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Abstract To evaluate the antitumoral efficacy of ever-
olimus in pituitary carcinoma resistant to temozolomide,
the correlation with mammalian target of rapamycin
(mTOR) signaling in the tumor and to present recent
advances and future treatments of pituitary carcinomas.
Pituitary carcinomas are rare and largely unresponsive to
current treatment options. Recent reports on the antitu-
moral efficacy of temozolomide in some such patients are
encouraging, yet most patients appear to show resistance to
its actions. As a potential alternative, the mTOR inhibitor,
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everolimus, has been shown to potently inhibit pituitary
cell proliferation highlighting mTOR inhibition as a
promising therapeutic approach for pituitary carcinomas.
We described the tumoral effects of a combination therapy
with everolimus (5 mg/day) and octreotide (30 mg/month)
and the mTOR signalling expression in a patient with
pituitary ACTH carcinoma, compared to 17 other ACTH
adenomas. Clinical and biochemical evaluation were per-
formed every month, and imaging after 3 month of treat-
ment. mTOR signaling was assessed by microarray
expression analysis of each of the 18 adenoma tissues.
Combined therapy failed to control pituitary tumor growth
and ACTH secretion. Slight activation of mTOR signaling
was found in all ACTH tumors alongside important vari-
ations between tumors. Low antitumor efficacy shown by
everolimus might be explained by the weak activation of
mTOR pathway in ACTH tumors. Everolimus treatment
was inefficient at controlling secretion and tumor growth of
one ACTH pituitary carcinoma. More clinical cases, with
mTOR signalling expression analysis of the tumor, must be
published before any conclusions can be drawn.

Keywords Pituitary carcinoma - mTOR - Everolimus -
Temozolomide - Pituitary adenoma - Silent ACTH tumor

Introduction

Pituitary tumors account for around 15% of all intracranial
neoplasms and are associated with macroscopically evident
local invasion in 35-40% of cases. Some tumors are
aggressive, with a high proliferative rate and short post-
operative times before recurrence (10-15% in our personal
experience or surgical series). Pituitary carcinoma, defined
by the presence of subarachnoid, brain and/or systemic
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metastases, is a rare disorder, accounting for about 0.2% of
pituitary tumors [1]. Given the paucity of reported cases,
information about the presentation, response to treatment
and overall prognosis of these patients remains sparse [1].
These tumors grow rapidly, and are largely unresponsive to
current combined treatment strategies associating surgery,
radiation and systemic cytotoxic chemotherapy [2]. One
recent case report detailed the successful use of temozol-
omide, an alkylating chemotherapeutic drug, in the man-
agement of aggressive pituitary tumors and pituitary
carcinoma [3]. Since this first publication other case reports
have followed ([4], for review) demonstrating the efficacy
of this treatment in different pituitary aggressive adenomas
or carcinomas and revealing a possible correlation between
the anti-tumoral effect and expression of 06-methylgua-
nine-DNA methyltransferase (MGMT). However, more
recently, three independent studies, including ours, con-
firmed the efficacy of temozolomide treatment for some,
but not all, aggressive pituitary tumors or carcinomas and
revealed MGMT status as a poor predictor of treatment
outcome [4-6].

Since temozolomide treatment is not effective for all
pituitary carcinomas or aggressive adenomas, the devel-
opment of new therapeutic options is therefore necessary.
The Raf/MEK/ERK and phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) cas-
cades are key signaling pathways interacting with each
other to regulate cell growth and progression of tumor
cells. Recent data indicate that in pituitary adenomas both
the Raf/MEK/ERK and PI3K/Akt/mTOR pathways are
upregulated in their initial cascade, implicating a propro-
liferative signal derangement [7]. The mTOR inhibitor
everolimus has been recently shown to have antineoplastic
activity in several human cancers, in particular when
combined with the long-acting repeatable (LAR) formula-
tion of the somatostatin analogue, octreotide, in patients
with neuroendocrine tumors [8]. In vitro, both in pituitary
cell lines [9] and in primary cultures [10], everolimus
potently inhibited pituitary cell proliferation, significantly
reduced cell viability, and promoted apoptosis, suggesting
that mTOR inhibition may be a promising antiproliferative
therapeutic option for pituitary carcinomas. Moreover,
adjuvant treatment with somatostatin analogue has been
shown to sensitize pituitary tumor cells to the antiprolif-
erative effects of rapamycin [11].

The objective of this study was to present the different
options for treating a pituitary carcinomas from the expe-
rience of one patient presenting with a ACTH carcinoma
resistant to temozolomie and treated with the combination
of everolimus and octreotide, secondly to correlate the
therapeutic response to the microarray analysis of the
mTOR signaling performed on the patient’s tumor and on a
further 17 ACTH pituitary tumors and finally to discuss the
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perspectives for the treatment of pituitary carcinomas using
new targeted therapies.

Patient and methods
Patient

The patient with silent ACTH carcinoma was diagnosed
and treated at the Hopital Neurologique, Lyon, France.
Initial presentation has been published independently [12]
and this patient was included in a study on silent ACTH
adenomas (patient n° 11; [13]).

Pituitary tumor cohort

To compare the mTOR signaling of the patient’s tumor
with that of other ACTH adenomas, we selected 17 patients
who had undergone pituitary surgery between 1990 and
2005 for ACTH tumor at Hopital Neurologique, Lyon, and
had a frozen sample available in the Neurobiotec bank. All
18 tumor samples underwent histopathological analysis and
were classified into 3 groups: micro (mCA) (n = 4), macro
(MCA) (n = 5) and silent ACTH adenomas (SCA) (n = 9)
depending on the tumor size and initial clinical presenta-
tion according to Raverot et al. [13].

This work is part of a collaborative multicenter study on
prognostic factors of pituitary tumors in France (HYPO-
PRONOS). Informed consent was obtained from each
patient before surgery and the study was approved by our
local ethic committee.

RNA amplification

Total RNA (2 ng) was amplified and biotin-labeled by a
round of in vitro transcription (dIVT) with a Message Amp
aRNA kit (Ambion, Austin, Texas, USA) following the
manufacturer’s protocol. Before amplification, spikes of
synthetic mRNA at different concentrations were added to
all samples; these positive controls were used to ascertain
the quality of the process. aRNA yield was measured with
an UV spectrophotometer and the quality on nanochips
with the Agilent 2100 Bioanalyzer (Agilent).

Array hybridization and processing

Ten micrograms of biotin-labeled aRNA was fragmented
using 5 pl of fragmentation buffer in a final volume of
20 pl, before being mixed with 240 pul of Amersham
hybridization solution (GE Healthcare Europe GmbH,
Freiburg, Germany) and injected onto CodeLink Uniset
Human Whole Genome bioarrays containing 55,000
human oligonucleotide gene probes (GE Healthcare
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Europe GmbH, Freiburg, Germany). Arrays were hybrid-
ized overnight at 37°C shaking at 300 rpm in an incubator.
The slides were then washed in stringent TNT buffer at
46°C for 1 h before a streptavidin-cy5 (GE Healthcare)
detection step. Each slide was incubated for 30 min in
3.4 ml of streptavidin-cy5 solution as described previously
(19), before being washed 4 times in 240 ml of TNT buf-
fer, rinsed twice in 240 ml of water containing 0.2% Triton
X-100, and dried by centrifugation at 600 rpm.

The slides were scanned using a Genepix 4000B scanner
(Axon, Union City, USA) and Genepix software, with the
laser set at 635 mm, the laser power at 100%, and the
photomultiplier tube voltage at 60%. The scanned image
files were analyzed using CodeLink expression software,
version 4.0 (GE Healthcare), which produces both a raw
and normalized hybridization signal for each spot on the
array.

Microarray data analysis

The relative intensity of the raw hybridization signal on
arrays varies between different experiments. CodeLink
software was therefore used to normalize the raw hybrid-
ization signal on each array to the median of the array
(median intensity is 1 after normalization) for better cross-
array comparison. The threshold of detection was calcu-
lated using the normalized signal intensity of the 100
negative control samples in the array; spots with signal
intensities below this threshold are referred to as “absent”.

Quality of processing was evaluated by generating
scatter plots of positive signal distribution. Signal intensi-
ties were then converted to log base 2 values. Ingenuity
Pathway Analysis (Mountain View, CA) was used for PI3/
AKT/mTOR signaling.

Results
Clinical data

Therapeutic strategies, biochemical and, MRI follow-up of
the patient are summarized in Fig. 1.

A 45 year-old man with a history of spina bifida aperta
associated with Chiari malformation, presented in August
1999 with headaches and visual defects. Magnetic reso-
nance imaging (MRI) revealed a pituitary macroadenoma
with suprasellar extension. Clinical examination revealed
no signs of hypersecretion, particularly hypercortisolism,
however, preoperative hormonal evaluation revealed ele-
vated ACTH (192 ng/l; normal <25 ng/L) and 8a.m. cor-
tisol (970 nmol/l, normal 350-540 nmol/l) levels. Surgery
through a transrhinoseptal approach (11/10/99) allowed a
complete removal of the tumor. After surgery, ACTH

concentration and MRI were normal. Pathological diag-
nosis was silent ACTH adenoma based on ACTH, -LPH
and f-endorphin positive immunostaining. The adenoma
was p53 negative with low Ki-67 index; however mitoses
were observed (4/10 fields x 400). One year after this first
surgery, an intra, para and suprasellar tumor recurrence
with an extension into the right cavernous sinus, but
without clinical signs of hypercortisolism, was diagnosed.
The patient underwent transcranial surgery in September
2001, which was completed with stereotactic radiotherapy.
Pathological analysis revealed similar tumor characteristics
to those at initial examination. Postoperative follow-up up
demonstrated a normalization of ACTH secretion and a
stable residual tumor in the right cavernous sinus until
August 2005 when clinical and biochemical signs of
hypercortisolism became evident, associated with tumor
progression and subarachnoid metastasis located at the
craniocervical junction on MRI. Considering the severity
of the hypercortisolism, bilateral adrenalectomy was per-
formed associated with fractionated radiotherapy focused
on the metastasis, which disappeared. In October 2009 new
tumor progression was noted and in view of the aggres-
siveness of this tumor, oral temozolomide treatment was
initiated at 200 mg/day for 5 days every 28 days which
failed to control the progression of the tumor. Multidisci-
plinary discussion led us to propose a salvage therapy with
everolimus given orally (5 mg daily), in association with
octreotide i.m. (30 mg every 28 days). Poor tolerance with
invaliding diarrhea led to us stopping the octreotide treat-
ment after 1 month. Unfortunately, the biochemical and
MRI evaluation performed after 3 month demonstrated the
absence of effect of this combination and treatment was
stopped. The patient died 5 months after the end of the
treatment.

PI3K/AKT/mTOR signaling (Fig. 2)

The transcriptomic analysis of the 18 ACTH adenomas
demonstrated important variations between the three tumor
groups (mCA, MCA and SCA groups). Only slight acti-
vation of the PI3/AKT/mTOR signaling was noted without
any statistically significant difference between the groups
(Table 1). AKT1 was activated in all three groups, PI3K
expression was decreased in MCA and SCA but not in
mCA. None of the tumors expressed insulin receptor
substrate 1 (IRS-1). While rapamycin-insensitive com-
panion of mTOR (RICTOR) mRNA was upregulated in all
tumors, regulatory associated protein of mTOR (RAPTOR)
mRNA, coding for the target of the immunosuppressive
drug rapamycin, was undetectable.

The transcriptomic analysis of the tumor removed from
our patient showed similar levels of activation of AKT1
and inactivation of PI3K. However RICTOR was more
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Fig. 1 Therapeutic strategies, biochemical and MRI follow-up in the
patient with ACTH carcinoma. Upper panel pituitary MRI at
diagnosis and during the follow-up. a MRI performed during the
follow-up of spina bifida with congenital hydrocephalus showing
partially empty sella turcica in conjunction with invagination of optic
structures. Pituitary was considered as normal, b preoperative MRI
with a partially cystic pituitary macroadenoma showing invasion of
the right cavernous sinus (maximum diameter 30 mm), ¢ clinical
(hypercortisolism) and tumor recurrence with subarachnoid metasta-
sis (arrow), d MRI showing the disappearance of the metastasis and
the decrease in tumor size after the second stereotactic radiotherapy,
e pseudo-tumor recurrence corresponding to necrosis secondary to

strongly upregulated compared to the other tumors and the
CCNDI gene was highly overexpressed in the tumor of our
patient in contrast to undetectable levels of mRNA in the
majority of the other tumors.

Discussion
Pituitary carcinoma is a rare disorder associated with poor
prognosis because of the lack of efficient chemotherapeutic

drugs. Preliminary reports demonstrated a good response to
temozolomide treatment in patients with either pituitary
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$31338339133383%33%3
radiotherapy (f). g Follow-up suggesting tumor control, h tumor
recurrence, MRI before temozolomide treatment, i MRI after 3 cycles
of temozolomide indicating the failure of this treatment and the
appearance of new metastasis (arrowheads) j MRI showing tumor
progression after 3 cycles of everolimus and octreotide combined
therapy. Lower panel graph representing the ACTH secretion during
follow-up and after the different treatments. / transphenoidal
tumorectomy, 2 transcranial tumorectomy and stereotactic radiother-
apy, 3 bilateral adrenalectomy and brain stem radiotherapy focused on
the metastasis, 4 temozolomide : 3 cycles 200 mg/mzlday for 5 days

every 28 days 5 three cycles of everolimus 5 mg/day combined to
octreotide 30 mg during the first month

carcinoma or aggressive pituitary adenomas resistant to
standard therapies. Low level of O(6)-methylguanine-DNA
methyltransferase (MGMT) immunoexpression was corre-
lated with a favorable response. However, underreporting
of poorly responsive cases is also likely to bias the
assessment of the overall efficacy of this therapy. So, fol-
lowing these first results, more recent publications report-
ing not only positive results [4—6] confirmed the efficacy of
temozolomide treatment for some but not all aggressive
pituitary tumors or carcinomas [4-6], and argued against
MGMT status as a reliable predictor of treatment outcome.
It has since been proposed that patients with aggressive
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Fig. 2 PI3K/AKT/mTOR pathway and targeted therapies. Epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF),
tyrosine kinase (TK), tyrosine kinase receptor (TKR), antibody (ab),
insulin receptor substrate 1 (IRS1), phosphatidylinositol 3-kinases
(PI3K), phosphatase and tensin homologue (PTEN), pyruvate dehy-
drogenase kinase isozyme 1 (PDKI1), thymoma in AKR mouse/
protein kinase B (AKT1), tuberous sclerosis protein 1 and 2 (TSC1/2),

ras homolog enriched in brain (Rheb), mammalian target of
rapamycin (mTOR), rapamycin-insensitive companion of mTOR
(RICTOR), regulatory associated protein of mTOR (RAPTOR),
serine/threonine kinase (p70S6 K), tyrosine phosphatase SHP2
(SHP2), RAt sarcoma (ras), RAF proto-oncogene serine/threonine-
protein kinase (raf), mitogene-activated protein kinase (MAPK)

Table 1 PI3K/AKT/mTOR expression by microarrays in 18 ACTH pituitary tumors

mRNA expression mCA mean + SD MCA mean + SD SCA mean £ SD Patient
PTEN 1.19 £ 0.49 -1.08 £ 0.2 1.09 £ 0.81 -2.09
IRS1 ub* ub* ub* ub*

PI3K 1.14 &+ 0.37 -1.18 £ 0.19 -1.13 £ 0.31 -1.88
AKT1 1.41 &+ 0.69 1.33 £ 0.5 1.50 £ 0.4 1.35
RAPTOR ub* ub* ub* ub*

RICTOR 1.28 = 0.58 ub* 1.52 + 0.87 1.91
p53 1.14 +£ 0.07 1.05 £ 0.2 1.05 + 0.27 1.14
CCND1 ub* ub* ub* 2.18
MYC 385 £232 ub* 3.84 £ 245 -1.12

Gene expression in normal pituitary tissue was used as a standard and set to 1.Micro (mCA), macro (MCA) (n = 5) and silent corticotroph
adenoma (SCA). Insulin Receptor Substrate 1 (IRS1), Phosphatidylinositol 3-kinases (PI3K), Phosphatase and Tensin homologue (PTEN),
thymoma in AKR mouse/protein kinase B (AKT1), mammalian Target of Rapamycin (mTOR), rapamycin-insensitive companion of mTOR
(RICTOR), regulatory associated protein of mTOR (RAPTOR), tumor protein p53 (p53), Cyclin D1 (CCND1), V-Myc avian myelocytomatosis

viral oncogene (MYC), Underbackground (ub*)

adenomas or carcinomas who are resistant to conventional
treatment be submitted to 3 cycles of temozolomide after
which treatment should be stopped in the absence of hor-
monal or tumor response, since a delayed tumor response
appears unlikely [4].

Resistance to cytotoxic and cytostatic treatments is a
common limitation in cancer treatment. Since temozolo-
mide treatment is not effective for all pituitary carcinomas
or aggressive adenomas, the development of new thera-
peutic options is necessary. Recent in vitro studies on
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primitive pituitary tumor cell cultures or pituitary cell lines
demonstrating the common activation of the PI3K/AKT/
mTOR pathway (Fig. 2) opened the door to targeted drugs
like mTOR inhibitors in the treatment of pituitary carci-
nomas resistant to other therapies. Among the mTOR
inhibitors, everolimus has demonstrated its efficacy in
treating neuroendocrine tumors. It is also known, from
neuroendocrine tumors that some tumors become resistant
to rapamycine. Combination therapies may resolve some
resistance. Indeed, rapamycin resistance, in part attributed
to the elimination of the negative feedback loop of the
mTOR target p70SP6K on the PI3K pathway [11], may be
overpass by the association of octreotide or other somato-
statin analogues including pasireotide [10, 11]. Everolimus
has been extensively studied in combination with octreo-
tide in the treatment of neuroendocrine tumors [8] and
studies are ongoing using association with pasireotide.
Recent results of in vitro studies on rat or mouse pituitary
tumor cell lines (GH-3, At-T20) [9, 11] or on human
pituitary primary cultures (GH tumors or nonfunctioning
pituitary tumors) [9—11], support this hypothesis. However,
in primary cultures only 40-70% of tumors presented
reduction of cell viability and increase of apoptosis under
everolimus treatment, even in association with octreotide
or pasireotide.

Thus, in the absence of any alternative approved drug
and based on these in vitro and in vivo studies on neuro-
endocrine tumors and pituitary cell lines, the only “evi-
dence based” option is the use of everolimus, combined
with octreotide for treating pituitary carcinoma. Unfortu-
nately, our patient did not tolerate the combination of ev-
erolimus with octreotide due to digestive side effects, nor
did the tumor respond to everolimus alone. Recent data
demonstrated that the feedback of rapamycin on AKT
phosphorylation was present in At-T20, an ACTH cell line,
suggesting that ACTH cells may be resistant to rapamycin
antiproliferative action [11]. This feedback was partially
reversed by octreotide treatment; unfortunatly in our
patient octreotide was stopped after one injection which
could therefore explain, at least partially, the resistance to
everolimus. This mechanism seems to be absent in GH/
PRL cell lines (GH-3) and suggests that rapamycin alone
could be effective in PRL or GH pituitary tumors.

PI3K/AKT/mTOR signaling analysis demonstrated that
mTOR signaling was probably less activated in our
patient’s tumor compared to the other tested ACTH pitui-
tary tumors. Interestingly, AKTI1 activation seems inde-
pendent of PI3K signaling, since PI3K and IRS1 expression
levels were decreased whereas AKT1 was overexpressed in
all tumors. Moreover a large heterogeneity has been shown
between the different tumor samples. This heterogeneity
was also demonstrated in an in vitro study performed on
nonfunctioning pituitary adenoma primary cell cultures.
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Indeed, it has been demonstrated that less than 25% of
nonfunctioning pituitary adenomas are sensitive to rapa-
mycin treatment even in the presence of AKT overactiva-
tion [11]. Transposed to clinical use, these results suggest
that 25% of patients should be sensitive to everolimus
treatment which is similar to that expected with temozol-
omide treatment. Unfortunately, because of this heteroge-
neity, it is difficult to identify a predictive marker of tumor
response to mTOR inhibitor.

In the view of our molecular data in ACTH pituitary
tumors and data from in vitro studies on mTor inhibitor
efficacy, and the regulatory pathway of the pituitary cells
summarized in Fig. 2, it seems necessary to look for other
therapeutic options. From recent preclinical studies, dif-
ferent combination therapies could be suggested, in par-
ticular therapy targeting Vascular Endothelial Growth
Factor (VEGF) pathway. Indeed, it has been demonstrated
that VEGF expression was associated with pituitary
tumorigenesis [14] and somatostatin analogues (octreotide
or pasireotide) inhibit NFPA cell viability by inhibiting
VEGF secretion [15]. Moreover, recent studies demon-
strated that the antiangiogenic approach using anti-VEGF
antibody [16] or a small-molecule tyrosine kinase inhibitor
(lapatinib) [17] targeting EGF receptors Erb1l and Erb2 was
effective, in inhibiting in vivo the growth of dopamine-
resistant prolactinoma from dopamine receptor D2R mouse
knockout [16] or in estrogen-induced Fischer344 rat pro-
lactinomas [17]. More recently, Liu et al. identified a
pharmacologic CDK2/cycline E inhibitor, R-roscovitine,
and demonstrated that R-roscovitine suppressed ACTH
expression and induced ACTH tumor cell senescence using
a transgenic fish model and AtT20 ACTH tumor cells
injected in nude mice [18].

The identification of new pathways associated with
pituitary tumor aggressiveness such as Aurora B kinase or
CENP-E [19, 20] may lead to the development of new
specific therapies. However, to date no specific drug is
available for the treatment of pituitary carcinomas and the
rarity of this tumor will certainly limit a specific devel-
opment. So, because of the similarities, hopefully drug
developed for the treatment of neuroendocrine tumor may
be effective in the treatment of pituitary tumors.

From our study, we cannot exclude the possibility of a
beneficial action of everolimus in treating human pituitary
tumors based on the clinical experience of one case.
Despite this negative experience, in the absence of any
other specific drug and in view of positive preclinical data,
we believe that for the patients with pituitary carcinoma
resistant to temozolomide, an everolimus treatment asso-
ciated with octreotide should be proposed as the second
line therapy. More clinical cases with mtor signaling study
of the tumor, even with negative results, must be published
before any conclusions can be drawn. The rarity of these
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tumors and the lack of established treatment guidelines
underline the necessity for collaborative studies on pitui-
tary carcinomas or aggressive tumors.
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