstrated in vivo
efficacy in the subcutaneous compartment, an increase
in median survival was not seen in the intracerebral com-
partment, which indicates that the anatomical microen-
vironment influences the tumor response to rapamycin.

Materials and Methods

Tumor Cell Lines

The cell lines U-87, D-54, and HOG (provided for our
study as a gift) are PTEN null and were maintained
in Dulbecco’s Modified Eagle Medium/F12 medium
(Mediatech, Inc., Herndon, Va.) supplemented with
10% fetal bovine serum (GIBCO-BRL, Rockville, Md.).
All cell lines tested negative for Mycoplasma contami-
nation. Both U-87 and D-54 express high constitutive
levels of hypoxia-inducible factor (HIF)-1a,* resulting
in enhanced expression of vascular endothelial growth
factor (VEGF).

Drugs

Rapamycin (sirolimus; Sigma Chemical Co., St. Louis,
Mo.) and its derivative RADOO1 [everolimus; 40-O-(2-
hydroxyethyl)-rapamycin; Novartis Institutes of Biomed-
ical Research, Novartis Pharma AG, Basel, Switzerland]
were stored at a concentration of 5 mg/ml and 102 M,
respectively, in 100% ethanol at —20°C and were diluted
in serum-free medium immediately prior to use. The oral
formulation of RADO0O1 is provided as a microemulsion
preconcentrate that has efficacy after oral dosing equiv-
alent to that of rapamycin and has the same mode of
action at the cellular and molecular level as rapamycin
(Schuler et al., 1997). When compared to rapamycin,
the in vitro activity of RADOO1 is generally about two
to three times lower (Schuler et al., 1997).

Murine Models and Tumor Formation

All animal studies were conducted with a protocol
approved by the Institutional Animal Care and Use
Committees. Male 6- to 8-week-old nude mice (The
Jackson Laboratory, Bar Harbor, Maine) were housed
within an approved specific pathogen—free barrier facil-
ity maintained at the M.D. Anderson Isolation Facility
in accordance with Laboratory Animal Resources Com-
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mission standards. Appropriate measures were taken to
minimize animal discomfort, and appropriate sterile sur-
gical techniques were utilized in tumor implantation and
drug administration. Animals that became moribund or
had necrotic tumors were compassionately euthanized.

To induce the subcutaneous tumors, logarithmically
growing U-87 cells were injected into the right hind
flank of nude mice at a dose of 1 x 10° cells per 200 pl.
Treatment with rapamycin intraperitoneally at a dose of
1.5 mg/kg/day was begun when the majority of animals
had palpable tumors (at day 5). Tumors were measured
every other day, and tumor volumes (length x width?/2)
were calculated on the basis of the tumors that grew in
surviving mice.

To induce intracerebral tumor, U-87 cells (5 x 10%)
were engrafted into the caudate nucleus of athymic mice
as previously described (Lal et al., 2000). We performed
three independent experiments using 6 to 10 animals
per group in each experiment. For the survival studies,
treatment was started on day 3 after implantation of the
U-87 cells, and mice were treated via oral gavage with
RADO0OT1, the derivative of rapamycin. To obtain tumors
of sufficient size to perform the biological assays, treat-
ment was started on day 7 after implantation of U-87
cells.

In Vitro Cytotoxicity

Cells in logarithmic growth at 80% confluency were
harvested with trypsin-EDTA (0.5-0.2 g/liter) solution
(GIBCO-BRL), washed with phosphate-buffered saline
(PBS), and plated in triplicate in 96-well U-bottom plates
at a concentration of 2 X 104 cells/ml. Rapamycin was
added at concentrations of 0, 0.001, 0.01, 0.1, 1.0, 10,
100, and 1000 ng/ml, and the plates were incubated at
38°C for 24 h. Counts of viable cells were determined by
the trypan blue dye exclusion method.

Cell Cycle Analysis

Cells in logarithmic growth at a concentration of 1.5 X
10° cells/ml were treated with rapamycin at doses of 0,
0.1, 1.0, and 10 ng/ml for U-87 cells; 0, 1.0, 10, and 100
ng/ml for D-54 cells; and 0, 100, and 1000 ng/ml for
HOG cells. Cells were fixed with 70% ethanol, stained
with 20 wg/ml of propidium iodide and 100 pg/ml of
RNase A, and incubated at 37°C for 30 min. Flow cyto-
metric analysis was performed with appropriate gating
on a FACScan (Becton Dickinson Immunocytometry
Systems, San Jose, Calif.).

Western Blot Analysis

Cell lines or minced tumor tissue underwent protein
extraction in 20 mM Tris-HCI, pH 8.0, 137 mM NacCl,
10% glycerol, 0.1% sodium dodecyl sulfate (SDS), leu-
peptin 0.2 wg/ml, aprotinin 5 wg/ml, phenylmethyl sulfo-
nyl fluoride 1 mM (Sigma), and 1% NP-40 (Amersham,
Piscataway, N.]J.) for 15 min at 4°C. The supernatant
was stored at =70°C after centrifugation. Protein con-
centration was determined by standard Bio-Rad protein
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assay (Bio-Rad, Hercules, Calif.). Equivalent amounts
of protein extracts (20 pg/well) were subjected to 12.5%
SDS-polyacrilamide gel electrophoresis (PAGE) gel
denaturing conditions and were immunoblotted with
anti-VEGF (Sigma), anti-matrix metalloproteinase 2
(MMP-2) (Sigma), anti-4EBP1 (Cell Signaling Technol-
ogy, San Jose, Calif.), anti-a-tubulin (Sigma), or anti-B-
actin (Sigma). Fold increases in intensity of each band
were scanned with a densitometer (Molecular Dynam-
ics, Piscataway, N.].), normalized to control B-actin or
a-tubulin, and analyzed by using ImageQuant (Molecu-
lar Dynamics).

Vascular Endothelial Growth Factor Enzyme-Linked
Immunosorbent Assay

The glioma cells were treated with rapamycin in serum-
free medium as previously described. Cell viability at the
completion of the experiment was determined by trypan
blue exclusion. The medium was collected and stored at
—80°C and was not subjected to more than one freeze-
thaw cycle prior to use. VEGF secretion was measured
in duplicate samples by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instruc-
tions (R & D Systems, Minneapolis, Minn.).

Immunobhistochemistry

Tumors removed from nude mice were fixed in 10%
formalin solution for approximately 6 h at room tem-
perature and then embedded in paraffin. Sections of par-
affin-embedded tumors were deparaffinized in xylene,
rehydrated, and then stained after endogenous peroxi-
dase was inactivated by treating them with 3% H,0O,
for 5 min at room temperature. Tissue staining was per-
formed with the HRB-DAB system (R & D Systems)
according to the manufacturer’s instructions. The pri-
mary antibodies utilized were mouse anti-human VEGF
(R & D Systems) at a 1:50 dilution or mouse anti-human
membrane type-1 (MT1)-MMP (R & D Systems) at a
1:22 dilution. The slides were counterstained with hema-
toxylin, and the tumor sections were examined with a
Nikon microscope.

Gelatin Zymography

The supernatant from glioma cell lines treated with
medium containing rapamycin or medium alone was
harvested and stored at —80°C prior to use. The samples
(each containing 15 pg of supernatant protein) were
fractionated by electrophoresis on a polyacrylamide gel
containing 10% SDS and gelatin (Bio-Rad). To deter-
mine in vivo MMP activity, tumor fragments (10 mm?
each) were cut from the tumor, weighed, and extracted
with 2 x SDS sample buffer (1:2 w/v). After extraction
for 2 h at room temperature, samples were diluted 2-
fold with 1 x SDS sample buffer and homogenized by
repeated pipetting. The solubilized material was sepa-
rated from the pellet by centrifugation at 14,000 x g for
30 min, and aliquots of these supernatants were ana-
lyzed by gelatin zymography (20 pl/sample lane). Coo-
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massie blue staining confirmed equivalent protein load-
ing of samples on gels.

SDS was subsequently removed from the gels with
2.5% Triton X-100, and they were incubated overnight
at 37°C in a solution containing 50 mM Tris base, 200
mM NaCl, 5 mM CaCl,, and 0.02% Brij-35 (30%). The
gels were then stained with 0.5% Coomassie blue in
40% methanol and 10% acetic acid for 2 h at room tem-
perature with agitation and then destained with 40%
methanol and 10% acetic acid to reveal clear bands of
proteolytic activity.

MT1-MMP Analysis

Cell lines treated as previously described with rapamy-
cin or media alone were washed with PBS containing
1% bovine serum albumen (BSA) and stained for 40
min with 10 pg/ml of rabbit control IgG or an antibody
against the hinge domain of MT1-MMPs (Sigma). After
washing, the cells were stained with the secondary fluo-
rescein isothiocyanate—conjugated F(ab'), fragment of
goat anti-rabbit IgG (Sigma) for 30 min. Cells were ana-
lyzed on a Becton Dickinson FACScan with cell popula-
tion gates for negative control set by using cells stained
with rabbit IgG.

Cell Invasion Assay

Tumor cell invasion was measured with Matrigel Inva-
sion Chambers (BD Biosciences, San Jose, Calif.). The
glioma cell lines in 5% fetal calf serum (FCS) were added
at a concentration of 5 X 10*to the upper chamber, and
10% FCS was used in the lower chamber to induce cell
migration. Rapamycin was added to the upper chamber
at concentrations spanning the ICso. Duplicate filters
were used for each treatment, and all the cells on each
filter were counted by using an inverted microscope.

Statistical Analysis

Spearman rank correlation coefficient analysis was used
to analyze the VEGF ELISA data. A linear model relating
the VEGF values to log dose, time, and cell line was used
to include a three-way interaction as well as all nested
two-way interactions. Residual analyses demonstrated
that the model fit the data. A two-sample # test assuming
equal variances between groups was used to determine
the statistical significance on quantitative Western blot
densitometry. The nonparametric Wilcoxon rank sum
test was used to compare the volumes of subcutaneous
tumors between rapamycin-treated and untreated groups.
Statistical significance was determined as P < 0.03.

Results

In Vitro Studies

Determination of ICso of rapamycin for glioma cell
lines. To determine whether there was a direct cyto-
static effect of rapamycin on the growth of U-87, D-54,
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Table 1. Flow cytometric analysis results showing rapamycin-
induced G, arrest in D-54 and U-87 glioma cells but not in HOG
oligodendroglioma cells*

Cell Rapamycin % Sub-

Line Time Dose (ng/ml) Go/G4 % G %G, %S
D-54 24 0 <1 52.4 10.7 369
D-54 24 100 <1 64.3 94 262
D-54 48 0 <1 40.3 16.1  43.6
D-54 48 10 <1 68.1 56 264
U-87 24 0 <1 47.0 82 447
U-87 24 1 <1 59.2 323 8.5
U-87 48 0 <1 57.7 251 17.2
U-87 48 100 <1 67.8 24.4 7.8
HOG 24 0 <1 38.3 31.1 30.6
HOG 24 1000 <1 35.2 272 376
HOG 48 0 <1 55.1 287 16.2
HOG 48 1000 <1 52.6 268 20.6

* Cell lines were treated with rapamycin at the IC5, for 24 h, the DNA content was
measured by flow cytometry after cells were stained with propidium iodide, and
the proportions of cells in Gy, G,, and S phases of the cell cycle were computed. The
experiment was replicated twice at two different time points with similar results.

and HOG cells, these lines in logarithmic growth were
exposed to 0 to 1000 ng/ml of rapamycin. After 24 h,
the cells were harvested and counted; the ICs, for U-87,
D-54, and HOG was 0.65, 75, and >1000 ng/ml of rapa-
mycin, respectively.

Rapamycin induces G; arrest in glioma cell lines. To
determine if rapamycin induced cell cycle arrest, D-54,
U-87, and HOG cell lines were treated for 24 and 48 h
with medium alone or with medium containing rapamy-
cin at the respective ICsq dose determined for each line.
Flow analysis cytometry was performed to determine
the fraction of cells in subGy/G; (apoptosis), G, G,
and S phases (Table 1). Treatment of the D-54 and U-87
cell lines with rapamycin resulted in the accumulation of
cells in the G; compartment, indicating that rapamycin
acts in a cytostatic manner. Treatment of the HOG cell
line, even with maximum doses of rapamycin, failed to
induce cytostasis.

RADOO1 (everolimus) suppresses the phosphorylation
of p-4EBP1, a downstream signal molecule of the Akt
pathway. To determine whether the rapamycin deriva-
tive RADOO1 could decrease the phosphorylation of
the downstream signaling molecule p-4EBP1 of the Akt
pathway, U-87 cells were cultured for 24 h with doses of
RADOO1 spanning the ICsy, and the amount of p-4EBP1
was quantitated on Western blot. With volumetric band
density normalized to a maintenance protein (a-tubulin),
RADOO1 significantly diminished production of p-4EBP1
(Fig. TA). This data is consistent with previously pub-
lished reports that the Akt pathway is inhibited by rapa-
mycin.

Rapamycin suppresses the secretion of VEGF in gli-
oma cell lines. To determine whether rapamycin could
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Fig. 1. Quantitative Western blot analysis demonstrating inhibition of p-4EBP1 by RAD0O01. U-87 (A) or U-87 intracerebral tumors
(B) were treated with the derivative of rapamycin, RAD0O01, as described in the Materials and Methods section. Equivalent amounts of
protein extracts (20 g/well) were subjected to 12.5% SDS-PAGE gel denaturing conditions and were immunoblotted with anti-4EBP1 and
anti-a-tubulin. Fold increases in intensity of each band were scanned with a densitometer and normalized to control a.-tubulin. RAD0OO01
inhibited the phosphorylated form of 4EBP1, the downstream signaling molecule of Akt, both in vitro and in vivo.

decrease the production of VEGF in vitro, we cultured
glioma cells for 24 and 48 h with doses of rapamycin
spanning the ICsy, and we determined the VEGF con-
centration by ELISA. To control for the effect of dimin-
ished cell number as the basis for diminished VEGF pro-
duction, cell counts at each time point were determined,
and VEGF secretion per cell was calculated. At 24 and
48 h there was a markedly diminished production of
VEGEF by all glioma cell lines at rapamycin doses signifi-
cantly below the ICs,. Even though an ICs, could not be
determined for the HOG cell line, dramatic inhibition
of VEGF production was seen after 48 h of exposure to
rapamycin at 10 ng/ml (Fig. 2).

Rapamycin inhibits invasion and downregulates MM Ps.
The enzymatic activities of MT1-MMP and MMP-2
contribute to the integrity of the extracellular matrix
in the brain, and hydrolysis of the brain’s extracellular
matrix allows glioma cells to invade normal brain tissue.
To determine whether rapamycin downregulates MMPs,
we treated the cell lines U-87, D-54, and HOG in vitro

with rapamycin for 48 h, and we used flow cytometry
to quantify the amount of the membrane-bound MMP,
MT1-MMP, after the cell line had been exposed to a
monoclonal antibody to MT1-MMP (see Materials and
Methods). After 48 h of treatment with 10 ng/ml and
100 ng/ml of rapamycin, respectively, the glioma cell
lines U-87 and D-54 showed downregulation of MT1-
MMP (Table 2). In contrast, there were minimal levels
of MT1-MMP expressed in the HOG cell lines, which
did not appear to be affected by treatment with 1000
ng/ml of rapamycin (data not shown).

Because MT1-MMP-expressing glioma cells can acti-
vate proMMP-2, with the resulting enzymatic activity of
MMP-2 facilitating tumor invasion of normal brain, we
determined if rapamycin downregulated the secretory
invasion molecules MMP-2 and MMP-9. The glioma
cell lines were treated with rapamycin for 48 h, and for
each cell line, the supernatant was harvested, the pro-
tein was quantitated, and gelatin zymography was per-
formed. In the U-87 glioma line, the invasion molecule
MMP-2 was downregulated by treatment with 10 ng/ml
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Fig. 2. Downregulation of VEGF in rapamycin-treated glioma cells. Glioma cell lines (D-54 and U-87) and HOG oligodendroglioma cells
were treated with the indicated doses of rapamycin for 24 h (panel A) and 48 h (panel B), and their VEGF production was determined by
ELISA assay. Diminished cell numbers were accounted for by calculating VEGF production per viable cell. The experiment was replicated
in duplicate samples over two different time points with similar outcomes. A linear model relating the VEGF values to log dose, time, and
cell line was used to include a three-way interaction as well as all nested two-way interactions. Residual analyses demonstrated that the
model fit the data. The P-value for the three-way interaction was 0.05, that for the two-way interaction between dose and time was 0.47,
that for dose and cell line was 0.033, and that between time and cell line was <0.0001.

of rapamycin; however, significant quantities of MMP-9
were not present in untreated cells. In the D-54 cell line,
both MMP-2 and MMP-9 were present and downregu-
lated by 100 ng/ml of treatment with rapamycin. In the
HOG cell line, only MMP-2 was present, and it did not
appear to be altered by treatment with 1000 ng/ml of
rapamycin (Fig. 3).

To determine if rapamycin inhibits in vitro invasion,
glioma cell lines were treated with rapamycin for 24 h. In
the U-87 and D-54 cell lines, invasion was inhibited with
rapamycin concentrations below the ICsq. In contrast, in
the HOG cell line, even treatment with 1000 ng/ml of
rapamycin failed to alter in vitro invasion (Fig. 4).

In Vivo Studies: Subcutaneous Model

Rapamycin suppresses growth of subcutaneous tumors.
To determine if rapamycin was efficacious in the treat-
ment of established tumors, subcutaneous U-87 tumors
were treated with 1.5 mg/kg/day of rapamycin for 45

Table 2. Flow cytometric analysis results showing downregulation
of the invasion molecule MT1-MMP by rapamycin on U-87 and
D-54 cells*

Rapamycin % MTI-MMP
Cell Line Dose (ng/ml) Positive Cells
D-54 0 15.6
D-54 100 7.25
u-87 0 9.9
u-87 10 3.45
HOG 0 3.95
HOG 1000 8.43

* The cells were treated for 48 h with rapamycin. The cells were then incubated
with an isotype control antibody or an MT1-MMP-specific antibody with an FITC-
conjugated fragment of goat anti-rabbit IgG and analyzed by flow cytometry. Positive
isotype control staining was less than 1.9%.
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days. In 63% (n = 8) of established tumors treated with
rapamycin, there was regression with no evidence of
residual tumor at the conclusion of the experiment. In
all U-87 tumors treated with PBS alone (n = 8), there
was no evidence of regression, and all mice had large
tumors at the conclusion of the experiment (P < 0.035)
(Fig. 5).

Rapamycin inhibits in vivo VEGF. To verify that rapa-
mycin downregulates VEGF production in vivo, we
treated subcutaneous U-87 tumors for 45 days with
1.5 mg/kg/day of rapamycin. Subsequent immunohis-

uU-87 D-54 HOG

Rapamycin T

MMP-9
MMP-2

Fig. 3. Gelatin zymograph showing downregulation of the invasion
molecules MMP-2 and MMP-9 by rapamycin. The glioma (U-87
and D-54) and oligodendroglioma (HOG) cell lines were treated
for 48 h with rapamycin. The supernatant was harvested from each
respective cell line, and 15 g of protein from each supernatant was
fractionated by gelatin zymography. Untreated (medium only) U-87
cells express MMP-2 but little MMP-9. U-87 cells treated with
10 ng/ml of rapamycin show MMP-2 downregulation. Untreated
(medium only) D-54 cells express both MMP-2 and MMP-9. How-
ever, D-54 cells treated with 100 ng/ml of rapamycin demonstrated
downregulation of both MMP-2 and MMP-9. Untreated (medium
only) HOG cells expressed only MMP-2, and when this cell line was
treated with the maximal dose of 1000 ng/ml of rapamycin, there
was no change in MMP-2 expression.
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Fig. 4. In vitro invasion assay demonstrating that rapamycin inhibits
invasion. U-87, D-54, and HOG cell lines were treated for 24 h
with rapamycin. The glioma cells lines in 5% FCS were added at a
concentration of 5 x 10*to the upper chamber, and 10% FCS was
used in the lower chamber to induce cell migration. Rapamycin was
added to the upper chamber at concentrations spanning the 1Csq.
Invasion was inhibited with rapamycin at concentrations less than
the ICs0 in both the U-87 and D-54 cell lines. However, even at
1000 ng/ml, rapamycin did not significantly inhibit the invasion of
the HOG cell line. Solid bars, U-87; bars with small squares, D-54;
white bars with black diamonds, HOG.

tochemical studies demonstrated that there was dimin-
ished VEGF production in tumors treated with rapamy-
cin (Fig. 6). Determination of volumetric band density
normalized to a maintenance protein (B-actin) on West-
ern blot revealed that VEGEF levels in tumors that were
treated with rapamycin were lower (mean = 2.2; SD =
1.46) than those in tumors that were treated with PBS
(mean = 5.3; SD = 1.27; P = 0.037) (Fig. 7). VEGF pro-
duction did not appear to vary among the various tumor
sizes in the PBS treatment group. Interestingly, the one
rapamycin-treated U-87 tumor that achieved a size simi-
lar to the PBS-treated control tumors had a localized
area of diminished VEGF production but had discrete
areas of high VEGF production, possibly representing
a mechanism of chemotherapy resistance. This tumor
remained small volumetrically until day 30, at which
point growth increased 60-fold in 15 days.

Rapamycin inhibits in vivo metalloproteinases. To
determine if rapamycin modulated MMPs in vivo, sub-
cutaneous U-87 tumors were treated with rapamycin
and formalin fixed. Immunohistochemical staining
failed to demonstrate dramatic changes in the level of
MT1-MMP in U-87 tumors treated in vivo with rapa-
mycin as compared to U-87 tumors treated with PBS.
MT1-MMP staining was most prominent at the tumor
periphery and appeared slightly more intense in U-87
tumors treated with PBS than in those treated with rapa-
mycin (data not shown). Because MT1-MMP activity is
necessary for the activation of proMMP-2, zymography
was performed to identify the status of MMP-2 in U-87
tumors. Among rapamycin-treated subcutaneous U-87
tumors large enough to analyze 45 days after tumor
implantation (n = 3), there was a marked reduction of
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Fig. 5. Changes with time in the volume of subcutaneous U-87
tumors in nude mice with and without rapamycin treatment. Nude
mice with established tumors (from subcutaneous injection of U-87
glioma cells) were treated daily with rapamycin at 1.5 mg/kg/day.
There was regression in 63% (n = 8) of these tumors, with no evi-
dence of residual tumor at the conclusion of the experiment (day
50) (P < 0.05). In contrast, all mice treated with PBS alone (n = 8)
had large tumors at the conclusion of the experiment.

MMP-2 (seen by gelatin zymography) as compared with
the U-87 tumors treated with PBS alone (Fig. 8). The
one rapamycin-treated tumor that escaped growth sup-
pression did not show upregulation of MMP-2. These
results are consistent with our in vitro data, thus con-
firming that rapamycin has an effect on MMPs.

In Vivo Studies: Intracranial Model

RADOO1 fails to suppress orthotopic U-87 growth.
Secondary to Novartis’s interest in proceeding with a
clinical trial for patients with malignant gliomas and
since rapamycin has previously been demonstrated to be
efficacious against established intracerebral xenografts,
we elected to determine if RADO0O1 was efficacious in
the treatment of established orthotopic U-87. Tumors
were treated with 1.5 mg/kg/day or 5 mg/kg/day of the
derivative of rapamycin, RADOO1, starting three days
after intracerebral implantation. In mice (n = 10/group)
treated with 5§ mg/kg or 1.5 mg/kg of RAD0OO1 or with
diluent, median survival was 30.5, 30.5, and 31 days,
respectively, which was not statistically significant (data
not shown). Three separate experiments produced simi-
lar results.

On quantitative Western blot analysis of orthotopi-
cally implanted U-87 tumors treated with RADO0O1,
there was diminished p-4EBP1 (Fig. 1B). On immuno-
histochemistry, there was no discernable VEGF produc-
tion within the intracerebral U-87 tumors, nor was there
a difference with RADOO1 treatment. Furthermore,
Western blot analysis confirmed that there was no sig-
nificant change in VEGF production. The intracerebral
U-87 tumors treated with RADO0O1 demonstrated no
significant changes in MMP-2 production on quantita-
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Fig. 6. Diminished immunohistochemical staining for vascular endothelial growth factor in subcutaneous U-87 cell tumors in nude mice
after rapamycin treatment. Nude mice with established subcutaneous U-87 cell tumors were treated with rapamycin, and after 45 days of
treatment, the experiment was terminated and the tumors were harvested. Paraffin-embedded sections of the tumors were stained with
anti-VEGF antibody, and visualization employed the strepavidin-horseradish peroxidase system. In the lower right-hand panel, in the only
U-87 tumor treated with rapamycin that attained a size similar to control-treated tumors, there was an area that was negative for VEGF
staining (denoted by arrows), but the majority of the tumor demonstrated areas of high VEGF production (original magnification x 250).
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Fig. 7. Quantitative Western blot analysis demonstrating decreased VEGF production in vivo. Nude mice with established tumors (from sub-
cutaneous injection of U-87 glioma cells) were treated daily with rapamycin at 1.5 mg/kg/day, and after 45 days of treatment, the tumors
were harvested. The tumors were minced and underwent protein extraction. Equivalent amounts of protein extracts (20 png/well) were sub-
jected to 12.5% SDS-PAGE gel denaturing conditions and were immunoblotted with anti-VEGF and anti-B-actin. Fold increases in intensity
of each band were scanned with a densitometer and normalized to control B-actin. Rapamycin inhibited VEGF production in vivo.

8 Neuro-Oncology JANUARY 2005

220z 1snbny oz uo 1senb Aq £€Z8¥ L L/1/1/./o1on4e/AB0j0ouo-01nau/woo dno-olwspese//:sdny wodj papeojumoq



Rapamycin treated
uU-87

Heimberger et al.: Mechanisms of action of rapamycin

PBS treated U-87

Fig. 8. Gelatin zymograph showing diminished production of MMP-2 in subcutaneous U-87 cell tumors in nude mice after rapamycin
treatment. Nude mice with established subcutaneous U-87 cell tumors were treated with rapamycin, and after 45 days of treatment, the
experiment was terminated and tumors were harvested. The tumor proteins were extracted and analyzed by gelatin zymography. Few
rapamycin-treated U-87 tumors were of sufficient size to analyze (PBS-treated U-87 tumors were large and necrotic), but those that could

be analyzed demonstrated diminished MMP-2 expression.

tive Western blot analysis or increased invasion charac-
teristics by histology.

Discussion

One of the purposes of our study was to further elabo-
rate on the mechanism of action of rapamycin so that
salient molecular end point(s) could be identified for a
clinical trial of rapamycin for glioma patients (Fig 9).
These end points could include cytostasis, cell signaling,
angiogenesis, and invasion. In this study we show that
rapamycin or its derivative RADO0O1 not only works as
a cytostatic agent by the accumulation of cells in the cell
cycle G compartment, with a corresponding decrease
in the fraction of cells traversing the S phase, but also as
an antiangiogenic (by inhibiting VEGF secretion) and
an anti-invasion agent (by downregulating MT1-MMP,
MMP-2, and MMP-9). Our data is consistent with
findings of previously published studies indicating that
mTOR-FRAP can regulate the activity of VEGF and
invasion. Specifically, the signaling molecule mTOR-
FRAP has previously been shown to be an upstream
activator of HIF-1 (Hudson et al., 2002), and insulin
has been shown to regulate HIF-1 action through PI3K/
TOR-dependent pathways (Treins et al., 2002). The
binding of HIF-1a to the VEGF promoter is a predomi-
nant enhancer of VEGF production (Fang et al., 2001;
Tsuzuki et al., 2000), and rapamycin has been shown
to inhibit the in vitro and in vivo production of VEGF
(Brugarolas et al., 2003; El-Hashemite et al., 2003). In
a recent article by Guba et al., rapamycin was shown
to inhibit subcutaneous syngeneic adenocarcinomas by
acting as an antiangiogenic agent by specifically inhibit-
ing VEGF (Guba et al., 2002). Our studies confirm that
downregulation of VEGF by rapamycin occurs in glio-
mas as well. In the VEGF ELISA, there was markedly
diminished production of VEGF in all glioma cell lines,
including the HOG cell line, in which rapamycin did not
act in a cytostatic manner. Moreover, VEGF production
was inhibited at rapamycin doses lower than the ICjso.

|'ll( \\
— |III III|
Membrane C GF |
——{GF-R)
-
Cytoplasm |

)
(p85 ) PI3Kinase
¢ P10 )
ot
'L PIP3
e
(PDK1
v \ ® @
¥ ©
Raparmyen]—i (FRAPMTOR)

L2 O\

T @) B (P e
(MT1-MMP) 4EBP1 CHIFe D
e ..--——J'—---,\ P
M_MP:Z) C‘___aIF4E______) x___}a"_E_G_F_____/

Invasion Translation Angiogenesis

Fig. 9. Molecular targets of rapamycin. Activation of growth fac-
tor (GF) or cytokine receptors results in the sequential activation
of PI3K, PDK1, Akt/PKB, and mTOR-FRAP. The tumor suppres-
sor PTEN downregulates Akt activity (not shown). Rapamycin
treatment of cells leads to the dephosphorylation (denoted by
an encircled P) and inactivation of p70SB kinase and 4EBP1. The
dephosphorylation of 4EBP1 results in binding to elF4E, which
inhibits translation. Furthermore, the inhibition of mTOR-FRAP
results in downregulation of HIF-1a and subsequent VEGF pro-
duction. Finally, the inhibition of mTOR-FRAP also results in the
downregulation of MT1-MMP, subsequent MMP-2 production,
and resulting invasion.
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Furthermore, in subcutaneous U-87 tumors, treatment
with rapamycin resulted in diminished production of
VEGF.

VEGEF has been shown to upregulate several invasion
molecules, such as MMP-2, MMP-9, and MT1-MMP
(Rooprai et al., 2000), and insulin-like growth factor-1
has been shown to regulate MMP-2 and its MT1-MMP-
mediated activation by the PI3K/Akt/mTOR pathway
(Zhang and Brodt, 2003). In the U-87 and D-54 gli-
oma cell lines, the invasion molecule MMP-2 and both
MMP-2 and MMP-9, respectively, were downregulated
with rapamycin. Additionally, flow cytometric analysis
showed downregulation of MT1-MMP in U-87 and D-54
after 48 h of treatment. Treatment of the subcutane-
ous U-87 tumors with rapamycin in vivo also resulted
in the downregulation of MMP-2. Therefore, treatment
with rapamycin in vitro and in the subcutaneous model
results in a cytostatic response with downregulation of
MMPs and VEGF.

In contrast to the inhibition of tumor growth with
rapamycin in the subcutaneous model, mice with estab-
lished intracerebral U-87 tumors that were treated with
RADO001 showed no increase in median survival. Our
findings are in contrast to previously published data,
which demonstrated a significant increase in median sur-
vival of mice with established intracerebral U-251 cells
treated with rapamycin (Houchens et al., 1983). These
differences may be secondary to as-yet-undefined differ-
ences between rapamycin and RADO0O01 or differences in
the tumor models. The difference in efficacy in the sub-
cutaneous and intracerebral models may be secondary
to the intracerebral microenvironment, possibly due to
influences on hypoxic response and neovascularization,
which influences tumor response. Intratumoral p-4EBP1
was inhibited in those mice treated with RADO0O1, an
indication that the concentrations of RADO0O01 used in
vivo were able to inhibit the Akt pathway. Blouw et al.
(2003) have shown that HIF-1a-knockout-transformed
astrocytes have diminished growth in the vessel-poor
subcutaneous environment resulting in severe necrosis
as well as reduced growth and vessel density, whereas
cells of the same type that are placed into the vascu-
lar-rich brain parenchyma have enhanced growth and
invasion. Our data is consistent with this previously
published report. By immunohistochemistry and quan-
titative Western blot analysis, the intracerebral U-87
tumors failed to show any appreciable levels of VEGF
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in vivo, which indicated that additional or alternative
mechanisms are involved in VEGF regulation intrace-
rebrally. Although rapamycin may inhibit signal trans-
duction and/or cellular proliferation, the inhibition of
HIF-1a may not be a desired strategy to treat astrocy-
tomas since they may adapt to becoming more invasive
and infiltrative (Blouw et al., 2003). However, we did
not see evidence of increased invasion by histology or
upregulation of MMP-2 on Western blot of RAD001-
treated intracerebral U-87 tumors. Previously, Houchens
et al. demonstrated an increase in median survival in
mice with intracerebral U-251 tumors treated with rapa-
mycin, which is in contrast to our data with intracere-
bral U-87. The difference in results may be, in part, due
to differential dosing amount and interval of rapamycin
administration, model systems, and/or the underlying
molecular status of the tumors.

Given the lack of concordance between murine mod-
els and human efficacy, murine model systems are per-
haps best utilized for establishing appropriate molecular
end points, but these will require validation in human
subjects. A proposed clinical trial could begin with a ste-
reotactic biopsy to confirm the diagnosis and establish
a baseline of the molecular targets, including p-4EBP1,
VEGF, HIF-1a, and MMP-2. After administration of
rapamycin or RADO0O1, the tumor could be removed for
analysis of pharmacokinetic and drug-related molecular
changes. In the scenario of treatment failure, re-resection
or biopsy could establish definitely if failure is occur-
ring through the HIF-1a/VEGF pathway. If this is a
mechanism(s) of treatment failure, combination therapy
with an anti-VEGF agent may be considered. In conclu-
sion, our data suggest that clinical trials that incorporate
only a limited molecular target such as a signal transduc-
tion molecule may not necessarily correlate with efficacy
and will be inadequate to assess treatment failures and
future combination chemotherapeutics.
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