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Pituitary adenomas (PAs) are common intracranial lesions. Available medical therapies are limited
in PAs, and therefore, it is essential to identify treatments that control PA growth when surgery is
not an option. Fibroblast growth factor 4 is implicated in PA pathogenesis; therefore, in this study,
we used an isogenic mammosomatotroph cell line (GH4C1) harboring different fibroblast growth
factor receptor (FGFR)-4 genotypes to establish and characterize intracranial xenograft mouse
models that can be used for preclinical drug testing. We show that proliferating GH4C1 tumors
have an average latency of 3 weeks to form. Histological analysis revealed that prototypic FGFR4
(G388) tumors express increased prolactin and less GH, whereas tumors possessing the polymorphic
variant of FGFR4 (R388) express increased GH relative to prolactin. All tumors show abundant
mammalian target of rapamycin (mTOR) signaling as confirmed using phosphorylated (p)-S6 and
p-4E-binding protein 1 as downstream regulators of this pathway. We subsequently demonstrate
that the mTOR inhibitor RAD001 decreases tumor growth rate and reduces p-S6 but not p-4E-
binding protein 1 activation, regardless of FGFR4 status. More importantly, GH activity was sig-
nificantly reduced after mTOR inhibition in the R388 polymorphic variant tumors. This reduction
was also associated with a concomitant reduction in serum IGF-1 levels in the R388 group. In
summary, we demonstrate that the GH4C1 FGFR polymorphic xenograft is a useful model for
examining PAs. Furthermore, we show that RAD001 can efficiently reduce tumor growth rate by
a reduction in mTOR signaling and more importantly results in control of GH expression and IGF-1
secretion, providing further support for using mTOR inhibitors in PA patients, in particular GH-
producing adenomas. (Endocrinology 157: 3577–3587, 2016)

Pituitary adenomas (PAs) are benign intracranial neo-
plasms that are prevalent in up to 20% of the general

population (1). There are many histological subtypes of
PAs, and they can be either hormonally active or inactive
presenting with various endocrine abnormalities and clin-
ical manifestations (2). Despite their benign and often in-
dolent nature, PAs have a tendency for invasion into areas
surrounding the pituitary fossa such as the optic chiasm
and/or into the cavernous sinus (3). Furthermore, most
PAs that come to clinical attention are hormonally inactive

macroadenomas, typically of gonadotroph differentiation
(2), and so do not respond to current medications such as
dopamine agonists or somatostatin analogs. The primary
therapeutic strategy for most PAs is surgery; however, PA
recurrence after surgical resection occurs in approxi-
mately 15%–20% of cases (4). Moreover, for those PAs
involving surrounding structures, achieving complete re-
section remains challenging, and therefore, identifying
medical therapies that effectively restrict tumor growth is
a clinical priority.
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The molecular mechanisms that are involved in PA ini-
tiation and progression are not yet well established. Some
molecular initiators of pituitary tumorigenesis have been
identified. For example, somatic mutations resulting in G
protein abnormalities and subsequent increases in cAMP
levels have been identified in a subset of GH-PA (5). RAS
mutations also occur, but these are limited to the rare
metastatic pituitary carcinoma (6). Further exploration is
required to make targeted therapeutics for the manage-
ment of PAs a realistic option. There has been accumu-
lating evidence to support that modulation of growth fac-
tors and their receptors are necessary for normal pituitary
growth and function. For example, deletion of fibroblast
growth factor-10 or its receptor, the fibroblast growth
factor receptor (FGFR)-2IIIb isoform, leads to the failure
of pituitary development (7). Dysregulation of these fac-
tors may lead to abnormal pituitary growth and tumor
development. For example, fibroblast growth factor-2
mRNA has been shown to be overexpressed in PAs (8).
Recent interest has focused on FGFR4, which is a 110-kDa
transmembrane kinase that is involved in mitogenesis and
angiogenesis (9). A 60-kDa N-terminally truncated pitu-
itary tumor-derived variant of FGFR4 (ptd-FGFR4) has
been identified in 40%–50% of PAs but not in normal
pituitary (10). Preclinical evidence suggests that ptd-
FGFR4 but not full-length FGFR4 confers oncogenic
properties to pituitary tumor cells. In human PA tissue,
positivity for ptd-FGFR4 has been associated with in-
creased PA aggressiveness (11).

Germline allelic alterations in FGFR4 have also been
identified in PAs. An adenine to guanine single-nucleotide
polymorphism (SNP) at codon 388 of the FGFR4 gene
results in a glycine to arginine substitution in the trans-
membrane domain of the FGFR4 protein (FGFR4-
G388R) (12). This SNP correlates with the increased
growth and GH production in GH4C1 cells and human
GH-PA tissue. Furthermore, in a knock-in mouse model
harboring the FGFR4 SNP, a GH-secreting tumor devel-
ops in approximately 12 months (13).

There is a paucity of data regarding downstream mo-
lecular mechanisms from FGFR4 in PAs. Ezzat et al (14)
have reported that ptd-FGFR4 promotes oncogenic trans-
formation by disturbing the neural cell adhesion molecule-
�-catenin complex, thereby disrupting normal cell-to-cell
interactions. In their study, an FGFR4 inhibitor was used
to restore the neural cell adhesion molecule complex and
reduce cell and tumor growth. In the FGFR4-G388R SNP,
src and signal transducer and activator of transcription
(STAT)-3 serine phosphorylation was shown to promote
growth, whereas STAT3 tyrosine phosphorylation mod-
ulated hormone secretion (13, 15).

Recent interest has focused on the phosphatidylinositol
3-kinase/mammalian target of rapamycin (mTOR) path-
way, the signaling cascade important for maintaining
growth and homeostasis within the cell. It is ubiquitously
overexpressed in cancer and has been shown to be over-
expressed in PAs, particularly in nonfunctioning pituitary
adenoma and GH-PA (16, 17). It has been demonstrated
that the mTOR inhibitors are effective in PA cells by re-
ducing cell viability and proliferation and also arresting
cells early in the cell cycle (18, 19). The phosphatidylino-
sitol 3-kinase/mTOR pathway is frequently initiated by
activation of receptor tyrosine kinases that may include
FGFR4. The aim of this study is to determine the expres-
sion and activation status of the mTOR pathway in dif-
ferent FGFR genotypes (wild type G388 and polymorphic
R388) using xenograft mouse model tumors and, further-
more, establish how FGFR variants may influence sensi-
tivity to mTOR inhibition and ultimately hormone levels
and tumor growth using RAD001.

Materials and Methods

Cell lines and culture conditions
Rat pituitary GH4C1 mammosomatotroph cells were used

for this study. The cell lines were maintained as described pre-
viously by (13).

In brief, cells were cultured in Ham’s F10 medium, 12.5%
horse serum, and 2.5% fetal bovine serum (FBS; Sigma), 2 mM
glutamine, 100 IU/mL penicillin, and 100 �g/mL streptomycin
(37°C, 95% humidity, 5% C02 atmosphere incubation).

Plasmids and generation of stable cell lines
Plasmids encoding human prototypic FGFR4 (G388) or the

polymorphic form FGFR4 (R388) were generated and stably
transfected into GH4C1 as previously described (13). Construct
fidelity was confirmed by DNA sequencing after introduction
into pcDNA 3.1. Cells were transfected using Lipofectamine
2000 (Life Technologies) according to the manufacturer’s in-
structions. Stable clones were selected using neomycin (G418) at
a concentration of 0.7 �g/mL.

Animal models
All animal experiments and protocols were approved by the

University Health Network (UHN) Animal Care and Use Com-
mittee. Immune-compromised, nonobese severe combined im-
munodeficiency (NOD-SCID) male mice were purchased from
Jackson Laboratory and used for intracranial studies. Cell lines
used were GH4C1 cells (parental control), G388, and R388 rep-
resenting the SNP variant FGRF4-expressing cells. GH4C1
empty vector (PC) transfected cells were also used as controls.

Xenografts were generated as previously described (20).
Briefly, 6-week-old NOD-SCID mice were anesthetized and the
scalp was opened with a 1-cm incision, and the landmark was
identified for injections. Cell lines were stereotactically injected
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into the right frontal lobe at 1 mm anterior and 2 mm lateral to
bregma at 3 mm depth from the dura. At first, we used a serial
dilution of 105 and 106 cells injected intracranially to optimize
the best preclinical models for PA xenografts. Injection of 106

cells resulted in very rapid tumor development, precluding ac-
curate growth rate studies on magnetic resonance imaging
(MRI). Injection of 105 cells resulted in tumors with very long
growth latency periods on the order of several months. We there-
fore chose an intermediate cell number of 500,000 cells that
would produce a model that allowed for accurate preclinical
studies to examine growth response to therapeutics drug studies.
We also confirmed that on immunohistochemical characteriza-
tion, the tumors we created in this manner maintained hormonal
expression pattern, coexpressing GH and prolactin (PRL) in PC,
G388, and R388 mice. The R388 tumor expressed more GH
relative to the G388 and PC tumors, which was in line with what
has been reported previously using these cells (13). All mice were
injected on the same day. Mice were monitored closely by serial
MRI, starting at week 2 and killed at a fixed time point for all
mice at the end of the treatment period to allow a direct com-
parison and response to treatment between all arms.

To characterize the tumor growth rate using PC, G388, or
R388 cell lines, we initially generated xenografts on 30 mice,
which included 10 mice in each arm. For drug treatment studies,
we generated additional xenografts and each treatment arm in-
cluded 10 mice. In instances when signs of illness developed,
typically characterized by hunched or abnormal posture, de-
creased movement, lethargy, paralysis, or weight loss prior to
end of the treatment period, the mice were killed. Therefore, the
final statistical analysis was performed on eight mice in each arm,
for which MRI images were available at all time points.

Magnetic resonance imaging
MRI was performed with a 7 Tesla Biospec 70/30 (Bruker

Corp), using the B-GA12 gRTient coil insert and 7.2-cm inner
diameter linearly polarized volume resonator coil for radiofre-
quency transmission as detailed previously (21).

The protocol provided a stack of transverse two-dimensional
slices with shared geometric prescription (16 � 16 mm field of
view), testing multiple contrast mechanisms, as follows: 1) T2-
weighted rapid acquisition relaxation enhancement (RARE) an-
atomical imaging (echo time [TE] or TE � 72 milliseconds; rep-
etition time [TR] or TR � 5000 milliseconds; RARE factor � 16;
readout bandwidth � 50 kHz; 25 � 125 � 500 �m voxels) for
1 minute 20 seconds; and 2) contrast-enhanced, T1-weighted
RARE (TE � 8 msec; TR � 1200 msec; RARE factor � 4; read-
out bandwidth � 81.5 kHz; 125 � 125 � 500 �m voxels; start
imaging at 5 min after contrast) for 1 minute 20 seconds.

For anatomical images, the MRI sequence of T1 � gadolin-
ium was used and correlated with T2-weighted images. We found
a close correlation between T1 � gadolinium and T2 weighted for
determining tumor boundaries and overall volume. Therefore,
T2-weighted images were primarily used for calculating longi-
tudinal tumor volume and growth rate in this study (please see
detailed below).

Treatment schedule
After an intracranial injection, the tumor development was

monitored using MRI, beginning at 2 weeks after the intracranial
tumor cell implantation. After tumor formation was noted on

MRI, to ensure approximately similar tumor volumes at the start
of treatment, mice were randomly stratified into control or treat-
ment arms. Treatment consisted of daily ip injections of 5 mg/kg
RAD001 (Cedarlane) or vehicle used as control. Treatment
lasted for 3 weeks at which point the mice were killed and their
brains extracted and placed into formalin for histological anal-
ysis. For five mice in each of the three cell subtypes, tumors were
isolated using a surgical microscope and preserved in liquid ni-
trogen for Western blot analysis (see below for details). MRI was
performed weekly on all animals while on treatment to allow
tumor volume analysis as detailed below.

Tumor size measurement
Serial magnetic resonance images were used to establish the

tumor volumes and growth rates. ITK-SNAP was used to analyze
the MR images (www.itksnap.org; [22]). The tumor region of
interest on T2-weighted images was manually defined and used
to measure the tumor volume. To estimate the tumor growth
rate, we used a previously established formula for measuring a
tumor volume doubling time (TVDT): TVDT � t � log22/log2
(Vf/V0), where t is the time interval between the first and second
MRI examinations, V0 is the initial tumor volume, and Vf is the
final tumor volume (23). The TVDT formula has been used by
our group to measure tumor growth rate in a previous publica-
tion (4, 24). These studies were done by two independent ex-
aminers (E.M.) and (S.J.), and there was good interobserver cor-
relation (� � .92).

Immunohistochemistry
Immunostaining was conducted on formalin-fixed, paraffin-

embedded lesional tissue in brain sections of control and treated
animals. The sections were deparaffinized in xylene and rehy-
drated in graded ethanol and rinsed in distilled H2O. After heat-
induced antigen retrieval, slides were incubated with primary
antibodies with appropriate conditions. Detection was per-
formed using Vectastain ABC reagent and diaminobenzidine
chromagen (Vector Labs). Slides were counterstained in Meyer’s
hematoxylin for 5 minutes, dehydrated with ethanol (70%,
95%, 100%), and mounted. Primary antibodies were MIB-5/
Ki-67 (Dako), phosphorylated (p)-S6 (Cell Signaling), p-4E-
binding protein 1 (p-4EBP1; Cell Signaling), GH, and prolactin
antibodies (kindly provided by the laboratory of Dr Sheeren Ez-
zat, Princess Margaret Cancer Centre, University of Toronto).
All slides were scanned using Zeiss Mirax scanner and analyzed
using Mirax Viewer software.

Western blot analysis
To quantify protein expression and phosphorylation in tu-

mor tissue, brains were extracted and tumors immediately iso-
lated and placed in liquid nitrogen for snap freezing. Lysis buffer
(0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1%
Nonidet P-40, and 1� PBS) containing proteinase and phospha-
tase inhibitors was added to tumors, which were then homoge-
nized using a mechanical tissue homogenizer. Total cell lysates
were incubated on ice for 30 minutes followed by microcentrifu-
gation at 10 000 � g for 10 minutes at 4°C, and the supernatants
were collected. Protein concentration was determined by a bi-
cinchonic assay as per the manufacturer’s specifications (Pierce
Chemicals Co). A total of 40 �g was separated on a 10% SDS-
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PAGE and blotted onto nitrocellulose membranes (Bio-Rad Lab-
oratories) using a semidry turbo transfer apparatus (Bio-Rad
Laboratories). After blocking the membrane with PBS (or TBS)
containing 5% nonfat dry milk and 0.05% Tween 20 (Sigma-
Aldrich) for 1 hour, the membranes were incubated with primary
antibodies overnight at 4°C. The following antibodies were used:
1:1000 p-4EBP1 (Cell Signaling); 1:2000 p-S6 (Cell Signaling);
1:1000 GH (laboratory of Dr Sheeren Ezzat, Princess Margaret
Cancer Centre, University of Toronto); 1:1000 PRL (laboratory
of Dr Sheeren Ezzat, Princess Margaret Cancer Centre, Univer-
sity of Toronto); and 1:500 ki-67 (Dako). Membranes were
washed and later incubated with IRDye secondary antibodies
against the species, and the primary antibody was derived (Bio-
Rad Laboratories). Protein bands were detected using and quan-
tified using LI-COR software.

Enzyme-linked immunosorbent assay
To measure the serum levels of IGF-1, we used an ELISA kit.

Mouse whole blood was extracted from the right ventricle of the
heart at time the animals were killed, placed in Microvette CB
300z serum extraction tubes, and immediately centrifuged for 5
minutes at 5000 rpm at 4°C. Serum was extracted and stored at
�80C. An ELISA was used to measure serum IGF-1 (Quan-
tikine) levels according to the manufacturer’s protocol.

Statistical analysis
Nonparametric tests (Kruskall-Wallis, Mann-Whitney U)

were used to examine the median differences in the tumor growth

rates and IGF-1 levels. H-Scoring was
used to semiquantify immunohisto-
chemistry (IHC) data. Intensity of the
Western blot protein bands was quanti-
fied using LI-COR software.

Results

Intracranial GH4C1 tumors
harboring either prototypic
FGFR4 (G388) or polymorphic
FGFR4 (R388) exhibit faster
tumor growth rate compared
with parental control (PC) tumors

To investigate whether GH4C1
cells give rise to a tumor in the in-
tracranial location, we implanted
GH4C1 cells in NOD-SCID mouse
brain and followed tumor formation
and growth rate as measured by
TVDT using MRI analysis. MRI
scans showed tumor formation 3
weeks after the intracranial injection
of all three different GH4C1 cell
lines: PC, G388, and R388 (Figure
1A). To investigate whether the
growth rate of the tumors differ be-
tween different cell groups, we per-
formed a longitudinal MRI analysis

on these mice. Based on our data, the PC tumors exhibited
an overall slower growth rate (increased TVDT) relative to
the G388 or R388 tumors, which both displayed similar
growth patterns (12.4 d vs 6.7 or 4.8 d) (P � .034) (Figure 1,
A and 1B). Furthermore, we performed IHC for Ki-67, a
marker of cell proliferation (Figure 2A). Our data show sig-
nificantly increasedKi-67staininginG388andR388tumors
comparedwiththePCcontrol tumors(P� .001) (Figure2B),
confirming our tumor growth rate analysis data using MRI
(Figure 1) in which the PC tumors show the slowest growth
rate compared with G388 and R388 tumors.

GH and PRL show differential expression pattern
in the GH4C1 intracranial x enografts harboring
either prototypic FGFR4 (G388) or polymorphic
FGFR4 (R388)

GH4C1 cells are known to coexpress GH and PRL. Fur-
thermore, in the in vitro setting, GH4C1 cells transfected
with prototypic FGFR4 (G388) have previously been shown
toexpress increased levelsofPRLrelative toGH,whereas the
opposite pattern is observed in the polymorphic variant
(R388), with higher levels of GH relative to PRL (13). To
investigate whether such a pattern is observed in our in vivo
xenograft models, we examined the expression of these hor-
mones in our intracranial tumor model using IHC analysis.

Figure 1. MRI and volumetric analysis for three different GH4C1 cell groups (PC, G388,
andR388). A, T1-weighted � gadolinium MRI scans of axial plane demonstrating tumor
development 3 weeks after intracranial injection of 5 � 105 GH4C1 cell lines. B, Volumetric data
from the intracranial GH4C1 tumors (PC, G388, or R388) were incorporated into the formula for
estimating TVDT, and a growth rate was generated (in days). PC had a significantly longer TVDT
(slower growth rate) than G388 or R388 tumors. *, P � .05 (n � 8 in each group [PC, G388,
R388]).

3580 Jalali et al mTOR Inhibition in Pituitary Adenomas Endocrinology, September 2016, 157(9):3577–3587

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/157/9/3577/2422482 by guest on 19 April 2024



Our data show that G388 tumors have an increased expres-
sion of PRL compared with GH, whereas the R388 tumors
have higher expression of GH compared with PRL (Figure
2A), confirming previous in vitro data.

Intracranial GH4C1 tumors transfected with either
prototypic FGFR4 (G388) or polymorphic FGFR4
(R388) exhibit abundant mTOR signaling

Pituitary adenoma cells have been shown to express acti-
vated mTOR in vitro (16, 18). We investigated the activation
status of the mTOR signaling pathway molecules in our
GH4C1 tumors using the phosphorylation level of the imme-
diate downstream effectors, S6 and 4EBP1, as a readout for
mTOR activity. Our data show that there was abundant
staining of both p-S6 and p-4EBP1 in all GH4C1 tumors

examined, with G388 and R388 tu-
mors showing increased p-S6 and
p-4EBP1 compared with PC (Fig-
ure 2A), supporting that our model
is appropriate for testing the effects
of mTOR inhibition therapy.

Inhibition of mTOR signaling using
RAD001 decreases intracranial
GH4C1 tumor volume, regardless
of FGFR4 status

In vitro analysis of pituitary ad-
enoma cells has shown that these
cells respond to mTOR inhibitors,
including RAD001, with a reduc-
tion in cell proliferation and viabil-
ity (18, 19). To assess the effects of
RAD001 in our intracranial tumor
model, we treated mice bearing PC,
G388, and R388 with 5 mg/kg
RAD001 or vehicle (n � 60) for 3
weeks, starting when tumors reached
a predefined volume threshold of 1–5
mm3 as assessed by MRI. Our data
showed a significant reduction in tu-
mor volume and growth rate in all
three groups of the mice that were
treated with RAD001 (Figure 3,
A–C). The magnitude of the growth
rate reduction was not statisti-
cally significant in all three differ-
ent cell types (PC, G388, and R388)
with RAD001 treatment: 2.1-, 2.2-,
and 2.4-fold in PC, G388, and
R388 tumors, respectively (Figure
3C).

Inhibition of mTOR by RAD001 decreases p-S6
level in intracranial GH4C1 tumors transfected
with either prototypic FGFR4 (G388) or
polymorphic FGFR4 (R388)

Activation of the mTOR pathway increases the p-S6 pro-
tein in various cancers, including PA (19, 25). It has been
shown that in human and animal PA cells, inhibition of
mTORsignalingresults inreducedp-S6 levels.Toinvestigate
the effect of mTOR inhibition on the p-S6 level, we treated
the mice harboring the PC control, G388, or R388 tumors
with RAD001 and examined the expression of p-S6 using
IHC and Western blot analysis. Both IHC and Western blot
analysis data showed a significant reduction of the p-S6 level
in all three groups of the mice treated with RAD001 (Figure
4, A–C). We also examined the phosphorylation of 4EBP1,

Figure 2. IHC stainings showing GH, PRL, Ki-67, p-4EBP1, and p-S6 protein expression
levels in pituitary GH4C1 intracranial tumors (PC, G388, and R388). A, G388 produces a
proliferating tumor with enhanced PRL production and diminished GH production, whereas
injection of R388 cells produce a proliferating tumor with diminished PRL expression and
enhanced GH expression (n � 5) (magnification, � 40; scale, 50 �m). IHC staining of p-S6
and p-4EBP1 in intracranial xenograft mouse GH4C1 tumors transfected with either G388 or
R388 reveals widespread expression compared with PC tumors (n � 5) (magnification, � 40;
scale bar, 50 �m). B, Bar graphs showing quantification of ki67 staining in PC, G388, and
R388 tumors using ImageJ (National Institutes of Health, Bethesda, Maryland). Data show
increased number of Ki-67-positive cells in G388 and R388 compared with PC tumors (n �
3, P � .001).
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an alternate immediate downstream effector of mTOR sig-
naling, in all three groups of the mice. Contrary to what was
seen with p-S6, the initial increase in p-4EBP1 was not at-
tenuated after treatment with RAD001 (Figure 4D).

Inhibition of mTOR by RAD001 decreases GH
expression and serum IGF-1 secretion in intracranial
GH4C1 tumors transfected with either prototypic
FGFR4 (G388) or polymorphic FGFR4 (R388)

GH expression and IGF-1 secretion in GH4C1 xeno-
graft models have not been previously investigated with

respect to mTOR inhibition. In our
xenograft model, we investigated the
effects of mTOR inhibition on the
expression of GH and its systemic ef-
fector, IGF-1. Based on our data,
there was an increased level of GH
expression in the R388 tumors com-
pared with either the G388 or PC
control tumors, and this difference
was statistically significant (Figure 5,
A–C). Our data also showed a sig-
nificant increase in IGF-1 secretion
in the R388 tumors compared with
either the G388 or PC control (P �
.05) (Figure 5D). After treatment
with RAD001, the R388 tumors dis-
played a significant reduction in
both GH expression and serum
IGF-1 secretion compared with the
PC and G388 tumors, indicating that
the R388 polymorphism can be used
as a model to study the molecular
mechanisms of GH expression to
monitor the response to targeted
therapies (Figure 5, A–D).

Discussion

Consistent molecular aberrations that
underlie the formation and progres-
sionof sporadicPAsarenot clearlyde-
fined. To identify and characterize the
biological impact of a proposed
pathophysiological mechanism in-
volved in PAs, a robust in vivo model
of PA is necessary. To date, a number
of models of PA have been generated,
but these have primarily harbored ge-
netic mutations that do not mimic the
human disease. For example, trans-
genic mice possessing a dopamine

D2 receptor knockout or p27 deletion do develop PAs,
but these are uncharacteristic of the human situation in
that, in humans, these genes are not generally altered
(26, 27). Furthermore, these PA models sometimes
progress through a hyperplastic stage before becoming
neoplastic (26, 28), which is not a common phenome-
non that is seen clinically. In this study we have gener-
ated a reproducible intracranial xenograft model of PA
that closely approximates the sporadic nature of the
vast majority of PAs in that the mouse model we use
does not harbor any genetic mutations.

Figure 3. MRI and volumetric comparison of treated (RAD001) and untreated control groups. A,
Intracranial GH4C1 tumor in control group exhibiting representative large, hemorrhagic tumors (top
panel) as indicated on hematoxylin and eosin-stained, formalin-fixed, paraffin-embedded brain tissue
sections. B, Axial T2-weighted MRI scans showing intracranial GH4C1 tumors treated with 5 mg/kg
RAD001 were typically smaller than in control nontreated mice. C, The growth rates for 25
intracranial GH4C1 tumors (PC, G388, or R388) calculated as TVDT and displayed as box plot (n � 8
for each PC, G388, and R388 group). The median growth rates are reported. The growth rates in all
three groups decreased after RAD001 treatment, although the magnitude of the decrease was similar
in all groups. DMSO, dimethylsulfoxide. Abbreviation: I.C., intracranial.
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The tumor growth rate, as assessed by TVDT, was ex-
amined in our cell lines as described previously (29, 30).
Our preliminary experiments showed that the GH4C1
cells transfected with empty vector (PC), wild-type
FGFR4-G388, and the FGFR4-R388 tumors developed in
approximately 3 weeks. Validation of our initial experi-
ments revealed that the PC tumors tended to grow the

slowest (longest TVDT); however,
the difference in growth rates be-
tween the untreated tumors of the
PC, G388, and R388 tumors was not
significant.

The mTOR pathway, which is fre-
quently up-regulated in various can-
cers, has been shown to be a viable
molecular marker for PA (16). Sev-
eral papers have shown that various
upstream and downstream compo-
nents from mTOR, including mTOR
itself, are up-regulated in animal and
human PA tissue (16, 31, 32). The
GH4C1 PA tumor models generated
in this study demonstrate the expres-
sion of mTOR; in particular, there is
an abundant phosphorylation levels
of the two target proteins of mTOR,
S6 and 4EBP1, which are the typical
readouts for mTOR activation and
are both critical for the positive reg-
ulation of protein synthesis. Both
p-S6 and p-4EBP1 were higher in
G388 and R388 tumors compared
with PC tumors.

The mTOR inhibiting agent rapa-
mycin and its analogs including
RAD001 are potent immunosup-
pressants, which are also used for
their antiproliferative properties.
Rapamycin and RAD001 have been
shown to be effective in various en-
docrine and nonendocrine cancers
and have also demonstrated effica-
cious preclinical treatment effects in
PA. Here we demonstrate that intra-
cranial xenograft models, which har-
bor different FGFR4 genotypes, are
equally susceptible to mTOR inhibi-
tion. There is currently one other
study implicating mTOR signaling
with respect to the FGFR4-G388R
SNP in pancreatic neuroendocrine
cells (33). In their study, it was re-

vealed that thewild-typeFGFR4-G388tumorsrespondedto
RAD001, whereas the tumors harboring the SNP were
resistant to mTOR inhibition. In our model, RAD001
treatment resulted in reduced tumor volume and growth
rate (as assessed by a TVDT), but these reductions were
of similar magnitude in all cell groups (�2 times the
reduction in growth for pc, G388, and R388 tumors).

Figure 4. IHC staining of p-S6 and p-4EBP1 levels in three different GH4C1 cell groups
(PC, G388, and R388) treated with RAD001 or vehicle. A, IHC staining of p-S6 in GH4C1 tumors
transfected with PC, G388, or R388 shows a decrease after treatment with RAD001 (n � 5)
(magnification, �40; scale bar, 50 �m). B, Equal amounts of tumor lysates were resolved by
SDS-PAGE and analyzed by immunoblotting with p-S6 (32 kDa) and tubulin (50 kDa). C,
Quantification of protein was conducted using LI-COR software and the intensity of the p-S6
band was compared with intensity of the loading control (tubulin). Results are reported in relative
fluorescence units (RFUs) and displayed in boxplot format. Median p-S6 band intensity was
significantly attenuated in both G388 and R388 tumors after mTOR inhibition with RAD001
(n � 5). D, IHC analysis of p-4EBP1 expression in GH4C1 tumors transfected with PC, G388, or
R388 shows no change in expression after treatment with RAD001 (n � 5) (magnification, �20;
scale bar, 50 �m). E, Equal amounts of tumor lysates were resolved by SDS-PAGE and analyzed
by immunoblotting with p-4EBP1 (20 kDa) and tubulin (50 kDa). F, Quantification analysis show
that median p-4EBP1 band intensity was not significantly altered in either G388 or R388 tumors
after mTOR inhibition with RAD001 (n � 5).
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The difference in treatment response between the two
studies may be attributed to the nature of cells. In the
study by Serra et al (33), aggressive, metastatic neu-
roendocrine pancreatic cancer cell lines were used to
establish their xenograft model.

We found that a reduced growth rate was associated
with a decrease in the p-S6 level. The drug-induced reduc-
tion in the phosphorylation level of S6 could be due to a
decrease in total S6 protein or as a result of reduced S6
phosphorylation. In either case, this study shows that
RAD001 inhibits activation of S6. It has been demon-

strated previously by other groups
that, after mTOR inhibition, rapa-
mycin resistance is promoted by the
reduction of S6, leading to an elimi-
nation of the negative feedback loop
to insulin receptor substrate-1, re-
sulting in Akt activation. It has been
reported that this phenomenon is not
seen in the GH cell lines (18). This
was also not seen in our GH4C1 tu-
mors because we initially used oc-
treotide, which abrogates Akt ex-
pression, in addition to RAD001,
and the combination did not reveal
any synergistic antiproliferative ef-
fects. Furthermore, Akt expression
in our tumor model was weak, sug-
gesting that mTOR activation may
have occurred by other signaling
mechanisms.

Wefoundthat thephosphorylation
of the parallel downstream effector of
mTOR,4EBP1, is elevated,but this in-
crease was not affected by RAD001 in
our animals. There is evidence sup-
porting this phenomenon in which
long-term treatment promotes a re-
bound effect of p-4EBP1 and the rein-
itiation of protein translation (33). It
has been demonstrated that p-4EBP1
may become rapamycin (or rapalog)
insensitive over time. The treatment
periodweimplemented lastedforape-
riod of 3 weeks, which may have been
long enough to promote rapamycin
insensitivity. The rebound effect of
p-4EBP1 restimulates mRNA transla-
tion and may provide a possible expla-
nation for our GH4C1 tumors exhib-
iting a slower growth rate but not a
complete cessation of growth or re-
gression. Other studies have shown a

reduced expression pattern of the mTOR pathway after
mTOR inhibition, but correlating this attenuation with a
quantified lower growth rate has not been performed
previously.

The cells that we used to generate our model were trans-
fected with FGFR4. Prototypic FGFR4 is a 110-kDa mem-
brane protein consisting of three extracellular Ig-like do-
mains, a transmembrane domain, a split tyrosine kinase
cytoplasmic domain, and a Carboxyl tail. The FGFR4
used in our GH4C1 models was membrane bound and
harbored a SNP in its transmembrane domain (discussed

Figure 5. GH expression and IGF-1 secretion in three GH4C1 cell groups (PC, G388, andR388)
treated with RAD001 or vehicle. A, IHC staining showing R388 tumors exhibit enhanced GH
expression with decreased expression levels after treatment with RAD001 (n � 5) (magnification.
�40; scale, bar, 50 �m). B, Equal amounts of tumor lysates. Twenty-six were resolved by SDS-
PAGE and analyzed by immunoblotting with GH (25 kDa) and tubulin (50 kDa). C, Quantification
analysis showed that median GH protein band intensity was enhanced in R388 groups and
demonstrated a significant reduction in GH protein levels after mTOR inhibition with RAD001
(n � 5). D, Circulating IGF-1 levels as a measure of GH4C1 tumor output are noted in PC, G388,
and R388 groups. Median IGF-1 levels are enhanced in the R388 group and display a significant
decrease in IGF-1 levels after mTOR inhibition with RAD001 (P � .005).
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below). Our GH4C1 tumors transfected with prototypic
FGFR4 were quite aggressive but did respond to mTOR
inhibition with reduced mTOR signaling and a lower
growth rate. Previous work with human data demon-
strates that FGFR4 was not associated with tumor size in
patients harboring a somatotroph adenoma. However, in
ACTH-PA, the FGFR4 allele was associated with small
hormonally active ACTH-secreting microadenomas. An-
other study showed that a correlation exists between
homozygous wild-type FGFR4 genotype and postoper-
ative recurrence in patients with Cushing’s disease (35).
Thus, the wild-type FGFR4 may play a more integral
role in the pathology of human ACTH tumors relative
to GH-PA (15).

In addition to prototypic FGFR4, we also used an
FGFR4 variant that harbored a germline SNP at codon
388, resulting in the presence of a glycine-to-arginine sub-
stitution in the transmembrane domain of the FGFR4 pro-
tein. At least one allele for this SNP is present in approx-
imately half of the general population, indicating that this
is a clinically relevant polymorphism. The literature re-
garding the role of this FGFR4-G388R SNP in cancer has
largely been correlative and suggests that it is associated
with poorer clinical outcome. Data regarding downstream
mechanisms from the FGFR4-R388 SNP remain unclear.
There are two studies to date implicating this SNP in
ACTH-PA and GH-PA and suggests that src and serine
STAT3 phosphorylation is responsible for cell prolifera-

Table 1. Antibody Table

Peptide/Protein Target

Antigen
Sequence
(if Known)

Name of
Antibody

Manufacturer, Catalog
Number, and/or Name of
Individual Providing
the Antibody

Species Raised
(Monoclonal or
Polyclonal)

Dilution
Used

Rat pituitary growth hormone GH Antiserum created by Dr A. F.
Parlow (Scientific Director,
National Hormone and
Pituitary Program, Harbor-
UCLA Medical Center,
Torrance, California; http://
www.humc.edu/hormones/
material.html

Rabbit 1:1 000 000

Rat pituitary PRL Prolactin Antiserum created by Dr A. F.
Parlow, Scientific Director,
National Hormone and
Pituitary Program, Harbor-
UCLA Medical Center,
Torrance, California; http://
www.humc.edu/hormones/
material.html

Rabbit polyclonal 1:600 000

Human recombinant peptide
corresponding to a 1002-
bp Ki-67 cDNA fragment

Ki67 Dako Mouse monoclonal 1:100

Phospho-S6 ribosomal protein
(Ser240/244) (D68F8) XP
rabbit mAb detects
endogenous levels of
ribosomal protein S6 only
when phosphorylated at
Ser240 and Ser244

p-S6 Cell signaling Rabbit monoclonal 1:2000

Phospho-4EBP1 (Thr37/46)
(236B4) rabbit mAb detects
endogenous levels of
4EBP1 only when
phosphorylated at Thr37
and/or Thr46

p-4EBP1 Cell signaling Rabbit monoclonal 1:1000

Monoclonal antibody is
produced by immunizing
animals with a synthetic
peptide corresponding to
the amino terminus of
human �-tubulin protein

Tubulin Cell signaling Rabbit monoclonal 1:1000

Abbreviation: mAb, monoclonal antibody.
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tion,whereas tyrosineSTAT3phosphorylationmodulates
hormone secretion (13, 15). Clinically, the SNP allele is
associated with increased tumor size and GH levels as well
as the presence of large hormonally inactive corticotroph
macroadenomas in humans.

In our GH4C1 tumors, GH expression and IGF-1 se-
cretion were noted. Interestingly, after mTOR inhibition
with RAD001, GH expression was reduced with a signif-
icant attenuation in IGF-1 levels seen only in the R388
mice. It may be that RAD001 disrupts a connection in
which GH is unable to stimulate IGF-1 secretion, specif-
ically in tumors with aberrant FGFR4. Recently it has been
demonstrated that tyrosine phosphorylation of STAT3
may regulate GH levels (13), and it may be through this
pathway that RAD001 exerts its hormone-attenuating ef-
fects. There is one study to date that has reported, at the
in vitro level, that mTOR inhibition abrogates IGF-1-me-
diated effects in human PA cells (19). In summary, our
characterization of the role of mTOR inhibitors warrants
further investigation because it has important therapeutic
implications for patients with PA and, more specifically,
those with GH tumors, which harbor the FGFR4-R388
allele.
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