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Abstract

Emerging evidence supporting the activation of the Akt-
mammalian target of rapamycin (mTOR) signaling network in
head and neck squamous cell carcinoma (HNSCC) progression
has provided the rationale for exploring the therapeutic
potential of inhibiting this pathway for HNSCC treatment.
Indeed, rapamycin, a clinically relevant mTOR inhibitor,
promotes the rapid regression of HNSCC-tumor xenografts
in mice. However, rapamycin does not affect the growth of
HNSCC cells in vitro, thus raising the possibility that, as for
other cancer types, rapamycin may not target cancer cells
directly but may instead act on a component of the tumor
microenvironment, such as tumor-associated vasculature.
Here, we used a retroinhibition approach to assess the
contribution of cancer cell-autonomous actions of rapamycin
to its antitumor activity in HNSCC. A rapamycin-resistant
form of mTOR (mTOR-RR) was expressed in HNSCC cells while
retaining the wild-type (rapamycin-sensitive) mTOR (mTOR-
WT) alleles in host-derived endothelial and stromal cells.
Expression of mTOR-RR prevented the decrease in phospho-S6
levels caused by rapamycin through mTOR in HNSCC cells
but not in stromal cells, and rendered HNSCC xenografts
completely resistant to the antitumoral activity of rapamycin.
This reverse pharmacology strategy also enabled monitoring
the direct consequences of inhibiting mTOR in cancer cells
within the complex tumor microenvironment, which revealed
that mTOR controls the accumulation of hypoxia-inducible
factor-la (HIF-1o) and the consequent expression of vascular
endothelial growth factor and a glucose transporter, Glut-1, in
HNSCC cells. These findings indicate that HNSCC cells are the
primary target of rapamycin in vivo, and provide evidence
that its antiangiogenic effects may represent a downstream
consequence of mTOR inhibition in HNSCC cells. [Cancer Res
2008:68(4):1144-53]

Introduction

A better understanding of the molecular basis of cancer has
provided the rationale for the development of novel therapeutic
strategies to prevent and treat human malignancies. In this regard,
emerging evidence suggests that the aberrant activity of the Akt-
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mammalian target of rapamycin (mTOR) signaling pathway is a
frequent event in some of the most prevalent human cancers (1, 2).
Indeed, most tumors display overactivity of growth factor receptors
or mutations in the GTPase Ras that cause the activation of
phosphatidylinositol 3-kinase (PI3K), a lipid kinase that acts
upstream of Akt and mTOR (3). Amplification and mutations of
the PI3K pll0a catalytic subunit and mutations of its p85
regulatory subunit, which results in the activation of Akt, occur
frequently in colon and ovarian cancer, as well as in head and neck
squamous cell carcinoma (HNSCC; refs. 4-10). Genetic alterations
that inactivate PTEN, a phosphatase that degrades PIP;, drives
chronic hyperactivation of the PI3K signaling cascade, which
includes the protein kinases, Akt and mTOR. Germ line PTEN
mutations trigger tissue overgrowth syndromes, Cowden’s disease,
in which patients develop multiple gastrointestinal polyps, which
occasionally progress to frank malignancies (11, 12). A high
incidence of PTEN mutations is also observed in endometrial
carcinoma and glioblastoma. In fact, the importance of PTEN as a
tumor suppressor gene in human cancer is rivaled only by that of
p53. Surprisingly, three other tumor suppressor genes, tscI and
tsc2, involved in tuberous sclerosis syndrome, and LKBI, which is
associated with Peutz-Jeghers syndrome (13, 14), encode proteins
that down-regulate mTOR activity (15). Thus, whereas hereditary
mutations in genes leading to overactivity of Akt-mTOR increase
cancer susceptibility, the acquisition of sporadic mutations or
altered expression and activity of molecules regulating the Akt-
mTOR pathway are frequent events in human malignancies,
underscoring the importance of this signaling route in cancer
development.

Because chemically induced animal models of squamous
carcinogenesis display elevated Akt activity (16), we focused
our attention on the role of Akt-mTOR pathway in HNSCC, a
cancer affecting primarily the oral cavity and pharynx that is
diagnosed in ~ 31,000 patients each year in the United States
alone (17). Surprisingly, we found that the activation of Akt and
mTOR is highly prevalent in HNSCC, as judged by the
accumulation of the phosphorylated active forms of Akt and
ribosomal protein S6, the latter a downstream target for mTOR
(18). These findings and emerging data, indicating that the
activation of Akt-mTOR is associated with a poor prognosis in
HNSCC (19), prompted us to explore whether this signaling
pathway is a suitable clinical target in HNSCC. We observed that
inhibition of PDK1, a kinase acting upstream of Akt, by a novel
chemotherapeutic agent, UCN-01, prevents the growth of human
HNSCC-derived cell lines in vitro, and effectively inhibits tumor
growth in xenografted, immunodeficient mice (6, 20). However,
PDK1 performs numerous tissue-specific functions, including the
regulation of glucose metabolism in response to insulin (21),
which may limit the clinical benefits of blocking the activation
of Akt by targeting PDK1 in HNSCC.
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Thus, we next focused our attention on rapamycin, which
inhibits mTOR specifically and has already shown promising
results in both preclinical and clinical trials in different solid
tumors (22, 23). Using a number of HNSCC xenograft models, we
observed that rapamycin exerts a potent antitumoral effect, leading
to a rapid decrease in tumor vascularity and the death of cancer
cells, thus provoking tumor regression (18). Rapamycin derivatives
also diminish microscopic residual disease and enhance the
effectiveness of epidermal growth factor receptor (EGFR) inhibitors
in experimental SCC models (24, 25). Unexpectedly, we show here
that rapamycin does not exert growth suppressive or proapoptotic
activities in HNSCC cells in vitro, thus raising the possibility that
the antitumoral effects of rapamycin may result from its effects on
the stromal cells within the tumor microenvironment rather than
by acting on HNSCC cells directly.

To address this possibility, we used a reverse pharmacology
approach, which involved the lentiviral expression of a rapamycin-
insensitive form of mTOR in HNSCC cells. This experimental
strategy revealed that cancer cells are the primary targets of
rapamycin in vivo and also enabled us to monitor the direct
consequences of inhibiting mTOR in cancer cells. Indeed, we now
provide evidence that the blockade of mTOR in HNSCC cells
prevents the accumulation of the transcription factor HIF-la,
thereby reducing the expression of key molecules involved in
cellular glucose metabolism, such as the cell surface expression of
glucose transporter Glut-1 and the maintenance of the tumor
vascularity, the latter by decreasing the expression of proangiogenic
mediators such as vascular endothelial growth factor (VEGF).

Materials and Methods

Cell culture and reagents. The HNSCC cell lines HN12 and CAL27 were
maintained as described (18, 26). For in vitro studies, HNSCC cells were
grown to 60% to 70% confluence, serum-starved for 24 h, and treated with
rapamycin or LY294002 (Calbiochem) for 24 to 48 h. Tumor necrosis factor-
o (TNF-a) and interleukin 1 (IL-13) were obtained from Sigma. For in vivo
experiments, rapamycin was provided by the Developmental Therapeutics
Program (National Cancer Institute) and diluted in an aqueous solution as
reported (18, 27).

Antibodies. Rabbit monoclonal anti-phospho-threonine 308-Akt
(pT**-Akt) and rabbit polyclonal antisera against S6 and phospho-S6
(p-S6), Akt, phospho-serine 473-Akt (pS*’*-Akt), phosphorylated extracellu-
lar signal-regulated kinase 1/2, 4E-BP1, phospho—4E-BP1 (pT*"/*°-4E-BP1),
and cleaved caspase-3 were purchased from Cell Signaling Technology.
Rabbit polyclonal antisera against VEGF was purchased from Santa Cruz
Biotechnology; rat monoclonal anti-CD31, mouse monoclonal anti-HIF-1a,
and anti-E-cadherin were from BD PharMingen; and mouse monoclonal
anti-Glut-1 was from Abcam. All antibodies were used for Western blot
analysis or immunohistochemistry at a dilution of 1:1,000 and 1:100,
respectively.

Lentiviral gene expression. The cDNAs encoding AU1l-tagged mTOR-
WT and its rapamycin-resistant mutant (mTOR-RR; ref. 28) and green
fluorescent protein (GFP) control were subcloned into the lentiviral
expression vector pWPI-GW, and recombinant lentiviruses were packaged
using vesicular stomatitis virus envelope glycoprotein and used to infect
HNSCC cells (29).

Treatment of tumor xenografts in athymic nu/nu mice. All animal
studies were carried out according to NIH-approved protocols, in
compliance with the Guide for the Care and Use of Laboratory Animals.
Female athymic (nu/nu) nude mice (Harlan Sprague-Dawley), 5 to 6 weeks
old and weighing 18 to 20 g, were used in the study, housed in appropriate
sterile filter-capped cages, and fed and given water ad libitum. Two million
control or lentiviral-infected HN12 and CAL27 cells were used to induce
HNSCC tumor xenografts, and tumor growth analysis was performed as

described (30). Drug treatment was initiated when tumor volume reached
~100 to 150 mm?® (31). For each experiment, tumor-bearing animals were
randomly divided into two groups of 20 animals and injected ip. with
rapamycin (10 mg/kg/d) or diluent for 5 consecutive days (18), and
monitored daily thereafter for tumor growth and body weight. These
experiments were repeated three independent times. At the indicated time
points, animals were sacrificed and tissues were collected. Tissues were
either lysed in protein lysis buffer, fixed and paraffin embedded, or frozen
and embedded in optimal cutting temperature compound (OCT, Tissue-Tek;
ref. 18).

Immunohistochemistry and immunofluorescence double staining.
For immunohistochemistry, paraffin-embedded tissue slides were deparaffi-
nized, hydrated, and rinsed with PBS. Antigen retrieval was performed using
a citrate buffer (pH 6) in a microwave for 20 min and processed as
described (18). Primary antibodies were diluted in blocking solution
(2% bovine serum albumin in PBS-0.1% Tween 20), using a biotinylated
secondary antibody (Vector Laboratories, 1:400) followed by the reaction
with the ABC complex (Vector Stain Elite, ABC kit, Vector Laboratories)
and color development using 3,3-diaminobenzidine (Sigma FASTDAB
tablet, Sigma Chemical) under microscopic observation. Tissues were
counterstained with Mayer’s hematoxylin, dehydrated, and mounted.

For immunofluorescence staining, OCT-embedded frozen tissues were
cut (15 pm) onto silanated glass slides, air-dried, and stored at —80°C.
Cryosections were thawed at room temperature, hydrated, washed with
PBS, and incubated in blocking solution (5% heated-inactivated goat serum
in 0.1% Triton X-100 PBS) for 1 h followed by incubation with the first
primary antibody diluted 1:100 in blocking solutions at 4°C overnight. After
washing, slides were sequentially incubated with the biotinylated secondary
antibody (Vector Laboratories, 1:300) for 1 h, followed by the fluorophore-
labeled avidin antibody (Vector Stain Elite, ABC kit, Vector Laboratories) for
30 min at room temperature. The slides were washed and incubated in
avidin/biotin blocking kit (Vector Laboratories) before repeating the
staining process with the second primary antibody. The tissues were then
mounted in Vectashield mounting medium with 4’,6-diamidino-2-phenyl-
indole (Vector Laboratories), and images were captured and analyzed using
a Carl Zeiss Axioplan 2 microscope.

Western blotting. Cells or small pieces of tissues were rinsed with PBS
and rapidly lysed with protein lysis buffer [62.5 mmol/L Tris-HCI (pH 6.8),
2% SDS, 10% glycerol, 50 mmol/L DTT], and transferred immediately to
microcentrifuge tubes and sonicated for 20 s. Protein yield was quantified
using the detergent-compatible protein assay kit (Bio-Rad). Equivalent
amounts of protein (50 pg) were separated by SDS-PAGE, transferred to
polyvinylidene difluoride membranes, and immunodetection was per-
formed as described (18).

Cell proliferation assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay. [3H]thymidine (ICN Pharmaceuticals, Inc.)
uptake was performed as described (20) using HNSCC cells (1 x 10*-2 x
10" per well) seeded in 24-well plates. For 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays, cells (~2,000 per well) were
seeded in 96-well plates, cultured for 12 h, serum starved overnight, and
treated with rapamycin or LY294002. Cells were also kept in serum-
containing medium and left untreated or treated with IL-1p (30 ng/mL) or
TNF-a (50 ng/mL) in the absence or presence of rapamycin (100 nmol/L),
monitoring their growth for up to 4 days. Cell growth was assessed by the
MTT assay (Promega), as described by the manufacturer. Each experiment
consisted of three to four replicate wells for each dose of treatment, and
each experiment was performed at least thrice.

Cell cycle analysis. Cell cycle analysis was performed as described (30).
Briefly, cells were harvested after 24-h incubation with vehicle or rapamycin
in DMEM with 1% fetal bovine serum, fixed in 70% ethanol, and stained
with 50 ug/mL of propidium iodide and 0.1 pg/mL of RNase A in PBS. DNA
content of cells was quantified on a Becton Dickinson FACScan and
analyzed using Cell Quest software (Immunocytometry system; Becton
Dickinson).

Microvessel density analysis. Microvessels were identified by CD31
immunofluorescence staining. Images were captured from different areas in
each section and morphometric analysis was performed using the
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Figure 1. Rapamycin inhibits the mTOR signaling pathway in HNSCC cells but does not affect cell proliferation in vitro. A, inhibition of constitutively active mTOR
downstream targets, pS6 and p4E-BP1, by rapamycin (RP) is dose dependent in HNSCC cells without affecting the expression levels of S6, 4E-BP1, and Akt,

or the detection of the phosphorylated species of Akt, as judged by Western blotting (WB) with the indicated antibodies. B, cell cycle distribution represented as
the fraction of HNSCC cells in G4, S, and G»-M phases upon rapamycin treatment for 24 h at the indicated concentrations was evaluated by fluorescence-activated
cell sorting analysis after nuclear labeling of cells with propidium iodide. C and D, cytotoxic effects of rapamycin in HNSCC cell lines were determined by a
colorimetric assay, MTT. C, after serum starvation for 24 h, cells were exposed to rapamycin at the indicated dose for 48 h before performing this assay. LY294002
(25 umol/L, LY) was used throughout as a positive control for PI3BK/Akt/mTOR pathway inhibition. D, cells cultured in serum-containing medium were treated with
IL-1B (30 ng/mL) and rapamycin (100 nmol/L) or vehicle for the indicated days. These assays were performed in triplicate. Similar results were obtained in multiple

repetitions of these experiments (at least thrice). ***, P < 0.001.

MetaMorph 4.0 Imaging system (Molecular Devices Corporation). Micro-
vessel density was calculated by dividing the total perimeter of microvessels
by the number area counted. Values reported for each experimental
condition correspond to the average values obtained from seven individual
images.

Active caspase-3 immunofluorescent analysis. The images of positive
immunofluorescent detection from cleaved caspase-3 antibody were
captured from at least five different areas in each tissue slide and saved
in TIFF format. After adjusting the fluorescent signal-noise threshold of
the images, the total area presenting fluorescent signal was measured using
the Image] program (NIH). Values reported correspond to the mean + SE of
values obtained from four samples for each experimental condition.

Statistical analysis. ANOVA followed by Bonferroni’s multiple compar-
ison tests were used to analyze the differences of tumor mass volume
between experimental groups. Data analysis was performed with using
GraphPad Prism version 4.00 for Windows (GraphPad Software); P values
<0.05 were considered statistically significant.

Results

Inhibition of mTOR by rapamycin alone does not affect the
proliferation of HNSCC cells in vitro. Human HNSCC and their
derived cell lines exhibit high activity of the EGFR/Akt/mTOR
intracellular signaling axis (6-8, 26, 32, 33), which provided the

rationale for exploring the therapeutic potential of inhibiting key
molecular components of this signaling pathway. We have recently
observed that rapamycin exerts a potent antitumoral effect in a
variety of HNSCC xenograft models (18). Surprisingly, the results
obtained from in vitro studies in the same HNSCC cell lines used
in these xenograft models did not reflect the effect of rapamycin
in vivo. For example, the effect of rapamycin on a typical HNSCC
cell line, HN12 (18), was characterized by the decreased
phosphorylation of the downstream targets of mTOR, ribosomal
protein S6 (phospho-S6, pS6), and eukaryotic translation initiation
factor 4E binding protein 1 (phospho-4EBP1) in a dose-dependent
manner (Fig. 14). In contrast, rapamycin did not have any
demonstrable effect on DNA synthesis, as determined by using
[*H]thymidine incorporation in spite of the escalation of rapamycin
concentration up to 1 pmol/L (not shown). Similar results were
obtained from cell cycle analysis, which showed that HNSCC cells
treated with rapamycin do not display any significant changes in
any of the phases of the cell cycle (Fig. 1B). In parallel experiments,
we also failed to observe an increase in apoptotic cell death upon
rapamycin treatment, as judged by terminal deoxyribonucleotide
transferase-mediated nick-end labeling assays and the accumula-
tion of active caspase-3 (data not shown). Furthermore, rapamycin
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did not affect HNSCC cell proliferation as judged by MTT assays,
even when the cells were challenged by prolonged (48 h) exposure
to this drug (Fig. 1C). In contrast, an inhibitor that targets PI3K,
LY294002 (25 umol/L), when used as positive control, caused >50%
inhibition in both DNA synthesis and cell proliferation under
identical experimental condition. Similar results were obtained in
all other HNSCC cell lines tested such as HN13, Hep-2, and CAL27
(not shown; ref. 18). Furthermore, rapamycin did not suppress the
growth of these cells in serum (10% FCS)-containing medium
(Supplementary Fig. S14 and data not shown). Rapamycin
modestly diminished the proliferation of HNSCC cells when
exposed to inflammatory cytokines often found in tumor
microenvironment, such as IL-13 and TNF-«, which alone did
not exert any antiproliferative effect (Fig. 1D; Supplementary
Fig. S14). Thus, in contrast to the remarkable results obtained from
HNSCC-bearing mice in vivo (18), rapamycin alone does not reduce
HNSCC cell proliferation or promote their death in vitro, even after
prolonged treatment.

Rapamycin inhibits the mTOR pathway in both tumor and
endothelial cells in vivo. The administration of rapamycin in vivo
resulted in a reduction in intratumoral blood vessel density (18),
consistent with the antiangiogenic effect of rapamycin in tumor
angiogenesis models (34). This observation raised the possibility
that the antitumor activity of rapamycin reflects a significant,
perhaps dominant, effect on the tumor microenvironment,
especially the surrounding stromal and endothelial cells. A

dominant role for drug-induced alterations in the tumor micro-
environment could explain the above observations that rapamycin
does not exert a strong, direct antiproliferative effect on the
HNSCC cells in tissue culture. To explore this possibility, we
developed an immunofluorescence double staining procedure that
enabled monitoring the changes of the status of the mTOR
pathway and the onset of apoptosis in response to rapamycin in
both HNSCC and endothelial cells.

Initially, immunostaining for the endothelial cell marker CD31 in
tumor tissues from control HN12 xenografts revealed the presence
of an abundant vascular supply in the HNSCC tumor-bearing
areas (Fig. 24, red). The HNSCC tumor cells were recognized by
E-cadherin immunostaining (Fig. 24, green). As shown in Fig. 2B,
the level of CD31 staining was markedly diminished in tumors
from rapamycin-treated mice after 3 to 4 days of drug treatment,
indicating that rapamycin disrupts the formation of blood vessels
that support the growth of these tumors. The molecular
consequences of mTOR inhibition in the tumor cells were clearly
observed upon examination of the expression of the phosphory-
lated form of S6 (pS6). High levels of pS6 were observed in both
tumors and endothelial cells (Fig. 2C, green). The treatment with
rapamycin caused a dramatic reduction in pS6 expression in both
tumor cells and the tumor-associated endothelial cells (Fig. 2D).

Rapid appearance of apoptotic tumor but not endothelial
cells upon rapamycin treatment. In general, apoptosis leading to
cell death is initiated by the activation of a family of intracellular

Rapamycin

Figure 2. Rapamycin treatment inhibits mTOR activity in both tumor and stromal cells in HNSCC xenografts. A and B, double immunofluorescence stainings of
anti—E-cadherin (green) and anti-CD31, the endothelial cell marker (red), were performed to show the architecture and relationship of tumor cells and blood vessels,
respectively, in control (A) and rapamycin-treated groups (B). C and D, expression of phosphorylated S6 in tumor tissues in control (C) and rapamycin-treated
mice (D) was detected by immunofluorescence against pS6 antibody (green) after 2 d of rapamycin treatment (10 mg/kg/d). CD31 (red) was used for double
immunofluorescence labeling. Vehicle was used for injection in the control group. Representative immunofluorescence experiments.
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Figure 3. Induction of apoptosis and antiangiogenic effects of rapamycin in HNSCC xenograft model in vivo. A, apoptosis was determined in tumor tissues by

the activation of caspase cascade as detected by immunofluorescence against the cleaved form of caspase-3. Double immunofluorescence labeling with anti-CD31
and anti—E-cadherin were performed to discriminate between endothelial cells and tumor cells, respectively. Note the overlapping immunodetection of cleaved
caspase-3 and tumor cells (bottom panels) but not with the endothelial cells (top panels). B, quantitative analysis of blood vessel density in tumor tissues obtained
from rapamycin-treated animals during the course of the treatment. Tissues were collected at the indicated times after initiating the rapamycin treatment and processed
for fluorescent labeling of endothelial cells with CD31 antibody. The images from eight different microscopic fields were taken and the blood vessel density was
analyzed by Metamorph 4.0 as described in detail in Materials and Methods. Columns, mean blood vessel density in arbitrary unit; bars, SE.

cysteine proteases, known as caspases, among which caspase-3 is
thought to play a critical role in executing the apoptotic process
(35). Caspase-3 is synthesized as a pro-enzyme, and its activation
by upstream caspases involves its cleavage at an aspartic acid
residue (35). Thus, we used an antibody recognizing only the
cleaved form of caspase-3 to specifically identify cells undergoing
apoptosis by the dual labeling of active caspase and tumor and
endothelial cells. Clusters of cleaved caspase-3—positive stained
cells accumulated as early as 2 days of rapamycin treatment. These
cleaved caspase-3-positive cells did not exhibit overlapping
immunostaining with CD31-positive (endothelial) cells, but a
complete overlap was instead observed with E-cadherin, which
stains HNSCC cells, as judged by the yellowish to orange color in
the merged photomicrographs. Parallel quantitative analysis of
blood vessels in the xenograft tissue showed a progressive
reduction of blood vessel density in response to rapamycin
(Fig. 3B). These observations suggested that rapamycin directly
affects the viability of HNSCC cells rather than causing tumor cell
death secondary to its antiangiogenic effects.

A rapamycin-resistant mTOR mutant defines the cellular
target of rapamycin in HNSCC. To address whether rapamycin
acts primarily on HNSCC cells in vivo, we used previously described
mTOR mutants that retain signaling functions in the presence of
rapamycin (36). The rapamycin-resistant mTOR mutant used in
these studies contains a Ser—lIle substitution in the FKBP12-
rapamycin binding, which greatly decreases the binding affinity of

the inhibitory immunophilin-drug complex to mTOR (refs. 28, 37;
Fig. 44). To generate stable HNSCC cells overexpressing mTOR-WT
or mTOR-RR above endogenous mTOR levels, we used lentiviral
gene delivery, which overcomes the low transfection and selection
efficiency of human HNSCC cells (Fig. 4B). Western blot analysis of
pS6 in rapamycin-treated HN12 cells revealed that, indeed,
expression of mTOR-RR but not mTOR-WT or GFP, as a control,
rescues HNSCC from the inhibitory effect of rapamycin on the
mTOR pathway (Fig. 4B).

Rapamycin induces apoptosis in HNSCC tumor cells but not
in tumor cells expressing mTOR-RR. We subsequently per-
formed xenograft experiments with the mTOR-RR-expressing
HNSCC cell lines to determine whether the in vivo antitumor
effect of rapamycin was tumor cell autonomous, or due to the
disruption of tumor cell extrinsic signals delivered from the
microenvironment. The experimental design is depicted in Fig. 4C.
HN12 cells expressing GFP, mTOR-WT, and mTOR-RR were
transplanted into nude mice, and the animals were treated with
rapamycin or vehicle and sacrificed at each day of treatment.
Immunostaining of CD31 and pS6 showed that rapamycin reduces
the levels of pS6 and the vascular supply in animals bearing
xenografts of HN12 control cells (Fig. 4D). In contrast, the pS6
staining the mTOR-RR-expressing HN12 tumors remained elevated
in rapamycin-treated animals (Fig. 5B). The density of blood vessels
in these mTOR-RR-expressing tumors was also higher than in
the control group (Figs. 4D and 5A4). Moreover, the massive
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accumulation of apoptotic cells caused by rapamycin treatment
defined by the positive immunolabeling of active caspase-3 in
tumors from HN12-control cells was nearly absent in tumors from
HNI12-mTOR-RR cells (Figs. 4D and 5C). Thus, the proapoptotic
effect of rapamycin in HNSCC tumor cells in vivo is virtually
abrogated by expression of a rapamycin-resistant mTOR mutant
exclusively in the xenografted cancer cells.

Rapamycin reduces the tumor volume in HNSCC xenografts
by acting directly on cancer cells. The resistance to the
proapoptotic and antiangiogenic effects caused by rapamycin
treatment in tumors expressing mTOR-RR prompted us to assess
the long-term effects of rapamycin in this xenograft model. We
observed a dramatic reduction in tumor volume in the rapamycin-
treated animals bearing HN12-GFP or HN12-mTOR-WT tumor

HNSCC cells

RN
< IR
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\

mTOR-RR

/

- nude mice

l <—— Rapamycin — l

Tissue collection Tissue collection

A Domain structure of TOR B HN12
Lentivirus mTOR mTOR
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Figure 4. The lentiviral expression of mMTOR-RR reverts the biochemical effects of rapamycin in HNSCC cells and reveals that HNSCC cells are the primary
targets of rapamycin in HNSCC xenografts. A, domain structure of mTOR. The mTOR-RR mutant was obtained by mutating the amino acid at position Ser2°® ocated in
the FRB domain for lle, which disrupts the binding of rapamycin-FKBP12 complex to mTOR-WT. B, mTOR-RR was expressed in HNSCC cell lines by lentiviral
gene delivery, and cells were left untreated (—) or exposed to rapamycin (+) for 30 min. The expression of mMTOR and the levels of total and phosphorylated S6
were analyzed Western blotting. C, cartoon depicting the experimental design. HNSCC cell lines expressing mTOR-RR and GFP or mTOR-WT as controls were
injected into the flanks of nude mice. After tumor development, rapamycin treatment was initiated for 5 consecutive days. The tissues were collected at every day of
treatment for further analysis. D, double immunofluorescence staining of pS6 (green) and CD31 (red) were performed after 2 d of rapamycin treatment. Note the
reduction of pS6 in the tissues from the control group expressing GFP (a), but not after expressing mTOR-RR (b). The architecture of cancer and endothelial cells within
the tumor mass was documented by the fluorophore labeling by E-cadherin (green) and CD31 (red), respectively, as shown in ¢ and d. In parallel, the apoptotic
response to rapamycin treatment detected by the immunofluorescence staining of cleaved caspase-3 (red) was found to overlap with the E-cadherin staining (green)
of tumor cells (e) in the control group but not in xenografts of mMTOR-RR—expressing cells (f).
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xenografts (Fig. 5D). In contrast, rapamycin had little effect on the
tumor volume in HN12-mTOR-RR-engrafted mice. After 23 days
of treatment, the difference in rapamycin sensitivity between the
HN12-mTOR-RR-derived tumors and the HN12-GFP- or HN12-
mTOR-WT-derived tumors was highly significant (P < 0.0001) after
23 days of drug treatment. In fact, tumors generated by mTOR-RR-
expressing cells showed no significant response to rapamycin
therapy at the same or later time points when tumors achieve a
volume comparable with those of the control cells expressing
GFP and mTOR-WT, in spite of the slower intrinsic growth rate of
the tumors expressing mTOR-RR (Fig. 5D). The reversion of the
antitumoral effect of rapamycin by the expression of mTOR-RR was
also observed in additional HNSCC tumor xenografts tested, as
shown in Fig. 5E for CAL27 cells. Collectively, these results provide
strong support for a cell-autonomous mechanism of action for
rapamycin in HNSCC xenografts. They also suggest that whereas in
other cancer types rapamycin primarily acts by affecting tumor
endothelial cells (34), in HNSCC the disruptive effect of rapamycin
treatment on host responses, such as on the tumor vascularization,

seem to be a downstream consequence of the direct actions of this
drug on the tumor cells.

Rapamycin may cause indirect effects on the tumor
microenvironment through HIF-1o. During the progression of
solid tumors, growth factors and hypoxia complement each other in
the regulation of the angiogenic process. When the expansion of
tumor mass gradually distances tumor cells from the blood supply,
and thus from oxygen and nutrients, tumor cells initiate the
formation of new blood vessels by a paracrine mechanism (38, 39).
Although many molecules and receptors have been implicated in
the angiogenic response, the HIF-1a seems critical for initiating the
angiogenesis process through the transcriptional control of the
expression of VEGF and other proangiogenic factors (40). In
HNSCC, several reports indicated that elevated expression of HIF-
la and VEGF correlate with tumor aggressiveness and a poor
prognosis (41, 42). Indeed, Western blot analysis of tumor xenograft
lysates showed high level of HIF-loo expression in HNSCC
tumors, which was dependent on mTOR signaling, as judged by
its reduction after rapamycin treatment (Fig. 5B). Furthermore,
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mTOR-RR-expressing HNSCC xenografts displayed persistent expres-
sion of pS6 and HIF-1a in rapamycin-treated host animals (Fig. 5B).

Aligned with these results and the emerging evidence that
expression of HIF-la and VEGF in developing tumors is highly
dependent on the PI3K-AKT-mTOR pathway (43, 44), immunos-
taining of control HNSCC xenografts revealed that the nuclear
localization of HIF-la in the tumor cells was clearly diminished
after rapamycin treatment. Once again, however, the mTOR-RR-
expressing tumor cells showed little or no response to the
rapamycin treatment regimen (Fig. 6). The transcriptional activity
of HIF-1 was also resistant to rapamycin treatment in the HN12-
mTOR-RR-derived tumors, as suggested by the expression of Glut-
1 and VEGEF, two direct transcriptional targets of HIF-1a (45) in the
drug-exposed tumor tissues. In contrast, control tumors treated
with rapamycin showed clear reductions in Glut-1 and VEGF
expression. These findings suggest that the tumor cell-autonomous
effects of rapamycin on the mTOR-HIF-1a axis may-play central
roles in the metabolic and proangiogenic responses of hypoxic
tumor tissues to microenvironmental stress.

Discussion

Rapamycin is a selective inhibitor of the mTOR pathway that
has been approved by the Food and Drug Administration for nearly

10 years based on its immunosuppressive and antirestenosis
properties (23). Rapamycin and its analogues, including CCI-779,
RADO001, and AP23573, collective known as rapalogues, have been
recently shown to exhibit promising antitumor effects in several
cancer types (23). Rapamycin forms a molecular complex with
FKBP12 and mTOR, leading to the durable inhibition of this
atypical serine/threonine kinase, and, in turn, diminishes the
translation of mRNA transcripts whose protein products drive cell
mass accumulation and cell cycle progression (46). Despite the
remarkable pharmacologic activity of rapamycin as in a variety of
experimental cancer models, its antiproliferative effect on cancer
cells in vitro is often limited (23). For example, we observed that
exposure of HNSCC cells to rapamycin does not affect their survival
or growth, thus raising the possibility that, as for other cancer
types, rapamycin may not target the cancer cells directly, but it may
instead act based on its antiangiogenic effects (34). However,
by rescuing HNSCC cells from the growth-suppressive activity of
rapamycin by the expression of a rapamycin-insensitive mutant
of mTOR, we now show that HNSCC cells are the primary targets
of rapamycin in vivo. Furthermore, this approach enabled the
examination of the direct consequences of inhibiting mTOR in
HNSCC-derived tumors, which revealed that in HNSCC, mTOR
controls the expression of HIF-1a, a key transcription factor that
orchestrates the cellular response to hypoxic stress, including the

Vehicle Rapamycin
Control mTOR-RR Control mTOR-RR
pS6 pS6 Co o
ey T
HIF-10o HIF-10
- f
Glut-1 Glut-1
VEGF (oo VEGF AT b o P
: : ‘;r .
Tt e

Figure 6. Immunodetection of mMTOR/HIF-1a downstream targets in control and mTOR-RR—-expressing HNSCC xenografts following rapamycin treatment.
Immunohistochemistry was performed on tissue sections using antibodies against pS6, HIF-1a, Glut-1, and VEGF to determine the effects of rapamycin. pS6 and
VEGF protein were mainly localized in cytoplasm. HIF-1a was localized in nuclei of tumor cells. Glut-1 is visible at the cell membrane and cytoplasm.
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regulation of the expression of angiogenic factors (44), thus
providing a likely mechanism by which rapamycin exerts its
antiangiogenic effects. The emerging results suggest that rapamy-
cin may ultimately promote the rapid regression of HNSCC lesions
by promoting the apoptotic death of HNSCC by a still not fully
understood mechanism, while concomitantly inhibiting the pro-
duction of VEGF and other HIF-lo-dependent proangiogenic
cytokines in cancer cells.

Based on previously published reports in other cancer types
(34, 47, 48) and the lack of growth inhibitory effects of rapamycin
on HNSCC cells in vitro, we initially considered the possibility that
rapamycin might act primarily on the tumor microenvironment,
particularly the tumor-associated vasculature, thereby promoting
tumor stasis and/or cell death through disruption of oxygen and
nutrient delivery, as well as other host-derived supportive signals,
to the growing tumor mass. The results obtained by double
immunofluorescence staining of endothelial and epithelial cells
and early apoptotic markers were not consistent with this
possibility, as we observed the accumulation of tumor cells
displaying the apoptotic marker, active caspase-3, as early as
2 days after rapamycin treatment, a time at which we could still
observe intact capillary networks of CD31-positive endothelial cells
that themselves showed no evidence of apoptotic death. Although
the demise of endothelial cells may occur by another, nonapoptotic
process, such as necrosis, autophagy, or senescence (49), the overall
reduction in vessel density seems to occur after the apoptosis of
HNSCC cells rather than preceding it, suggesting that the effects of
rapamycin on the tumor vasculature are an indirect outcome of the
disruption of tumor cell functions by this drug.

We next addressed the possibility that rapamycin acts directly
on tumor cells in vivo, thus triggering growth suppressive and
proapoptotic outcomes that cannot be mimicked in in vitro cell
culture systems. Accordingly, we hypothesized that the generation
of HNSCC lines that were resistant to the rapamycin should
allow a direct assessment of the contribution of cancer cell-
autonomous actions of the drug to its overall antitumoral effects.
In this model, host-derived endothelial and stromal cells retain
mTOR-WT alleles and hence their normal level of sensitivity to
rapamycin. The HNSCC cells were rendered insensitive to
rapamycin by expressing a catalytically active mTOR-RR mutant,
which exhibits several orders of magnitude lower binding affinity
for the FKBP12-rapamycin complex (36). Although this mTOR-RR
mutant exhibits reduced ability to phosphorylate 4E-BP1 in
immune complex kinase assays (36), it is capable of complement-
ing the defects in mTOR-dependent signaling observed in
rapamycin-treated cells (36). Consistent with the hypomorphic
behavior observed in previous studies (28, 50), HN12 cells that
constitutively expressed the mTOR-RR allele displayed a reduced
growth rate as xenograft tumors in nude mice; nonetheless, this
strategy provided a unique opportunity to study the effects of
rapamycin on tumor growth when the tumor cells themselves
were engineered to express high-level resistance to this drug.
Indeed, by this reverse pharmacology strategy, we obtained strong
evidence that the potent antitumor effect of rapamycin in
preclinical models of HNSCC is largely if not entirely attributable
to the inhibition of mTOR signaling in the cancer cells
themselves, rather than in vascular and other host-derived
elements that help to support tumor growth.

The expression of mMTOR-WT did not increase the in vivo growth
rate of HNSCC cells, and tumor xenografts arising from cells
overexpressing mTOR-RR grew slower than GFP-expressing cells,

suggesting that the basal mTOR expression in HN12 cells is not
limiting for the growth of tumors in immunodeficient mice. On the
other hand, expression of mTOR-RR generated HNSCC cells
exquisitely resistant to all biochemical and biological effects of
rapamycin in vitro and in vivo. Besides supporting the selectivity of
rapamycin as a mTOR-specific inhibitor, these findings provided an
opportunity to monitor the precise changes provoked by mTOR
inhibition in HNSCC in the context of the tumor microenviron-
ment. This led to the observation that rapamycin causes a
reduction in the expression of proangiogenic and metabolic
mediators that are regulated by HIF-1la and the direct apoptotic
death of HNSCC cancer cells.

These observations may have important implications for the
treatment of HNSCC and other solid tumors, and may explain the
nature of the antiproliferative and proapoptotic effects of
rapamycin, as the expression of HIF-1a is required for developing
tumors to stimulate angiogenesis, and other metabolic and
microenvironmental responses that allow continued expansion
of tumor tissue mass. This process involves the enhanced release
of proangiogenic mediators, such as VEGF, whose expression is
tightly regulated by HIF-la (43), as well as the increased
expression of glucose transporters and a myriad of cytosolic
and mitochondrial proteins involved in the appropriate balance
between aerobic and anaerobic glucose metabolism (43, 45). In
this scenario, it is tempting to speculate that by interfering with
the mTOR-dependent regulation of HIF-1a expression, rapamycin
may deprive HNSCC cells of an essential stress response network,
thus resulting in tumor cell stasis and/or death. This exciting
possibility, as well as the precise mechanism by which rapamycin
interferes with the expression of HIF-la, warrants further
investigation.

There is an urgent need for new treatment options for HNSCC
patients, considering that their overall 5-year survival is relatively
low (~50%) and has not improved much over the past 3 decades.
The emerging wealth of information on the nature of the
deregulated molecular mechanisms responsible for HNSCC
progression has provided the possibility of exploring new
mechanism-based therapeutic approaches for HNSCC (32). In
this regard, our present results indicate that the direct inhibition
of mTOR in cancer cells is responsible for the potent antitumoral
effects of rapamycin in HNSCC models, thus providing the
rationale for the early evaluation of the clinical benefits of
inhibiting mTOR in HNSCC patients that exhibit elevated activity
of the Akt-mTOR pathway. Furthermore, the observation that
rapamycin causes decreased expression of HIF-1a, VEGF, and the
Glutl glucose transporter in cancer cells suggests that the effect
of rapamycin on glucose and nutrient metabolism, together with
the inhibition of the expression of proangiogenic factors, may
now help explain the potent antitumoral effect of rapamycin
in vivo. These findings may also provide a battery of readily
available molecular end points to monitor the effectiveness of
rapamycin and its analogues as potential anticancer agents for
the treatment of HNSCC.
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