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Selective drugs targeting dysregulated oncogenic pathways are
promising cancer therapies. Because the mammalian target of
rapamycin complex 1 (mTORC1) pathway is hyperactivated in
human follicular thyroid cancer (FTC), we hypothesized that its
inhibition could block cancer development and progression. We,
therefore, analyzed the effect of a treatment with a specific
mTORCI1 inhibitor (RAD001) in a faithful mouse model of FTC
with constitutive mTORC1 activation (TRB"Y?YPten*/~ mice).
The treatment did not prevent capsular and vascular invasion
of the thyroid and the occurrence of lung metastasis. However,
it substantially decelerated thyroid tumor growth, thereby
prolonging TRB"YPVPten+/— mouse life span. RAD001 efficiently
inhibited mTORCT1 activity, as shown by the reduced phosphor-
ylation of its downstream targets involved in the activity of the
translation machinery, such as ribosomal S6 kinase (p705°K),
eukaryotic translation initiation factor 4E binding protein (4E-BP1)
and the eukaryotic translation initiation factors eIF-4B and
elF-4G. Whereas mTORCT signaling inhibition did not alter cell
apoptosis, it induced a significant decrease in cell proliferation
that was associated with the reduced abundance and altered
activity of key regulators of cell cycle progression. Altogether,
our data indicate that mTORCI1 signaling plays a major role in
the integration of the mitogenic signal in FTC. Therefore, our
preclinical study with a relevant mouse model of FTC demon-
strates for the first time that RADO001 efficaciously stabilizes
cancer growth although it does not prevent its fatal outcome. In
conclusion, our work underscores that in the treatment of FTC
patients, RAD001 can only be used in combination with drugs and
therapies inducing tumor shrinkage and blocking metastasis.

Introduction

Thyroid cancer accounts for a large proportion of endocrine-related
cancer deaths each year. The origin of the vast majority of these
cancers is the follicular epithelium, for which there are three morpho-
logical subtypes: papillary thyroid carcinoma, follicular thyroid
carcinoma (FTC) and anaplastic carcinoma (1). The differentiated
thyroid cancers, papillary thyroid carcinoma and FTC constitute
~90% of thyroid cancers (2—4). The standard management of thyroid
cancer includes surgical resection, radiotherapy, radioactive iodine
and chemotherapy (5). Although the patients with differentiated thy-
roid cancer have a good prognosis, recurrence can develop in 20-40%
of patients, and with occurrence of extensive local invasion and dis-
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tant metastases, the prognosis is much poorer despite treatment (3).
Cytotoxic chemotherapy has limited effectiveness and is generally
limited to patients with rapidly progressing thyroid cancer unrespon-
sive or unsuitable for surgery, radioiodine and external beam radio-
therapy (6). Elucidating the molecular etiology of thyroid cancer is,
thus, critical to develop novel therapeutic strategies to treat thyroid
cancer patients.

The development of a mouse model of FTC (TRBFYFY mouse) has
provided us with the opportunity to dissect the complex alteration of
molecular pathways driving thyroid carcinogenesis (7). The TRBSPV/FY
mouse was created by a targeted mutation of thyroid hormone recep-
tor B gene (TRBPY) via homologous recombination and the Cre-LoxP
system (7). The TRV mutation was discovered in a heterozygous
patient with syndrome of resistance to thyroid hormone, a disease
where dysfunction of the pituitary—thyroid axis leads to high circu-
lating levels of thyroid-stimulating hormone (TSH) in the face of high
circulating levels of thyroid hormones (8). Because of the critical role
of TR in metabolism, growth and development, only one homozygous
resistance to thyroid hormone patient, who died at an early age, has
been reported (9). However, somatic mutations of TRs have been
observed in a wide array of human cancers, suggesting that mutant
TRs could activate oncogenic pathways (10). Indeed, as TRSFVFY
mice age, in addition to severe resistance to thyroid hormone, they
all develop FTC similar to human thyroid cancer, with pathological
progression from hyperplasia to vascular invasion, capsular invasion,
anaplasia and eventually metastasis to the lung (11). Our extensive
molecular analyses have shown that thyroid cancers in TR”Y?Y mice
exhibit similar molecular defects as in patients, including constitutive
activation of phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (Akt) (12-15), repression of peroxisome proliferator-activated re-
ceptor v signaling (16,17) and aberrant accumulation of both pituitary
tumor transforming gene (PTTG) (18) and B-catenin (19). Thus, our
mouse model faithfully recapitulates the molecular aberrations found
in human thyroid cancer and is suitable for preclinical studies.

In the past years, the extensive use of PI3K inhibitors in preclinical
and clinical studies has clearly demonstrated the crucial role of this
pathway in tumorigenesis (20). Using our mouse model of FTC, we
have shown that the potent PI3K inhibitor LY294002 significantly
prolongs mouse survival and diminishes thyroid cancer progression
(21). In contrast, further activation of the PI3K/Akt pathway in
TRBPYPV mice heterozygous for Pten (phosphatase and tensin homo-
log deleted from chromosome 10) (TRSYPVPten’~ mice), a tumor
suppressor gene that opposes the PI3K/Akt signaling, considerably
exacerbates the aggressiveness of the thyroid cancer (22). However,
because the PI3K/Akt pathway regulates a number of signaling path-
ways, including that of the mammalian target of rapamycin complex 1
(mTORCT1) (Figure 4A), the exact role of the PI3K/Akt downstream
pathways in the development and progression of thyroid cancer re-
mains elusive. In particular, mTORC1 is constitutively activated in
human cancers, but whether mTORCI1 is a critical driver of thyroid
carcinogenesis remains to be addressed (23,24).

The recent development of rapamycin analogs, which are selective
mTORCT inhibitors with antitumor activity and relatively minor tox-
icities, offers novel promising opportunities to better define the role
of mTORCI in oncogenesis and to treat thyroid cancer patients.
mTORC1 is composed of Raptor (regulatory associated protein of
mTOR) and mLST8 (mammalian Lethal with SEC13 protein 8).
Rapamycin and its derivatives bind to an abundant intracellular pro-
tein, FKBP-12, forming a complex that inhibits mTORC1 signaling.
Although the precise mechanisms of this inhibition are still unclear, it
has been proposed that these drugs would perturb the interaction of
the active mTOR kinase with Raptor, thereby displacing the substrates
from the mTOR catalytic domain (24).
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We, therefore, took advantage of the TRSPVPVPtent’~ mouse to
determine the involvement of mTORC1 signaling in the development
and progression of thyroid cancer. The mTORCI signaling was in-
hibited by treating TR 3”V/"VPten*’~ mice with the mTORCI inhibitor
RADOO1 (Everolimus), which is currently being tested in vivo on
various animal cancer models and in clinical trials (20) but not on
FTC. Here, we report that RADOO1 treatment did not prevent capsular
and vascular invasion of the thyroid and the occurrence of distant
metastasis to the lung of TRSYPVPten™~ mice. However, the treat-
ment prolonged the survival of TRB”Y"VPten™/~ mice by significantly
reducing thyroid cancer growth. In conclusion, our results suggest that
mTORCI signaling is essentially involved in cell proliferation. This
limited efficacy of RADOO1 in preventing thyroid cancer demon-
strated in the faithful and unique in vivo model of FTC indicates that
mTORCI inhibitors would be most beneficial in combination with
other therapies inducing tumor shrinkage and preventing metastasis.

Materials and methods

Animals and treatments

The care and handling of the animals used in this study were approved by the
National Cancer Institute Animal Care and Use Committee. Mice harboring the
TRBPV gene (TRB"V"Y mice) were prepared via homologous recombination,
and genotyping was carried out using the polymerase chain reaction method, as
described previously (7). Pten*’~ mice were kindly provided by Dr Ramon
Parsons (Columbia University, New York, NY) (25). TRB"Y"VPten™'~ mice
were obtained by crossing Pten™~ mice with TRB""/* mice and then TRS"V/*
Pten*’~ with TRB"Y*Pten*’* mice (22). RAD0O1 (Sigma—Aldrich Corp.,
St Louis, MO) was dissolved in 1.25% ethanol in water and given by oral gavage
twice a week at a dose of 10 mg/kg body wt starting at the age of 6 weeks. This
protocol of intermittent drug administration was chosen based on previous
works showing the long-term effect of biweekly administration of RADOO1
(5 mg/kg) on mTORCT1 signaling inhibition, with minimal immunosuppressive
properties (26,27). Mice were monitored until they became moribund with
rapid weight loss, hunched posture and labored breathing. The thyroids were
collected for weighing, histological analysis and biochemical studies.

Immunohistochemistry and in situ apoptosis detection

Formalin-fixed paraffin thyroid sections were deparaffinized, rehydrated, heated
to 98°C in 0.05% citraconic anhydride, pH 7.4 (Sigma-Aldrich Corp.), for
45 min and then blocked for 1 h in 10% goat serum at room temperature. After
washing in phosphate-buffered saline, slides were incubated overnight with
Ki-67 primary antibody (Thermo Scientific, Fremont, CA; #RB-9043-P0).
After washing, slides were incubated with goat anti-rabbit secondary antibody
for 90 min at room temperature and rinsed in phosphate-buffered saline. Slides
were then incubated in 3,3’-diaminobenzidene (DAB substrate kit for per-
oxidase; Vector Laboratories, Burlingame, CA; SK-4100), and after staining
development, they were counterstained in Gill’s Hematoxylin, rinsed and
mounted in Permount (Fisher Scientific, Pittsburgh, PA). Ki-67 immunostain-
ing was used to compare the proliferative index in placebo- and RADOO1-
treated TRB"”YPVPten*’~ mice. Cells were considered as positive when they
displayed a yellow/brown-stained nucleus. Three representative fields of a thy-
roid section were photographed for each animal (n = 4-5 animals per group).
The proliferative index was calculated as the percentage of Ki-67-positive
nuclei to the total number of nuclei on the thyroid section (1500-2500 total
nuclei were counted per microphotograph). Counting was performed using
National Institutes of Health (NIH) IMAGE software (ImageJ 1.34s; Wayne
Rasband, NIH, Bethesda, MD) (http://rsb.info.nih.gov/ij).

Apoptosis was detected using the ApopTag plus Peroxydase In Situ Apo-
ptosis Detection kit from Chemicon International (Millipore, Bedford, MA;
S7101) according to the manufacturer’s protocol. Tissue section from a rodent
mammary gland after weaning of pups was used as a positive control and
showed ~1% of apoptotic cells on the section, as expected.

Histological analysis

Thyroid glands, lungs, hearts and lymph nodes were dissected and embedded
in paraffin. Five micrometer thick sections were prepared and stained with
hematoxylin and eosin. For each animal, single random sections through the
thyroid, through the lung and through the heart were examined. For thyroids,
morphological evidence of hyperplasia, capsular invasion, vascular invasion
and anaplasia was routinely counted in that single section. Hyperplasia was
generally diffuse throughout the gland. Evidence of any of these changes in any
section was counted as positive for that change. On average, in those cases with
capsular invasion and/or vascular invasion, these morphological changes were
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seen in multiple locations (usually two or three) in any one single thyroid
section. The presence of a single microscopic focus of metastatic follicular
carcinoma in the lung was counted as a metastatic lesion in that animal.
Assessment of the number of metastatic cells was performed by counting cells
in each lung lesion per section, under a light microscope.

Western blot analysis

Preparation of whole-cell lysates from thyroid glands has been described
previously (12). The protein sample (50 pg) was loaded and separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis. After electropho-
resis, the protein was electrotransferred to a polyvinylidene difluoride
membrane (Immobilon-P; Millipore Corp., Bedford, MA). Antibodies used
according to the manufacturers’ manuals include phosphorylated Akt
(Serd73, #9271), Akt (#9272), Cyclin D3 (#2936), phosphorylated eIF-4B
(#3591), phosphorylated elF-4G (#2441), total elF-4G (#2469), phosphory-
lated glycogen synthase kinase (GSK) 3a/f (#9331), total GSK3f (#9315),
phosphorylated mTOR (Ser2448, #2971), total mTOR (#2972), phosphory-
lated p705°K (ribosomal S6 kinase) (Thrd21/Serd24, #9204), total p70S°K
(#9202), phosphorylated S6 (ribosomal protein S6) (Ser235/236, #4857), total
S6 (#2217), phosphorylated eukaryotic translation initiation factor 4E binding
protein (4E-BP1) (Thr70, #9455), total 4E-BP1 (#9644) and phosphorylated
retinoblastoma protein (pRb) (Thr70, #9307), all from Cell Signaling Technol-
ogies (Beverly, MA) and used at a 1:1000 dilution. Cyclin D1 (sc-450), Bax
(sc-7480), matrix metalloprotease-2 (MMP-2) (sc-10736) and pRb (sc-50)
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA)
and used at a 1:200 dilution. Secondary antibodies used were horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (Amersham Bio-
sciences, Piscataway, NJ) and detected using the Western Lightning chemilu-
minescence reagent plus system (PerkinElmer Life Sciences, Boston, MA).
The blots were stripped with Re-Blot Plus (Chemicon, Temecula, CA) and
reprobed with rabbit polyclonal antibodies to glyceraldehyde-3-phosphate de-
hydrogenase (#2118). Band intensities were quantified by using NIH IMAGE
software (ImagelJ 1.34s; Wayne Rasband, NIH) (http://rsb.info.nih.gov/ij).

Statistical analysis

Data are expressed as mean + standard error of the mean. Statistical analysis was
performed with the use of analysis of variance, and P < 0.05 was considered
significant unless otherwise specified. GraphPad Prism 5.0a (San Diego, CA)
was used to perform Kaplan—-Meier cumulative survival analysis and unpaired
Student’s #-test, with Welch’s correction when variances were unequal.

Results

The inhibition of mTORCI signaling by RADOOI significantly
augments survival by inhibiting thyroid tumor growth

To test the hypothesis that mTORCI1 could be a potential target for
preventing the progression of thyroid cancer, cohorts of 6-week-old
TRBPVPVPtent’— mice received orally either the placebo or the
RADOO1 biweekly until they became moribund with palpable tumors,
rapid weight loss, hunched posture or labored breathing (n = 12 in
each group). At 6 weeks, TRBPVPVPten™~ mice displayed early
thyroid hyperplasia, which is a benign lesion (data not shown).

Analysis of the survival curve shows that RADOO1-treated
TRPVPVPtent’~ mice died at a significantly older age (50% survival
age: 6.4 months) than placebo-treated TRB"V"VPten™'~ mice (50%
survival age: 5.0 months) (P < 0.01) (Figure 1A). These results
indicate that RADOO1 was effective in prolonging the survival
of TRBFPVPVPtent’~ mice. In all placebo- and RADOOI-treated
TRBPYPVPten™~ moribund mice, the trachea was compressed due
to the enlargement of the thyroid. The thyroid weight was determined
and expressed as the ratios of thyroid to body weight (Figure 1B). The
delayed morbidity of RADOO1-treated TRB"Y/PYVPten™'~ mice was
associated with a substantial decrease in thyroid weight as compared
with placebo-treated TRSPYPVPten™’~ mice (P < 0.001) to reduce
the compression of the trachea. This decrease in thyroid weight was
not accompanied with any significant changes in the body weight
(Figure 1C, P = 0.096, data not significant).

We then evaluated whether RADOO1-induced reduction in thyroid
growth resulted from either decreased cell proliferation or increased
cell apoptosis or both. The antiproliferative effect of RADOOI
was clearly illustrated by the reduced distribution of the cell prolifer-
ation marker Ki-67 on thyroid sections of RADOOI1-treated
TRBPYPVPten™~ mice as compared with the placebo group
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(Figure 2A). The quantification of Ki-67-stained nuclei showed a ~2-
fold decrease in their percentage in the thyroids after RADOO]1 treat-
ment (Figure 2B, P < 0.01).

Assessment of cell apoptosis by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling assay confirmed that
the basal level of cellular apoptosis is dramatically low in the thy-
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roids of placebo-treated TRSPYPYPten™’~ mice (22) (Figure 2C).
RADOO1 treatment did not result in any changes in the apoptotic
activity, as apoptotic cells were also barely observed in thyroid
lesions (Figure 2C). As a positive control, an involuting mammary
gland from a wild-type female mouse after pup weaning exhibited
numerous apoptotic cells (arrows in Figure 2C). Altogether, our
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Fig. 1. mTORCI signaling inhibition by RADOO1 augments life span by decreasing thyroid tumor growth. (A) Kaplan-Meier survival curves for TRS"YFYPten™'~
mice treated or not with RAD0O1. TRB"Y"VPten*’~ mice received the placebo or RAD001 (10 mg/kg body wt) twice a week by oral gavage from 6 weeks

of age until they had to be euthanized because of sickness. (B) Thyroid glands of TRB”YFYPten™~ mice, treated or not with RAD001, were dissected and
weighed. The data are presented as ratios of thyroid weight to body weight. The difference in the thyroid weight between TRB"Y/"VPten*’~ mice treated or not
with RADOOI is significant (P < 0.001), as determined by Student’s r-test analysis. (C) Body weights of TRB”Y"VPten™~ mice receiving placebo or RAD0OI.
Student’s #-test analysis did not show any significant difference (P = 0.096; NS, not significant).
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Fig. 2. Inhibition of mTORCI signaling reduces cell proliferation without affecting cell apoptosis in FTC. (A) Representative microphotographs of Ki-67
immunohistochemistry on sections of placebo- and RADOO1-treated TRB”Y/FVPten’~ thyroids counterstained by hematoxylin; bar, 50 um. (B) Thyroid cell
proliferative index, determined by Ki-67 immunohistochemistry in the two groups, shows that there is a significant reduction in the percentage of proliferating
cells in the thyroids of RADOO1-treated TRB"""YPten™~ mice (n = 4 mice) as compared with placebo-treated TRB"Y"VPten’~ mice (n = 5 mice).

(C) Representative microphotographs showing no increase in apoptosis in RADOO1-treated animals after prolonged treatment, as measured by terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling assay. Involuting wild-type female mammary gland, used as a positive control for terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling assay, shows apoptotic epithelial cells (depicted by arrows); bar, 50 pum.
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results indicate that RADOOI exerts an antiproliferative rather than
a proapoptotic effect to decelerate tumor growth in the thyroid.

The inhibition of mTORCI signaling by RADOOI does not prevent
thyroid cancer development and aggressiveness

Whether the decreased thyroid tumor growth induced by RADO0O1 was
associated with the prevention of thyroid cancer development and
aggressiveness was analyzed by histology. Figure 3 shows represen-
tative pathological features of the thyroids and lungs of placebo- and
RADOO1-treated TRPVPVPtent’~ mice. All placebo- and RAD001-
treated mice displayed thyroid cancer as shown by the occurrence of
advanced thyroid hyperplasia and capsular invasion (Figure 3A, top
rows, and Figure 3B). Vascular invasion of the thyroid (Figure 3A,
arrows in middle rows) and metastatic spread to the lung (Figure 3A,
arrows in lower rows) occurred at the same percentage in placebo- and
RADOO1-treated TRB?VPVPten’~ mice (Figure 3B). In both groups,
lung metastasis consisted of micro-metastases. Further analyses in-
dicated that there was no difference in the extent of lung metastasis
between the two groups, in terms of number of lesions and metastatic
cells (data not shown). Therefore, the inhibition of mTORCI signal-
ing neither prevented the development of thyroid cancer nor did it
block the progression of thyroid cancer in TRfYFPVPten™~ mice.

The inhibition of mTORCI signaling by RADOOI affects the
translation initiation machinery and key regulators of cell cycle
progression

Signaling through the PI3K/Akt/mTORCI1 pathway leads to an in-
crease in protein translation, particularly of proteins involved in cell
cycle progression. To understand how RADOO1 decreased thyroid
tumor growth, we examined the activity of components of mTORCI1
signaling (Figure 4A). RADOO1 treatment strongly inhibited p70SK
activity, as shown by its reduced phosphorylation in the wild-type as
in the TRBPVPVPtent’~ thyroids (Figure 4B). Consistently, the phos-
phorylation of a p705°K downstream target, i.e. the ribosomal protein
S6, was also strongly decreased (Figure 4B). The present western blot
analysis of the 4E-BP1 showed several bands of the phosphorylated
and total proteins, an observation that has been reported by others (28)
(Figure 4B). The abundance of 4E-BP1 was very low in the wild-type
thyroids, and RADOO1 did not consistently affect its phosphorylation
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levels (Figure 4B, lanes 1 and 2). However, RADOO1 treatment
reduced the phosphorylation of 4E-BP1 in TRY?VPtent/~ thyroids
(Figure 4B, compare lanes 3 and 4 with lanes 5 and 6). It also slightly
affected the total levels of 4E-BP1, suggesting that in the
TRBPVPVPtent’~ thyroids, RADOO1 may regulate the translation of
this protein. Altogether, our data clearly indicate that RADOO]1 treat-
ment suppressed the activity of mTORCI signaling, thereby affecting
the activity of proteins involved in messenger RNA translation.

We then studied the phosphorylation of eukaryotic translation
initiation factor (elF) 4B (elF-4B) and 4G (elF-4G), two proteins that
are directly involved in the activity of the translation machinery
(Figure 4A). Consistent with the decreased mTORCI1 activity in
RADOO]1-treated animals, there was a modest but significant decrease
in the phosphorylation of elF-4B and elF-4G (Figure 4C, compare
lanes 3 and 4 with lanes 5 and 6).

The findings that mTORCT1 inhibition affected cell proliferation
(Figure 2A and B) in TRBPYPVPten™/~ thyroids prompted us to study
the abundance and activity of proteins involved in Go/G; to S phase
transition. mMTORC1 has been reported to regulate the translation of
the cell cycle effectors Cyclin D1 (29,30) and Cyclin D3 (29-32). The
present western blot analyses showed that RADO0O1 did not signifi-
cantly affect Cyclin D1 abundance (Figure 4D, compare lanes 1-3
with lanes 4-6) but reduced Cyclin D3 protein levels by ~2.5-fold in
TRBPY/PVPten™'~ thyroids (Figure 4D, compare lanes 1-3 lanes with
4-6). We also tested the hypothesis that the inhibition of mTORC1
pathway by RADOO1 would decrease the phosphorylation of the pRb,
which, in its unphosphorylated state, is a negative regulator of cell
cycle progression by binding to and inhibiting critical regulatory pro-
teins, including members of the E2F family of transcription factors.
Cyclin D complexed with cyclin-dependent kinase 4 is essential for
the phosphorylation of pRb, thereby releasing E2F family of tran-
scription factors to propel cell cycle progression (33,34). In addition,
the mTORCT1 signaling can induce cyclin-dependent kinase 4 phos-
phorylation and thereby regulate pRb activity (32,33). We found a sig-
nificant diminution in the phosphorylation levels of pRb in the
thyroids of TRSFPYVPVPtent’~ mice (Figure 4D, compare lanes 1-3
with lanes 4-6). Altogether, our results indicate that the inhibition
of mTORCI signaling affects the translation and the activity of pro-
teins involved in cell proliferation.
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Fig. 3. mTORCI inhibition does not block capsular and vascular invasion of the thyroid and metastasis in TR"Y"VPten*’~ mice. (A) Hematoxylin and
eosin staining of thyroids (top and middle rows) and lungs (lower rows) from TRpB"Y"VPten*’~ mice receiving the placebo or RAD001. Hyperplastic thyroids
show capsular invasion in the surrounding tissue in placebo-treated TRB”Y"YPten*’~ mice (top row, in the muscle, shown as m) and in RAD0O1-treated
TRBPVPVPten™~ mice (top row, in the fat tissue, shown as f). Both groups displayed vascular invasion as shown by the thyroid cells in vessels (pointed by the
arrows in middle rows). Lung metastasis was observed in both placebo- and RAD0O1-treated TRB”""VPten™~ mice (depicted by arrows in lower rows).

(B) Sections of thyroids and lungs from placebo- and RAD001-treated TRB”""VPten™~ mice were stained with hematoxylin and eosin and analyzed for pathological
progression of thyroid cancer, i.e. advanced hyperplasia, capsular invasion, vascular invasion of the thyroid and metastasis spread to the lung. The data are
expressed as the percentage of occurrence of total mutant mice examined; NS, not significant (P > 0.05).
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the hyperphosphorylation of eIF4-B, which then promotes the ‘unwinding’ of the RNA secondary structures. Thus, mMTORC1 is a master regulator of components
of the translation machinery, thereby controlling protein synthesis. (B) Total protein extracts were prepared from thyroids of wild-type mice (lanes 1 and 2)
and thyroid tumors of TRB"Y"VPten*’~ mice (lanes 3-6) treated or not with RADOO1, as described in Materials and Methods. Western blot analysis of
phosphorylated p705°K, total p705°K, phosphorylated S6, total S6, phosphorylated 4E-BP1, total 4E-BP1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a loading control. The ratios of phosphorylated protein to total protein levels, after quantification of the band intensities for each sample, are
indicated. (C) Total protein extracts were prepared from thyroid tumors of TRS”Y"VPten™~ mice receiving the placebo (lanes 1-3) or RAD001 (lanes 3-6), as
described in Materials and Methods. Western blot analysis of phosphorylated eIF-4B, phosphorylated eIF-4G, total eIF-4G and GAPDH as a loading control.
The ratios of phosphorylated elF-4B to GAPDH and those of phosphorylated eIF-4G to total eIF-4G protein levels, after quantification of the band intensities
for each sample, are indicated. (D) Total protein extracts were prepared from thyroid tumors of TRS”Y"VPten™’~ mice receiving the placebo (lanes 1-3) or
RADOO1 (lanes 3-6), as described in Materials and Methods. Western blot analysis of Cyclin D1, Cyclin D3, phosphorylated pRb, total pRb and GAPDH as
a loading control; ns, non-specific band. (E) Western blot analysis of Bax, MMP-2 and GAPDH as a loading control.

That mTORCI inhibition by RADO0O01 did not alter cell apoptosis in
TRBPVPVPtent~ thyroids was reflected by the absence of changes in
the protein levels of the proapoptotic factors Bax (Figure 4E, compare
lanes 1-3 with lanes 4-6) and Bim (data not shown). Consistent
with the absence of detection of apoptotic cells on thyroid sections
(Figure 2C), we were unable to detect cleaved caspase-3 by western
blot (data not shown). In addition, the lack of effect of RADOO1 on
capsular and vascular invasion (Figure 3A and B) is associated with
virtually unaltered abundance of MMP-2, which plays an important
role in cell invasion and metastasis (Figure 4E, compare lanes 1-3
with lanes 4-6).
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mTORC1 inhibition has moderate effect on Akt-signaling pathway
and does not alter mitogen-activated protein kinase (extracellular
signal-regulated kinase 1/2) pathway

In several cancer cell types, the existence of a negative feedback loop
wherein the mTORC 1 -activated p70S°% decreases PI3K/Akt activity
has been uncovered (35,36). In these cells, treatment with RADOO1
disrupts the feedback loop, thereby leading to PI3K/Akt signaling
activation. This mechanism would explain the limited efficacy of
mTORCI inhibitors in some cancers. On the other hand, prolonged
treatment with rapamycin may perturb the assembly of mTOR into



mTORC2 complex, and in ~20% of cancer cell lines, the drop in
intact mTOR is sufficient to strongly inhibit Akt signaling (37,38).
We, therefore, studied the effect of prolonged RADOOI treatment on
the activity of Akt signaling in the thyroids. We observed a modest
increase in the activity of Akt in the thyroids of RADOO1-treated
TRBPVPVPtent’~ mice (Figure 5A, compare lanes 1-3 with lanes
4-6). That Akt activity was increased by RADOO1 treatment in the
thyroids of TRBPYPVPtent’~ mice prompted us to assess whether the
activity of its downstream targets, such as mTOR and GSK3B,
was also affected. However, neither the phosphorylation levels of
mTOR nor those of GSK3[3 were consistently altered by the treatment
(Figure 5A, compare lanes 1-3 with lanes 4-6).

The existence of another mTORC1-p708¢K negative feedback loop
that represses mitogen-activated protein kinase [extracellular signal-
regulated kinase 1/2 (ERK1/2)] pathway has been reported recently
(39). Indeed, the use of RAD001 in a mouse model of prostate cancer
and in some cancer patients leads to an increase in mitogen-activated
protein kinase signaling activity, thereby limiting the efficacy of
the treatment (39). We, thus, determined whether RADOO1 stimulated
the activity of ERK1/2 in the TRB"Y/PVPten*/~ thyroids (Figure 5B).
We did not detect any consistent changes in the ratios of phos-
phorylated to total ERK1/2 (Figure 5B, compare lanes 1-3 with lanes
4-6). Altogether, these data indicate that in the thyroids of
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TRBPVPVPtent’— mice, RADOO1-repressed mTORCI signaling has
moderate effect on PI3K/Akt signaling and does not alter ERK1/2
signaling.

Discussion

The clinical development of mTORCTI inhibitors has offered the new
opportunity to target mTORC1-signaling pathway in cancer therapy
and to better understand its role in cancer. These immunosuppressive
compounds possess antiproliferative and antitumor activities both
in vitro and in vivo. Their efficacy, either alone or in combination
with other agents, is currently being investigated in a large number
of preclinical studies and of Phase I-III oncology clinical trials (20).
Whereas preclinical studies and clinical trials have focused on their
potential benefits for the treatment of a wide array of cancers, there is
still, to our knowledge, no report on thyroid cancer.

The study of the effects of mMTORCTI inhibition in a unique murine
model of thyroid cancer, the TRB”Y?VPten™'— mouse, which displays
a dramatic activation of mTORCI signaling (22), has provided us
with the opportunity to evaluate for the first time the role of this
signaling pathway on the development and progression of thyroid
cancer. RADOO1 treatment was started at 6 weeks, an age when
TRBPYPVPten™~ mice display mild thyroid hyperplasia but no
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Fig. 5. mTORCI signaling inhibition by RADOO1 does not alter PI3K/Akt and mitogen-activated protein kinase (ERK1/2) pathways in the thyroid tumors of
TRBPVPVPten™~ mice. Total protein extracts were prepared from thyroid tumors of TRB”YPVPten™’~ mice receiving the placebo (lanes 1-3) or RAD001
(lanes 3-6), as described in Materials and Methods. (A) Western blot analysis of phosphorylated Akt, total Akt, phosphorylated mTOR, total mTOR,
phosphorylated GSK3, total GSK3p and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. The ratios of phosphorylated protein

to total protein levels, after quantification of the band intensities for each sample, are indicated. (B) Western blot analysis of phosphorylated ERK1/2, total ERK1/2

and GAPDH as a loading control.
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thyroid cancer. Here, we show that although mTORCI inhibition did
not prevent the occurrence of thyroid cancer, it markedly decreased
thyroid cancer growth, thereby prolonging the life span of the mice.
To ascertain that the effect of RADOO1 in delaying thyroid cancer
growth did not involve the pituitary hormone TSH, which is a major
stimulator of thyrocyte growth, we compared serum TSH levels in
mice with or without RADOO1 treatment (supplementary Figure 1 is
available at Carcinogenesis Online). However, we did not observe any
significant differences in serum TSH levels between groups. These
results indicate that the delayed cancer growth of TRB”VFVPtent/~
thyroids induced by mTORCI inhibition did not involve the partici-
pation of TSH.

The present biochemical studies indicate that RADOO1 strongly
suppressed mTORCI1 activity in the thyroid, as shown by the reduced
phosphorylation of its downstream targets involved in the activity of
the translation machinery, i.e. p705°K, 4E-BP1 and the eukaryotic
translation initiation factors elF-4B and eIF-4G. The inhibition of
mTORC1 by RADOO1 specifically triggered tumor growth by
decreasing cell growth and proliferation without affecting cell apo-
ptosis, as shown in other studies (30,40-42) (Figure 6). In the thyroid
cancer of TRBPVPVPtent’~ mice, we found that inhibition of
mTORCI signaling reduced the levels of Cyclin D3 and decreased
the phosphorylation of pRb, thereby consistently diminishing cell
cycle progression. Finally, that Cyclin D1 abundance, in contrast with
that of Cyclin D3, was not regulated by mTORC1 in thyroid cancer of
TRBPY’PVPten™~ mice has been observed in other cancer cells (32).
These results suggest that these two related proteins can be regulated
by distinct signaling pathways.

The present findings are consistent with the observations obtained
in mice that have selectively lost the Pren gene in the thyroid
[Pten™t; TPO-Cre mice (43)]. The loss of Pren in thyroid cells in
Pten™!; TPO-Cre mice leads to increased activation of the Akt signal-
ing and induces mild thyroid hyperplasia (43). RADOO1 treatment of
Pten't; TPO-Cre mice leads to reduced thyroid growth by affecting
cell proliferation, but it does not reverse thyroid abnormalities (43).
Importantly, our mouse model of thyroid cancer shows that despite
a significant reduction in tumor growth, mTORCI1 signaling inhibition
did not fully prevent thyroid cancer progression as shown by similar
occurrence of advanced hyperplasia, capsular extension and vascular
invasion in the thyroids and lung metastasis. That mMTORCI inhibition
had a limited effect on thyroid cancer progression prompted us to
determine whether this could be due to the activation of the PI3K/

PI3K
\
Akt
\%
=4 mTORC1
¥ A
Cell Cell

Igrowth@ proliferation@I

Tumor growth 4

v

Lifespan I

Fig. 6. Proposed model for the effect of the inhibition of mTORCT1 signaling
by RADOO1 in the thyroids of TRB”Y"YPten*’~ mice. RAD001 significantly
inhibits the activity of the mTORCI1 downstream targets belonging to the
translation initiation machinery. Whereas the treatment did not inhibit

cell migration to prevent cancer progression or exert noticeable proapoptotic
actions, it consistently reduced cell proliferation, thereby reducing

thyroid cancer growth to augment mouse life span.
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Akt or mitogen-activated protein kinase-signaling pathway via a neg-
ative feedback loop arising from p705°K, as described by others
(23,24,35,36,39). However, the present biochemical studies indicate
that RADOO1 did not consistently affect the activity of either signaling
pathways in the thyroid cancer of TRSPVPVPtent’~ mice. For in-
stance, the activity of the downstream PI3K/Akt target, GSK3p,
which is involved in the regulation of Cyclin D1 abundance, was
not altered. In addition, the abundance of PI3K/Akt downstream ef-
fectors such as Bax, which is involved in cell apoptosis, and MMP-2,
which is involved in cell migration, was not affected. Therefore, in the
thyroid cancer of TRSPYPVPtent’~ mice, the activity of mTORCI-
p70S°K negative feedback loop is negligible and does not account for
the limited efficacy of RADOO1 on thyroid cancer progression.

We have recently shown that the treatment of TRSPVFY mice with
a potent and specific PI3K inhibitor, LY294002, significantly delays
tumor progression and efficiently blocks tumor invasion and metas-
tasis (21). The effect of the LY294002 treatment on TRSFV/PY thyroid
cancer results from alterations in multiple pathways downstream of
the PI3K signaling. Indeed, the activity of mTORC1-p705°K pathway
that regulates cell proliferation is attenuated in LY294002-treated
TRBPVPY mice. In addition, the activity of other PI3K downstream
targets regulating cell migration and cell survival, such as MMP-2 and
Bad, respectively, is altered to decrease cell migration and increase
cell apoptosis (21). Altogether, the comparison of the present study
using the mTORCT inhibitor RADOO1 with our previous work eval-
uating the effect of LY294002 further emphasizes the idea that
mTORCI1 pathway plays an important role in thyroid tumor growth
by regulating cell growth and proliferation but that PI3K-dependent
mTORC1-independent pathways are critical in mediating tumor pro-
gression and invasiveness.

In conclusion, this study indicates that the mTORCI signaling, via
its action on the translation initiation machinery, regulates thyroid
cancer growth by stimulating cell growth and proliferation (Figure 6).
However, mTORC1-signaling pathway does not regulate cell survival
and cell migration, two processes that contribute to cancer growth,
progression and metastasis. Therefore, our work strongly supports the
idea that the signaling pathways involved in tumor growth and me-
tastasis are different. This preclinical study, which may pave the way
for clinical trials on thyroid cancer, suggests that optimal therapy in
thyroid cancer with overactivated PI3K/Akt signaling could be ob-
tained if mTOR inhibitors are used in combination with other drugs or
therapies that target cell apoptosis and block cell migration.
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Supplementary Figure 1 can be found at http://carcin.oxfordjournals
.org/
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