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MINI REVIEW

PI3K/Akt/mTOR and Raf/MEK/ERK signaling pathways
perturbations in non-functioning pituitary adenomas
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Abstract Non-functioning pituitary adenomas (NFPAs)
comprise a heterogeneous group, which are considered the
most common pituitary tumor. As no clinically hormone
hypersecretion is apparent, non-functioning pituitary ade-
nomas are often diagnosed only when they are large enough
to cause tumor mass effects, such as hypopituitarism, visual
field defects or headaches. Efficient medical therapy for
NFPAs is currently unavailable and surgical treatment of
these tumors is not always satisfactory. Characterization of
signaling regulatory events in the context of NFPAs may
enable the development of new attractive novel strategies.
Although data regarding gene expression profiling of sig-
naling pathways in NFPAs have accumulated, studies
aimed at fine-classification of NFPAs-specific signaling
regulatory mechanisms and feedback loops are scarce.

Keywords Non-functioning pituitary adenomas -
Somatostatin - PI3K - mTOR - ERK

Introduction

Clinically non-functioning human pituitary adenomas con-
stitute about 35 % of pituitary tumors. The majority of
clinically NFPAs are of gonadotroph origin. Pituitary ade-
nomas have the potential to become large and invasive
macroadenomas and surgical treatment of these tumors is not
always satisfactory. Unlike GH-, TSH-, and PRL-secreting
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adenomas, no effective medical therapy is available for these
common adenomas. In a recently published meta-analysis of
studies addressing the recurrence of pituitary adenomas after
transsphenoidal surgery, the remission percentage found was
significantly lowest in non-functioning pituitary adenomas
(NFPAs) compared with other tumor types, owing probably
to the large tumor size and extension at time of diagnosis [1].
The clinically available somatostatin (sst) analogs and
dopamine agonists are poorly effective for the non-func-
tioning adenomas [2, 3] and the more recently developed
drug, SOM230, has promising potential in treating GH- and
ACTH-secreting adenomas [4, 5] but no data regarding
NFPAs treatments are available. Thus, new directions in the
medical treatment of NFPAs are under research, based on the
current knowledge of pituitary tumorigenesis mechanisms
and the signaling pathways potentially involved. This will be
summarized in this minireview.

Differential expression of signaling components

Alterations in the mRNA and protein expression levels of
signaling components have been studied throughout the
years in pituitary adenomas using Northern, Reverse tran-
scription real-time quantitative PCR, immunohistochemis-
try, immunoblotting and more recently, microarray, and
proteomic analysis. NFPAs’ unique expression patterns
were found in some of the proteins investigated. For
example, cyclin D1 [6-10], Cdk inhibitor, p15 [11] and
pl5-inducer, and clusterin [11] were discovered to be up-
regulated specifically in the non-functioning pituitary
tumors compared with other tumor types or normal pitui-
tary. HMGAZ2, another protein involved in cell cycle pro-
gression and other cellular processes, was shown to be
overexpressed in most NFPAs studied, similar to that
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Table 1 Differential expression of signaling components in NFPAs

PI3K pathway ERK pathway

Tyrosine kinase receptors

Gene Expression® Gene Expression® Gene Expression®
mRNA Protein mRNA Protein mRNA Protein

PIK3CA NA NA Eps8 [13, 21] 1¢ 1 IGF-1R [61] = NA

Akt [20] 1P = p-Eps8 NA EGFR [32-36] Tl Tl

p-Akt [20, 21] 1° Raf [42] 1° 10

mTOR [22] NA = MEK [22] = =

p-mTOR [22] = p-MEK [22] 10

TSC2 [22] NA = ERK [22] = =

p-TSC2 [22] = p-ERK [21, 22] e

p70S6K [22] NA =

p-p70S6K [22] =

GSK3 NA NA

Zacl [23] 1° 1°

PTEN [20] = Inuclear

NA not available

1| Contradictory data

# Compared to normal pituitary
° Highest/lowest in NFPAs

¢ In all tumor subtypes

= Similar to normal pituitary

observed in prolactinomas, although, HMGA?2 up-regula-
tion was not associated with chromosomal rearrangements
in NFPAs [12]. Loss of expression of maternally expressed
gene 3 was found selectively in NFPAs of gonadotroph
origin [13—15]. Further information on epigenetic pro-
cesses involved in pituitary tumorigenesis can be found in a
review by Dudley et al. [16].

In this minireview, we have chosen to focus on PI3K/
Akt/mTOR and Raf/MEK/ERK prominent signaling path-
ways known to trigger cell growth, proliferation, and sur-
vival. Components and regulators of these pathways are
thus candidates for therapeutic targeting in NFPAs. For
some of the proteins detailed below and summarized in
Table 1, accumulating supporting data exist, whereas for
others, limited reports are available for NFPAs.

PI3K/Akt/mTOR/Zacl

Overexpression of the components of PI3K/Akt/mTOR
signaling pathway are found in numerous human cancers
[17, 18]. To this end, a limited number of studies describe
the expression levels of components and regulators of this
pathway in pituitary adenomas.

PIK3CA

PIK3CA is the gene encoding the p110 subunit of PI3K.
Similar frequencies of PIK3CA amplifications and
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mutations were found in the various types of pituitary
adenomas [19] and significant association of pl110 protein
expression with PIK3CA copy gain was found [19].
However, to our knowledge, no report is yet available
regarding the expression level of PI3K subunits in the
different types of pituitary adenomas compared to the
normal pituitary.

Akt/Zacl

In all pituitary tumors, and particularly in NFPAs, Akt was
found to be over-expressed as well as overactivated
[20, 21]. Interestingly, no overactivation was found in any
pituitary tumor type for downstream components of this
pathway, namely, mTOR, TSC2, and p70S6K [22]. Over-
activation of Akt may, however, be reflected by the tran-
scription factor zinc-finger protein Zacl which is
negatively regulated by PI3K pathway through GSK3 and
p53. Indeed, the mRNA and protein levels of Zacl were
found to be significantly reduced or absent in NFPAs
compared to normal anterior pituitary [23] and significant
correlation was shown between low Zacl expression and
recurrence of NFPAs [24]. Additional information about
Zacl and pituitary tumorigenesis can be found in a recently
published review [25]. In this context, it is worth men-
tioning that to the best of our knowledge, no report is
currently available regarding the expression levels of total
and phosphorylated GSK3 in pituitary adenomas.



Endocrine (2012) 42:285-291

287

PTEN

A negative regulator of PI3K pathway, phosphatase and
tensin homolog deleted on chromosome 10 (PTEN), also
known as mutated in multiple advanced cancers is often
lost in human tumors, especially those of the brain, prostate
and endometrium, and was found, in human cancer, to be
the second most frequently mutated gene after pS3 [26].
However, in a study by Musat et al. [20] which analyzed
the PTEN gene in pituitary adenomas, no mutation was
found and PTEN transcript levels were not different than
that in the normal pituitary. Interestingly, similar to other
primary normal cells such as thyroid follicular cells and
normal melanocytes, PTEN immunohistochemical expres-
sion in the normal pituitary is mainly nuclear [20]. NFPAs
as well as secreting adenomas, and other tumors such as
endocrine pancreatic tumor [27], express less nuclear
PTEN than the normal tissue [20, 28], suggesting a post-
translational regulation of PTEN in pituitary adenomas by
a mechanism yet to be defined. It is of note that in follicular
thyroid tumors, while nuclear PTEN diminishes during the
progression from normal tissue to adenoma and carcinoma,
the amount of phosphorylated Akt within the nucleus
increases [29]. Thus, although a reduction in nuclear PTEN
expression cannot address the cause for hyperactivation of
Akt at the plasma membrane of pituitary adenomas, it may
affect nuclear Akt. Accumulating data suggest that Akt
may also play a role in tumorigenesis in the nucleus
compartment (reviewed in [30]). In particular, a mouse
model for epithelial cancers triggered by promyelocytic
leukemia gene (Pml) loss highlights nuclear AKT function
and identifies a PTEN-PmI-PP2a tumor-suppressive net-
work for the inactivation of nuclear phospho-Akt [31].
Further studies, e.g., correlation studies of PTEN and
phosphorylated Akt expression levels within the nucleus,
are needed to establish the role of nuclear PI3K/Akt sig-
naling pathway and the significance of nuclear PTEN as its
negative regulator in pituitary adenomas.

Currently, few publications even partially address the
expression and activation levels of the signaling compo-
nents of PI3K/Akt/mTOR/Zacl pathway in NFPAs (sum-
marized in Table 1). The cause and the outcome of Akt
overactivation requires further investigation.

EGFR/Eps8/Raf/MEK/ERK

Another signaling pathway which has been implicated in
NFPAs tumorigenesis is the ERK pathway.

EGFR

Data regarding the expression level of epidermal growth
factor receptor (EGFR) in NFPAs is controversial.

Whereas in one study EGFR overexpression has been
demonstrated by immunohistochemistry in most NFPAs
[32]; in another study, EGFR mRNA and protein expres-
sion levels were extremely variable in some functional and
non-functional adenomas [33]. Moreover, in later studies,
only the minority of NFPAs displayed positive EGFR
immunoreactivity and/or EGF binding sites [34-36]. An
extensive review about the human EGFR family members
(EGFR, ErbB, HER) and ligands in the pituitary has
recently been published [37].

Eps8

Epidermal growth factor (EGF) receptor pathway substrate
8 (Eps8), initially identified as a downstream component of
the EGF signaling pathway, is a docking protein that may
be phosphorylated by various receptor tyrosine kinases
including EGFR, fibroblast growth factor receptor, and
platelet-derived growth factor receptor [38—40]. In a study
aimed to further elucidate the molecular changes that
contribute to the development of non-functioning tumors,
one of the genes identified by microarray analysis with
significant changes between NFPAs and normal pituitary
tissues was Eps8 [13]. Semiquantitative RT-PCR in
gonadotroph pituitary tumors, which comprise 40 % of
NFPAs [41], confirmed Eps8 up-regulation [21]. The
detection of phosphorylated Eps8 awaits the availability of
a phospho-specific antibody.

Raf/MEK/ERK

Interestingly, a significant upregulation especially in
NFPAs was also observed for Raf, ras effector, both at the
mRNA and protein levels [42]. Overactivation of MEK
was examined in hormone-secreting adenomas and NFPAs
by the ratio of phospho-Ser217/221 MEK1/2/total MEK1/2
and was found highest in NFPAs compared to normal
pituitary [22]. Overactivation of ERK1/2 was found higher
in NFPAs and hormone-secreting adenomas compared to
normal pituitary [21, 22].

In summary, overexpression of Eps8 and overactivation
of Raf, MEK, and ERK may promote proliferation and cell
survival of NFPAs, and may sensitize cells to growth factor
activation independent of receptor up-regulation.

Targeting PI3K/Akt/mTOR and Raf/MEK/ERK
signaling pathways in NFPAs
Somatostatin analogs

Sst analogs are not satisfactory in treatment of NFPAs
patients [2, 43, 44], although they are successful in the
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treatment of 60 % of GH-secreting pituitary tumors and
reduce cell viability in cultured NFPAs in vitro [45-48].
An examination of their molecular mechanism of action
further highlights this enigma: sst analogs were shown to
deactivate both ERK (octreotide, SOM230) [49] and PI3K/
Akt (octreotide) [50] fundamental signaling pathways, in
cultured human pituitary adenoma cells (including NFPAs)
and in the GH3 rat pituitary cell line, respectively. The
ERK pathway was also shown to be involved in the sig-
nificant cytostatic and cytotoxic effects of the dopamine—
somatostatin chimeric compound BIM-23A760 in cultured
cells from human NFPAs [51, 52]. Altogether, these data
emphasize the specificity of the model used, namely,
human versus rat, in vitro versus in vivo and the specific
types of adenomas and sst analogs. Thus, the unique
expression pattern profile of signaling components in
NFPAs may account for the lack of somatostatin efficacy in
these tumors; for example, the differential expression of the
neuroprotective factor seladin-1 [53] and of Zacl [23] in
NFPAs compared to normal pituitary and secreting ade-
nomas, as has already been discussed [46, 54]. Therefore, it
seems that further studies specifically in the NFPAs model
using various sst analogs are required to identify the
molecular entity responsible for the lack of somatostatin
efficacy in NFPAs treatment. An example of the impact of
differential expression on sst efficacy was shown by Akt
overexpression which eliminated the antiproliferative
action of octreotide in the AtT-20 pituitary tumor cells
[55]. These data raised the interesting possibility that sst2-
expressing tumors with overactivated Akt, such as NFPAs,
may be more resistant to the antiproliferative action of sst
analogs that target mainly this receptor, such as octreotide.

mTOR inhibitors

NFPAs, however, may benefit by the overactivation of Akt
regarding other compounds, such as the mTOR inhibitors.
A screen of 13 human cancer cell lines treated with the
rapamycin analog, everolimus, revealed the correlation of
the antiproliferative response to everolimus with basal Akt
S473 phosphorylation [56]. Indeed, rapamycin and ever-
olimus inhibited pituitary cell proliferation in dispersed
primary cultures in vitro [57, 58], although resistance of
fraction of NFPAs was also shown [55]. This was attrib-
uted to the up-regulation of Ser473 Akt phosphorylation
resulting from the inhibition of the negative feedback loop
of P70S6K on IRS-1 [59]. Indeed, octreotide potentiated
the antiproliferative effects of rapamycin in AtT-20 cells or
human NFPA cells, sensitizing tumor cells even to low
rapamycin concentrations [55]. Moreover, dual PI3K/
mTOR inhibition by NVP-BEZ235, a synthetic small
molecule that inhibits both PI3K and mTOR kinase activ-
ity, was more effective than everolimus in reducing cell
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viability of NFPA cells in a rat model of multiple endocrine
neoplasia-like syndrome [60]. Interestingly, p27 expression
positively correlated with the sensitivity of cells to NVP-
BEZ235, suggesting that the expression of p27 in tumor
cells may be a predictor of response to the dual PI3K/
mTOR inhibition [60]. Notably, in a genetically defined
mTORC1 deregulation model, the efficacy of NVP-
BEZ235 did not correlate with the cellular response or Akt
S473 phosphorylation induced by mTORCI inhibition
alone [56]. This suggests that the mechanism which
underlies the potent efficacy of dual PI3K/mTOR inhibi-
tion may involve other parameters as well, a hypothesis
that should be examined specifically in the NFPAs model.

IGF-1R inhibitors

Both PI3K/Akt and ERK signaling pathways diverge from
the tyrosine kinase receptors IGF-1R and EGFR. mRNA
expression of IGF-1R in NFPAs is similar to the normal
pituitary [61] though IGF-1R protein expression level in
NFPAs has not yet been reported. We have studied the
effects of a selective IGF-1R inhibitor, NVP-AEW541, on
human non-functioning pituitary tumor cells and non-
secreting immortalized pituitary tumor cell line, MtT/E.
Our results indicate the abrogation of IGF-1-induced cell
proliferation and signaling by NVP-AEW541 [62].

EGFR inhibitors

As already mentioned above, in some studies the EGFR
expression levels in NFPAs are low. However, EGFR
blockade may still be effective as it does not necessarily
correlate with EGFR expression [63]. Tyrosine kinase
inhibitors (TKIs) of EGFR, such as lapatinib, a dual TKI of
EGFR and HER?2, and gefitinib, a TKI of EGFR, have been
investigated in rat and human prolactinoma cells and were
found to suppress cell growth [64, 65]. However, to the
best of our knowledge, no study has yet been reported
about the effects of EGFR inhibitors in NFPA cells.
Moreover, recent findings indicate a possible cross-talk
between somatostatin receptors and growth factor receptors
such as EGFR in breast and glioma cancer cells [66],
suggesting the high potential efficacy of sst analogs and
EGFR inhibitors combinations. The relevance to NFPAs
may be of great importance and requires further study.

Conclusions

Although data regarding the differential expression and
function of signaling components in NFPAs are accumulat-
ing, they are insufficient. For example, the differential
expression of microRNAs and their potential involvement in
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pituitary tumorigenesis, are intriguing [67] and await further
examination of NFPAs. There are additional specific ques-
tions that also require future research. In particular, the lack
of efficacy of sst analogs in the treatment of patients with
NFPA is in contrast to their in vitro efficacy and cannot be
explained by the sst receptor expression profile. Another
challenging question remaining to be answered is the cause
for Akt hyperactivation: once revealed, it may offer new
treatment opportunities. In addition, data are sometimes
contradictory. For example, the gene expression profiling and
the proteomic study of NFPAs by Moreno et al. [13] did not
discover significant changes in any of the signaling mole-
cules discussed here except for the Eps8. However, recent
computational analysis of a series of mainly NFPAs proteo-
mic expression data, demonstrated that IGF-1 and ERK
cascades involved differentially expressed proteins [68].
Another example of contradictions found in the literature is
with regard to EGFR expression levels in NFPAs [32-36].
Moreover, in each study, a significant variation in the rates of
EGEFR expression levels was reported [37], complicating the
estimation of the potential efficacy of EGFR inhibitors in the
treatment of patients with NFPA. Indeed, as NFPAs include
different subtypes (gonadotroph adenomas expressing dif-
ferent hormonal profiles, null cell adenomas, silent cortico-
troph adenomas, etc.), it is not certain that the different
signaling mechanisms involved in tumorigenesis are simi-
larly active in the different adenoma subtypes.
Investigating the molecular mechanisms that confer
sensitivity/resistance to available drugs such as pasireotide,
mTOR, IGF-1R, and EGFR inhibitors, specifically in the
NFPAs model, may enable the development of attractive
novel strategies for treating these common tumors, for
which no effective medical treatment is currently available.

Disclosure The authors have nothing to disclose.
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