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The mammalian target of rapamycin (mTOR) inhibi-
tors, such as rapalogues, are a promising new tool for
the treatment of metastatic gastroenteropancreatic
endocrine tumors. However, their mechanisms of ac-
tion remain to be established. We used two murine
intestinal endocrine tumoral cell lines, STC-1 and
GLUTag, to evaluate the antitumor effects of rapamy-
cin in vitro and in vivo in a preclinical model of liver
endocrine metastases. In vitro, rapamycin inhibited
the proliferation of cells in the basal state and after
stimulation by insulin-like growth factor-1. Simulta-
neously, p70S6 kinase and 4EBP1 phosphorylation
was inhibited. In vivo, rapamycin substantially inhib-
ited the intrahepatic growth of STC-1 cells, irrespec-
tively of the timing of its administration and even
when the treatment was administered after cell intra-
hepatic engraftment. In addition, treated animals had
significantly prolonged survival (mean survival time:
47.7 days in treated animals versus 31.8 days in con-
trols) and better clinical status. Rapamycin treatment
was associated with a significant decrease in mitotic
index and in intratumoral vascular density within
STC-1 tumors. Furthermore, the antitumoral effect ob-
tained after treatment with a combination of rapamycin
and phosphatidylinositol 3-kinase (PI3K) inhibitor
LY294002 was more significant than with rapamycin
alone in both cell lines. Our results suggest that the
antitumor efficacy of rapamycin in neuroendocrine
tumors results from a combination of antiprolifera-
tive and antiangiogenic effects. Interestingly, a more
potent antitumor efficiency could be obtained by si-

multaneously targeting several levels of the PI3K/

336
mTOR pathway. (Am J Pathol 2011, 178:336–344; DOI:

10.1016/j.ajpath.2010.11.023)

Gastroenteropancreatic (GEP) neuroendocrine tumors
are uncommon and heterogeneous neoplasms of epithe-
lial origin, in which neoplastic cells characteristically re-
tain the capacity to synthesize and/or secrete various
peptidic hormones and neuropeptides, which may result
in a characteristic hypersecretion syndrome. The treat-
ment of metastatic GEP endocrine tumors remains poorly
effective. Innovative therapeutic strategies are needed
that take into account some of the most characteristic
biologic features of GEP neuroendocrine tumors, such as
the overexpression of oncogenic receptors and the acti-
vation of their signaling pathways, which can be targeted
by new selective therapeutic agents.1

At this time, the phosphatidylinositol 3-kinase (PI3K)/
Akt/mammalian target of rapamycin (mTOR) signaling
pathway is considered to be a promising target for can-
cer therapy because it is activated in many tumor types.
On activation, mTOR kinase associated with raptor
(mTORC1) induces the phosphorylation of two proteins
involved in the control of cell growth and survival: ribo-
somal p70S6 kinase (p70S6K) and eukaryotic initiation
factor-4E binding protein 1 (4EBP1). Rapamycin and its
analogues inhibit mTOR signaling.2 The antitumor effi-
cacy of these molecules is currently evaluated in many
tumor types, including GEP neuroendocrine tumors. A
recent multicentric phase II study revealed the antitumor
activity of the rapamycin analog RAD001 (everolimus),
alone or combined with octreotide, in patients with ad-
vanced pancreatic neuroendocrine tumors after failure of

Supported by a grant from the Comité de la Drôme de la Ligue contre le
Cancer (C.R.).

Accepted for publication September 9, 2010.

None of the authors disclosed any relevant financial relationships.

Address reprint requests to: Colette Roche, PhD, INSERM U865, Fac-
ulté de Médecine Laënnec, 7 rue Guillaume Paradin, 69372 LYON Cedex

8, France. E-mail: colette.roche@inserm.fr.

mailto:colette.roche@inserm.fr


Rapamycin Inhibits in Vivo Endocrine Cell Growth 337
AJP January 2011, Vol. 178, No. 1
cytotoxic chemotherapy.3 However, so far, only the rapa-
mycin analog temsirolimus (CCI-779) has received ap-
proval for therapeutic use in humans, with indications
restricted to renal cell carcinoma.4

Targeting the mTOR signaling pathway in GEP neu-
roendocrine tumors is a new and promising approach.
Preclinical studies, which are essential for the under-
standing of the mechanisms of action of such therapies,
remain rare because of the paucity of experimental in vitro
and in vivo models. Only four recent works reported on
the effects of rapamycin or its analog RAD001 on endo-
crine cell lines on the basis of in vitro experiments.5–8

To gain further insight into the mechanisms of antitu-
mor activity of rapalogues in GEP neuroendocrine tu-
mors, we designed an experimental study based on two
murine endocrine cell lines, STC-1 and GLUTag, which
mimic the behavior of human high-grade endocrine
carcinoma. After establishing the in vitro effects of
rapamycin, we attempted to evaluate in vivo, using a
preclinical animal model of intrahepatic dissemination
developed in the laboratory,9 the relative contributions
of the antiproliferative, proapoptotic, and antiangio-
genic effects that may be exerted by rapamycin alone
or in combination with the PI3K inhibitor LY294002,
which targets the same pathway.

We report that in vitro rapamycin affects the PI3K/Akt/
mTOR signaling pathway in STC-1 and GLUTag cells by
inhibiting p70S6K and 4EBP1 phosphorylation, leading to
the inhibition of cell proliferation. In vivo, rapamycin mark-
edly slowed intrahepatic tumor growth, even when ad-
ministered after the formation of tumor nodules, and sig-
nificantly enhanced survival. Finally, combined treatment
with rapamycin and LY294002 was more efficient than
treatment with rapamycin alone in both cell lines.

Materials and Methods

Cell Culture

The STC-1 cell line, a gift of G. Rindi (Department of
Pathology and Laboratory Medicine, Rome, Italy), and
the GLUTag cell line, a gift of D. Drucker (Department of
Medicine, Mt. Sinai Hospital, Toronto, Ontario, Canada),
are derived from endocrine intestinal tumors developed
in transgenic mice.10,11

Cells were routinely cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 5% or 10%
fetal calf serum (FCS) (for STC-1 and GLUTag cells,
respectively), 2 mmol/L glutamine, and antibiotics (100
UI/ml of penicillin, 100 �g/ml of streptomycin).

Reagents

Insulin-like growth factor-1 (IGF-1) was purchased from
Richter-Helm BioLogics (Hamburg, Germany). Inhibitors
were obtained from Stressgen (Victoria, British Columbia,
Canada) (PD98059) and LC Labs (Woburn, MA) (LY294002,
rapamycin). Antibodies against phospho-Akt (Ser473),
Akt, phospho-p70S6K (Thr389), p70S6K, phospho-4EBP1
(Ser65), and 4EBP1 were purchased from Cell Signaling

Technology (Beverly, MA). The antibody against CD31
(clone MEC7.46) was from Cell Science (Ventura, CA), vas-
cular endothelial growth factor (VEGF) antibody was from
Zymed Laboratories (San Francisco, CA), and antimouse
Ki-67 antibody (clone TEC3) was from Dako (Glostrup, Den-
mark).

Cell Proliferation Assay

Cells were seeded at a density of 6000 cells per well in
96-well plates and maintained 72 hours in normal culture
conditions. The medium was then replaced by 0.05%
FCS-containing DMEM medium. Growth factors and
drugs (IGF-I, LY294002, rapamycin, PD98059) alone or in
combination were then added for 24 or 48 hours. A 20 �L
sample of 3-(4,5-dimethylthiazol-2-yl)�2,5-diphenyltetra-
zolium bromide (MTT) solution (5 mg/ml) was added to
each well, and the plates were incubated at 37°C for 2.5
hours. The supernatant was discarded, and 100 �L of
DMSO was added to dissolve formazan crystals, gener-
ating a blue-purple color. The absorbance was measured
at 540 nm.

Cell Cycle Analysis

Cells in growth phase were synchronized by exposing
the culture to 0.05% FCS-containing DMEM for 24 hours.
Growth factors and drugs (IGF-1, LY294002, rapamycin,
and PD98059) alone or in combination were then added
for 24 hours. Nuclei were isolated and stained with pro-
pidium iodide using the BD Cycle TESTPLUS Reagent Kit
(BD Biosciences, Le Pont de Claix, France) according to
the manufacturer’s instructions. Flow cytometry was then
performed using a Dako Galaxy apparatus.

Protein Extraction and Western Blot Analysis

Cells were washed with cold PBS and lysed in cold sol-
ubilization buffer (pH 8) containing 150 mmol/L NaCl, 50
mmol/L Tris-base, 2 mmol/L EDTA, 0.5% deoxycholate,
0.1% SDS, 1% NP40, 2 mmol/L Orthovanadate, and 20
mmol/L NaF. Cell lysates were resolved on 7.5% to 10%
SDS polyacrylamide gel and blotted to polyvinylidene
difluoride membranes (Millipore) as previously described.12

Saturation was achieved in 0.1% Tween in Tris-buffered
saline with 5% milk for 1 hour. The membranes were
probed with primary antibodies overnight at 4°C, washed,
and incubated with appropriate immunoperoxidase-conju-
gated secondary antibodies (Jackson ImmunoResearch
Laboratories; Beckman Coulter France, Roissy, France) for
1 hour at room temperature. Antibody binding was detected
using electrochemiluminescence (ECL Western Blotting
Detection System; Covalab, Villeurbanne, France).

Animal Studies

Four-week-old female Swiss nu/nu mice were obtained
from Charles River Laboratories (L’Arbresle, France). The
animals were maintained in a sterile environment and
treated in accordance with ethical recommendations and

guidelines of the Animal Welfare Committee of University
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Lyon 1. Animals were anesthetized before all surgical
procedures. After surgery, animals were allowed to re-
cover in a sterile atmosphere and were fed ad libitum with
a sterile diet.

For STC-1 cells, the xenografting procedure was as
previously described.9 The same procedure was used for
GLUTag cells. Briefly, 50 �L of a solution containing
tumor cells adjusted to a final concentration of 5 � 107

cells/ml were injected into the spleen, from where they
disseminated into the liver through the portal vein to form
intrahepatic tumor nodules. Rapamycin and LY294002
were administered intraperitoneally at the dose of 1.5
mg/kg daily and 25 mg/kg three times a week, respec-
tively, in accordance with previous studies.13–17

Three protocols of administration were tested in STC-1
tumor–bearing mice. In the first protocol, 8 days after
intrasplenic STC-1 injection to allow liver engraftment and
early growth of tumor cells, mice were randomized into
two groups. Some mice were sacrificed at day 8 to con-
stitute the control day 8 group. In remaining animals,
treatment was started at day 8 with rapamycin or vehicle
only; animals were sacrificed at day 25. In the second
protocol, in view of the results of the above protocol, a
survival study was performed: 14 animals received intra-
splenic injection of STC-1 cells. For eight of them, rapa-
mycin treatment was started 8 days after cell injection,
whereas the control group (six animals) received vehicle
injection. The animals were weighted daily and eutha-
nized when the body weight loss reached 20% of the
initial weight, in accordance with ethical recommenda-
tions. In the third protocol, to assess the efficacy of a
treatment combining rapamycin and LY294002, mice were
randomized into treatment and nontreatment groups 3 days
after intrasplenic injection of STC-1 cells. Treatment groups
received rapamycin alone or in combination with LY294002,
whereas the nontreatment group received vehicle only. The
mice were treated until day 22. At this date, the animals
were sacrificed; the spleen and liver were excised,
weighed, and prepared for histologic analysis. With
GLUTag cells, only the third protocol of administration of
rapamycin and LY294002 was used.

Histologic Analysis and Morphometry

In all animals, tissue samples were fixed in 10% buffered
formalin and embedded in paraffin. In addition, some
tissue samples were immediately snap frozen in liquid
nitrogen. For histologic examination, 4-�m-thick tissue
sections were prepared according to conventional pro-
cedures. Sections were then stained with hematoxylin
and eosin and examined with a light microscope. For the
determination of the mitotic index, the number of mitoses
was counted in at least 5 high-power fields in the refer-
ence tissue section. For the determination of the apop-
totic index, the number of apoptotic cells was evaluated
in at least 5 high-power fields in the reference tissue
section.18

The amount of intrahepatic tumor tissue was evaluated
by morphometry (Histolab; Microvision Instruments, Evry,
France). The surface of each individual lesion was mea-

sured; the total surface occupied by tumor tissue was
defined as the sum of the surfaces of each individual
lesion and was expressed as a percentage of the total
surface of the corresponding reference tissue section.

Immunohistochemical Analysis

The following markers were tested by immunohistochem-
istry: VEGF, Ki-67, and CD31.

VEGF and Ki-67 antibodies were applied to deparaf-
finized sections of formalin-fixed tissue samples and re-
vealed according to an indirect immunoperoxidase tech-
nique, using diaminobenzidine as a chromogen. CD31 was
applied to acetone-fixed cryostat sections of frozen tissue
samples and revealed according to the same technique.

The proliferation index of tumor cells was determined
by counting the number of nuclei positive for Ki-67 anti-
gen in 1000 cells; the result was expressed as the per-
centage of labeled cells.

The intratumoral microvascular density was deter-
mined in each individual lesion after immunostaining with
anti-CD31 antibody as previously described.9 VEGF ex-
pression was determined after immunostaining with anti-
VEGF antibody. The area of VEGF-positive structures in
each individual lesion was expressed as a ratio of the
total tumor tissue surface in the corresponding tissue
section (Histolab; Microvision Instruments).

Statistical Analysis

Results are presented as mean � SEM. Significant differ-
ences were analyzed by using Mann-Whitney and Student’s
t-tests. P � 0.05 was required for statistical significance.

Results

In Vitro Antiproliferative Effects of Rapamycin
and PI3K Inhibitor LY294002

In Vitro, Rapamycin Inhibits Basal Cell Proliferation in
a Dose-Dependent Manner

Cells growing in basal culture condition were treated with
increasing doses of rapamycin from 5 to 50 nmol/L for 48
hours, and the number of viable cells at the end of the
treatment period was estimated through an MTT test. As
shown in Figure 1A, rapamycin treatment resulted in a
dose-dependent decrease of the number of viable STC-1
and GLUTag cells (approximately 40% and 50% respec-
tively, using 50 nmol/L rapamycin), confirming that mTOR
protein is a target to inhibit proliferation of these cells
(P � 0.05).

Rapamycin Inhibits Cell Proliferation Induced in Vitro
by IGF-1

We were prompted to evaluate the capacity of rapa-
mycin to inhibit proliferation on exogenous stimulation.
For this purpose, IGF-1 was chosen to stimulate the
mTOR pathway. Incubation of STC-1 cells with IGF-1 at

0.3 or 3 nmol/L induced a significant increase in viable



Rapamycin Inhibits in Vivo Endocrine Cell Growth 339
AJP January 2011, Vol. 178, No. 1
cell numbers of 128% and 178% of control, respectively
(Figure 1B) (P � 0.05). We verified that IGF-1 receptor
levels displayed no significant variation in the presence of
high concentrations of IGF-1 (Figure 1B). For GLUTag cells,
incubation with 3 nmol/L IGF-1 only resulted in a significant
increase of viable cells (168% of control) (Figure 1B) (P �
0.05). Treatment with increasing doses of rapamycin from 5
to 50 nmol/L for 48 hours in the presence of 3 nmol/L IGF-1
led to a dose-dependent decrease of the number of viable
STC-1 cells (approximately 50% using 50 nmol/L rapamy-
cin) (Figure 1C) (P � 0.05); we verified the absence of
significant changes in IGF-1 receptor expression levels
(data not shown). In the same way, incubation with rapa-
mycin resulted in a significant decrease in the number of
viable GLUTag cells (approximately 60% using 50 nmol/L
rapamycin) (Figure 1C) (P � 0.05).

The Effect of Rapamycin on IGF-1–Dependent
Proliferation Depends on the Inhibition of the
PI3K/mTOR Pathway in the STC-1 Cell Line

We then determined the intracellular signaling pathway
activated by IGF-1 stimulation in STC-1 cells. Cells were
treated with 3 nmol/L IGF-1 in the presence of inhibitors
targeting either mitogen-activated protein kinase or PI3K.
Treatment with the mitogen-activated protein kinase inhibi-
tor PD98059 (15 �mol/L) did not modify the proliferative
response to IGF-1. In contrast, the PI3K inhibitor LY294002

Figure 1. Effect of rapamycin on cell proliferation, estimated by measuring
the number of viable cells (MTT test). A: STC-1 and GLUTag cells were
incubated with increasing doses of rapamycin for 48 hours. B: Cells were
incubated with exogenous IGF-1 for 48 hours, and the expression of IGF-1
receptor was checked by Western blot in STC-1 cells (insert). C: STC-1 and
GLUTag cells were incubated with increasing doses of rapamycin for 48
hours in the presence of 3 nmol/L IGF-1 (*P � 0.05 vs control).
(5 �mol/L) significantly reduced viable cell number in the
presence of IGF-1 by approximately 40%, as did the mTOR
inhibitor rapamycin (11 nmol/L) (P � 0.05) (Figure 2A).
Concurrent results were obtained by cell cycle analysis
(Figure 2B). As expected on IGF-1 stimulation, the propor-
tion of cells in S phase increased to 44% versus 37% in
controls, and the proportion of cells in G0/G1 phase signif-
icantly decreased to 48% versus 59% in untreated cells (P
� 0.05). The addition of PD98059 (15 �mol/L) together with
IGF-1 did not modify the effect of IGF-1 alone. The modifi-
cations induced by IGF-1 were significantly suppressed in
the presence of LY294002 (5 �mol/L) or rapamycin (11
nmol/L) (P � 0.05). These results demonstrated that the
blockade of the PI3K/mTOR pathway is an efficient way to
inhibit the proliferative response of STC-1 cells to exoge-
nous IGF-1.

To gain further insight into these observations, we as-
sessed the effect of LY294002 and rapamycin on the

Figure 2. Activation of the PI3K/mTOR pathway by IGF-1 in STC-1 cells.
A: Cells were incubated for 24 hours with 3 nmol/L IGF-1 in the presence
of specific inhibitors: PD98059, 15 �mol/L; LY294002, 5 �mol/L; or rapa-
mycin, 11 nmol/L; proliferation rate was estimated by measuring the
number of viable cells (MTT test) (*P � 0.05 versus control with IGF-1
alone). B: Cells were incubated for 24 hours without or with 3 nmol/L
IGF-1 in the presence of inhibitors. The proportion of cells in the different
phases of the cell cycle was measured by flow cytometry after staining of
the nuclei with propidium iodide (*P � 0.05 versus control without IGF-1;
§P � 0.05 verus IGF-1 alone). C: Total protein extracts prepared from cells
incubated for 24 hours without or with 3 nmol/L IGF-1 in the presence of

5 �mol/L LY294002 or 11 nmol/L rapamycin were submitted to Western
blot analysis using specific antibodies.
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phosphorylation of p70S6 kinase, one of the two major
effectors of mTOR, 24 hours after the addition of the
inhibitors. As shown in Figure 2C, IGF-1 induced a strong
increase in the phosphorylated form of p70S6K, which
completely disappeared in the presence of LY294002 (5
�mol/L) or rapamycin (11 nmol/L).

Rapamycin Acts Synergistically With Upstream
Inhibitors of Akt to Block the Phosphorylation of
mTOR Effectors

The phosphorylation level of p70S6K, 4EBP1, and Akt
was examined after increasing time of treatment with 11
nmol/L rapamycin from 1 to 8 hours in basal culture
conditions. In both cell lines, phosphorylation of p70S6K
and 4EBP1 was inhibited as soon as 1 hour after the
addition of rapamycin. In the same time, in STC-1 cells
but not in GLUTag cells, a transient increase of phospho-
rylated Akt level was observed, followed by a return to the
basal level between 6 and 8 hours (Figure 3A).

We then studied the effects of rapamycin on the phos-
phorylation of Akt after 6 and 24 hours of incubation. The
amounts of phospho-Akt detected by Western blotting
were significantly reduced in the presence of rapamycin
in STC-1 cells but not in GLUTag cells (Figure 3B). We
therefore hypothesized that the transient increase in
phospho-Akt may limit the efficacy of rapamycin to block
mTOR and its downstream effectors. We thus assessed

Figure 3. Effect of rapamycin and LY294002 on the phosphorylation of key
proteins of the PI3K/mTOR pathway. A: STC-1 and GLUTag cells were
incubated with 11 nmol/L rapamycin for 0 to 8 hours. Protein expression
level of phosphorylated and total p70S6K, 4EBP1, and Akt was examined
using Western blot analysis. B: The effects or rapamycin alone (11 nmol/L),
LY294002 alone (5 �mol/L), or the combination of both were assessed at 6
and 24 hours on the phosphorylation of Akt using Western blot analysis and
illustrated by densitometric analysis (*P � 0.05 versus control without rapa-
mycin and LY294002; **P � 0.05 versus rapamycin alone and LY294002
alone). Representative of at least three independent experiments.
the combination of 5 �mol/L LY294002, acting upstream
of Akt, with 11 nmol/L rapamycin. As shown in Figure 3B,
in both STC-1 and GLUTag cells, the phosphorylation of
Akt was markedly inhibited by the combination of rapa-
mycin and LY294002 at 6 and 24 hours compared with
the control. At 6 hours, in both cell lines, the inhibition was
markedly higher with the combination than with rapamy-
cin alone. At 24 hours, in both cell lines, the inhibitory
effect of the combination was much higher than those of
rapamycin and LY294002 alone. These results strongly
suggest that the combination of rapamycin with inhibitors
acting upstream of mTOR may improve the efficiency of
the molecule in a synergistic way.

Inhibition of the PI3K/mTOR Pathway Blocks
Cell Growth in Vivo

In Vivo, Rapamycin Inhibits Intrahepatic Cell Growth
of STC-1 Cells

Because rapamycin (or its analogues) is currently be-
ing evaluated as an antitumor drug in many cancer types,
we next evaluated the effect of this drug in an experimen-
tal model of intrahepatic dissemination after intrasplenic
injection of tumoral cells. As previously described, the
intrahepatic growth of STC-1 cells could be divided into
three stages: engraftment until day 7; early, slow growth
until day 17; and late, rapid growth after day 17.9

According to these kinetics, we first evaluated the ef-
fects of rapamycin administration from day 8 onward (ie,
in animals with established and rapidly growing intrahe-
patic nodules). At the date of sacrifice (day 25), tumor
development was strongly reduced by rapamycin treat-
ment: the size of primary tumors developed in the spleen
was smaller; the spleen weight decreased from 0.22 �
0.04 g (n � 5) in untreated animals to 0.14 � 0.1 g (n �
5) in treated animals. As exemplified in Figure 4A
(inserts), the number of macroscopically visible liver me-
tastases was much lower in rapamycin-treated animals.
Histologic analyses demonstrated that the liver of treated
animals contained only small tumor nodules, whereas the
liver of control animals exhibited the combination of large
and small nodules usually observed at this stage (Figure
4A).9 As shown in Figure 4B, the total tumor tissue sur-
face evaluated to 9.55% � 2.86% in control animals
significantly decreased (P � 0.05) to 2.18% � 1.16% in
rapamycin-treated animals (77% inhibition). In the sur-
vival study (Figure 4C), weight loss was considerably
delayed in treated animals compared with controls and
survival was much longer. Mean survival time increased
from 31.8 � 0.2 days in control animals to 47.7 � 1.8
days in treated animals: the difference between the two
groups was statistically significant (log-rank test: P �
0.002).

The in Vivo Effects of Rapamycin Result From a
Combination of Antiproliferative and Antiangiogenic
Mechanisms

We then attempted to investigate the mechanisms in-
volved in the antitumor effect of rapamycin. We assessed

the effects of rapamycin on cell proliferation and apop-
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tosis. As shown in Figure 5A, the mitotic index in STC-1
nodules was significantly lower in rapamycin-treated an-
imals than in controls (P � 0.05). In the same way, the
Ki-67 index was significantly decreased in rapamycin-
treated animals (P � 0.05). In contrast, the number of
STC-1 apoptotic cells was not significantly different in
rapamycin-treated animals and in controls, as shown by
both the apoptotic index and the identification of cleaved
caspase 3–positive cells by immunohistochemical anal-
ysis (not shown). Finally, we evaluated the effects of
rapamycin on tumor angiogenesis. As shown in Figure
5B, VEGF expression was decreased in tumor nodules of
rapamycin-treated animals. Furthermore, the intratumoral
microvascular density evaluated by CD31 staining was
significantly lower in rapamycin-treated animals than in
controls (Figure 5C) (P � 0.05).

In Vivo, the Combination Between Rapamycin and
LY294002 Is More Effective Than Rapamycin Alone
in Both STC-1 and GLUTag Tumor–Bearing Animals

In view of the in vitro results demonstrating a synergis-
tic effect of rapamycin and LY294002 on the phosphory-
lation of the PI3K/mTOR effectors pathway, we evaluated
the effect of this drug combination on tumor development
in vivo after injection of STC-1 or GLUTag cells. Treat-

Figure 4. In vivo effects of rapamycin on intrahepatic cell growth. Rapamy-
cin (1.5 mg/kg daily) was administrated from day 8, to allow engraftment of
tumor cells in the liver, to day 25. A, left: histologic examination of day 8
control mice: small early nodules are visible in the liver (arrows); middle
and right: histologic examination of control and treated mice sacrificed at
day 25: many nodules of variable size are present in the liver of control mice
(middle), whereas only few small nodules are visible in rapamycin-treated
mice (right) (H&E staining, original magnification, �4); inserts: macro-
scopic view showing a strong decrease of the number of visible liver nodules.
B: Morphometric analysis: the total tumor tissue surface is strongly reduced
on rapamycin treatment (*P � 0.05). C: Survival study: Mice received either
vehicle or rapamycin injection (1.5 mg/kg daily) from day 8 after STC-1
intrasplenic injection. Left: morphologic aspect of a control and a rapamycin-
treated mouse 32 days after STC-1 intrasplenic injection. Right: Kaplan-Meier
curve showing a significant difference of survival between control and rapa-
mycin-treated mice (P � 0.002).
ments were started from day 3, during the cell engraft-
ment period, to compare the effect of early or delayed
rapamycin treatment. For each cell line, three groups of
five animals each received vehicle only, rapamycin, or
rapamycin and LY294002; one animal in the group in-
jected with GLUTag and receiving rapamycin and
LY294002 died of postoperative complications. Figure 6A
shows the distribution of tumor tissue surface values for
the different groups of animals. Like in the first series of
experiments, rapamycin strongly decreased the develop-
ment of STC-1 intrahepatic nodules, with a 76% mean
decrease in tumor tissue surface. Four of the five mice
treated with the combination rapamycin and LY294002
exhibited a tumor tissue surface lower than the mean
surface observed with rapamycin alone. In the same way,
the combination of rapamycin and LY294002 induced a
marked and significant decrease of tumor tissue surface
in the livers of animals injected with GLUTag cells com-
pared with controls.

Furthermore, VEGF expression was more decreased in
tumor nodules of mice injected with STC-1 or GLUTag
cells and treated with the combination rapamycin and
LY294002 than in tumor nodules of mice treated with
rapamycin alone (Figure 6, B and C).

Figure 5. In vivo effects of rapamycin: combination of antiproliferative and
antiangiogenic mechanisms. A: Morphometric analyses of intrahepatic le-
sions: the mitotic index and the proliferative index (Ki-67 immunoreactive
cells) were significantly decreased on rapamycin treatment (*P � 0.05),
whereas the apoptotic index was not modified. B: Representative immunos-
tainings for VEGF and CD31 (arrows) in tumor nodules (original magnifi-

cation, �10). C: Morphometric analysis showing the decrease of intratumoral
microvascular density on rapamycin treatment (*P � 0.05).



342 Couderc et al
AJP January 2011, Vol. 178, No. 1
Discussion

In neuroendocrine tumors, promising results of phase 2
trials evaluating the efficacy of a rapamycin derivative,
RAD001, in combination with the somatostatin analog
octreotide, have been recently reported.3 It is therefore
important to gain insight into the mechanisms responsi-
ble for the potential antitumor effect of rapamycin and its
analogues. So far, only a few preclinical reports, mainly
based on in vitro experiments, have appeared.5–8 In this
context, the objective of our study was to evaluate, in vitro
and in vivo, the effects of rapamycin on intestinal endo-
crine tumor cell lines, representative of the human high-
grade endocrine carcinomas that are putative targets for
treatment by rapamycin analogues.19 Our results sug-
gest that rapamycin may act through several coordinated
mechanisms.

Our in vitro results showed that even if STC-1 and

Figure 6. In vivo effects of the combination between rapamycin and
LY294002. Rapamycin (1.5 mg/kg daily) and LY294002 (25 mg/kg three times
a week) were administrated from day 3 to day 22. A: Morphometric analysis
showing the distribution of tumor tissue surface values for the three groups
of mice for both cell lines. In STC-1 tumor–bearing mice, rapamycin alone
strongly decreased tumor tissue surface. Four of the five mice treated with the
combination rapamycin and LY294002 exhibited a tumor tissue surface lower
than the mean surface observed with rapamycin alone. In GLUTag tumor–
bearing mice, three of the five mice treated with rapamycin alone exhib-
ited a reduced tumor tissue surface, whereas the combination rapamycin
and LY294002 induced a significant decrease of tumor tissue surface. B:
Representative immunostaining for VEGF (arrows) in tumor nodules of
each group of mice (original magnification, �10). C: The expression of
VEGF was lower when the combination rapamycin and LY294002 were
used to treat the mice (*P � 0.05).
GLUTag cells have a high proliferative rate in the basal
state, inhibition of mTOR with rapamycin proved to be
effective in blocking cell proliferation. Because many hu-
man neuroendocrine tumors demonstrate high expres-
sion of IGF-1, IGF-2 and IGF-1 receptor,20,21 we selected
IGF-1, which is known to activate the PI3K/Akt/mTOR
signaling pathway, to evaluate the effects of rapamycin
on growth factor–stimulated cell proliferation. Rapamycin
significantly decreased IGF-1–induced proliferation of
both STC-1 and GLUTag cells. The proliferative response
to IGF-1 involved PI3K signaling because specific inhib-
itors of PI3K and mTOR, LY294002 and rapamycin, re-
spectively, significantly reduced the IGF-1–induced pro-
liferation and totally abrogated the phosphorylation of
p70S6K. IGF-1 receptor signaling pathway could thus be
regarded as a potential target to inhibit proliferation in
murine enteroendocrine cell lines. In the same way, a
recent study demonstrated the capacity of the tyrosine
kinase inhibitor NVP-AEW541 to inhibit IGF1-receptor–
dependent proliferation of the human neuroendocrine tu-
mor cell lines BON and CM.22

Beside the antiproliferative effect of rapamycin, some
recent reports demonstrated that mTOR inhibition may
result in an up-regulation of Akt through the suppression
of mTOR/p70S6K-dependent feedback inhibition of the
pathway, resulting in Akt activation.23,24 In STC-1 cells
but not in GLUTag cells, we observed a transient activa-
tion of Akt after rapamycin treatment; another difference
observed between the two cell lines lies in the inhibitory
effect exerted by rapamycin on the phosphorylation of
Akt in STC-1 but not GLUTag cells: this may suggest that,
in STC-1 cells, rapamycin is able to interfere not only with
mTORC1 but also with mTORC2, which has been shown
to have long-term effects on the phosphorylation levels of
Akt.25 These differences between the two cell lines
confirm that the regulation of the PI3K/Akt/mTOR path-
way is cell dependent and suggest that it may also be
tumor dependent in human patients. Because the ac-
tivation of Akt may limit rapamycin efficacy, we de-
cided to interfere upstream and downstream of Akt by
combining LY294002 with rapamycin. This combina-
tion completely suppressed rapamycin-induced Akt
phosphorylation in the two cell lines used. Targeting
the PI3K/mTOR pathway upstream of Akt thus ap-
peared to be a promising strategy to improve the ef-
fects of mTOR inhibitors: this lends further support to
the use of PI3K inhibitors that are currently in clinical
trials.26

Preclinical studies with rapamycin or its analogues
have usually been performed only in vitro, except for the
work by Moreno et al.6 These authors used a subcutane-
ous xenograft model to demonstrate a significant de-
crease in tumor size in mice treated with rapamycin for 30
days. However, the subcutaneous model has little phys-
iopathologic relevance. In our study, we used a xenograft
model that mimics the major adverse event in the natural
history of neuroendocrine tumors, the intrahepatic dis-
semination and growth of tumor cells, resulting into the
formation of liver metastases. Indeed, as recently shown
by our group, the intrasplenic injection of STC-1 cells into
the spleen of athymic nude mice makes it possible to

obtain their secondary dissemination into the liver
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through the portal vein and the development of multiple
liver tumors, which closely mimics the clinical situation.9

The kinetics of intrahepatic growth of STC-1 cells in this
model is divided into three main stages: (1) engraftment;
(2) early growth characterized by the presence of small,
infralobular, well-delimited tumor nodules; and (3) late
growth resulting into the development of large nodules,
which progressively merge with the adjacent ones to give
rise to very large masses, especially into the subcapsular
area.9 This model can be used with other cell lines, as
shown here for GLUTag cells. We used this experimental
approach to assess the effects or rapamycin on the
growth of liver metastases.

To be as close as possible of the clinical challenge,
which is the control of metastases, we therefore evalu-
ated the effect of rapamycin on the evolution of estab-
lished intrahepatic STC-1 tumors. Rapamycin treatment
was started during the early growth period, 8 days after
intrasplenic injection, and maintained until day 25. With
this protocol, the total tumor tissue surface showed a
more than fourfold decrease in rapamycin-treated ani-
mals compared with untreated animals. Moreover, the
survival was considerably enhanced in mice receiving
rapamycin treatment. This significant antitumor effect
likely resulted from several mechanisms, including anti-
proliferative and antiangiogenic but not proapoptotic ef-
fects.

We first verified that, in keeping with the effects ob-
served in vitro, the mitotic index and the proliferative in-
dex were significantly decreased in vivo on rapamycin
treatment. In contrast, no change was detected in the
apoptotic index in the same conditions. In addition, VEGF
expression and intratumoral microvascular density were
much lower in intrahepatic nodules of rapamycin-treated
mice. This strongly suggests that the antitumor effects of
rapamycin in vivo are, at least in part, mediated through
indirect antiangiogenic effects. It is interesting to recall
that we have previously demonstrated that rapamycin is
able to inhibit in vitro VEGF secretion by STC-1 cells.27

Our in vitro results showing a synergistic effect of rapa-
mycin and LY294002 in the control of cell proliferation
prompted us to test this combination in vivo. The drug
combination, administered during the engraftment pe-
riod, resulted in a stronger inhibition of tumor growth than
rapamycin alone and in a concomitant stronger decrease
in VEGF expression. This effect was verified for the two
cell lines, STC-1 and GLUTag. This suggests that target-
ing the PI3K/Akt/mTOR pathway at both upstream and
downstream steps may be beneficial in clinical practice.

Altogether, the in vivo results demonstrated the capac-
ity of rapamycin to delay the progression of liver nodules.
Indeed, even when the treatment was started after the
formation of liver metastases, rapamycin was able to slow
tumor growth, likely as a result of a combination of a
direct antiproliferative action and of possible indirect ef-
fects, such as antiangiogenic properties.13,14 The inhib-
itory effects of rapamycin on tumor growth in vivo resulted
in prolonged survival and improved clinical status.

In conclusion, we were able to demonstrate a marked
antitumor effect in vivo in a physiologically relevant exper-

imental animal model, which underlines and reinforces
the interest of rapamycin and its analogues for the treat-
ment of digestive endocrine tumors. Furthermore, we
demonstrated a more potent antitumor efficiency by tar-
geting simultaneously several levels of the PI3K/mTOR
pathway. Further preclinical studies testing different po-
tential inhibitors are thus needed to confirm such prom-
ising therapeutic strategies.
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