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Abstract

Although effective treatment regimens (surgical resection, drug treatment with dopamine agonists or somatostatin
analogues, radiotherapy) have been established for the therapy of most pituitary tumours, a considerable
proportion of affected patients cannot completely cured due to incomplete resection or drug resistance. Moreover,
even if hormone levels have been normalized, patients with hormone-secreting tumours still show persistent
pathophysiological alterations in metabolic, cardiovascular or neuropsychiatric parameters and have an impaired
quality of life. In this review reasons for the discrepancy between biochemical cure and incomplete recovery from
tumour-associated comorbidities are discussed and the clinical management is delineated exemplarily for patients
with acromegaly and Cushing's disease. In view of the development of additional treatment concepts for the treatment
of pituitary adenomas we speculate about the relevance of RSUME as a potential target for the development of an
anti-angiogenic therapy. Moreover, the role of BMP-4 which stimulates prolactinoma development through the Smad
signalling cascade is described and its role as putative drug target for the treatment of prolactinomas is discussed.
Regarding the well-known resistance of a part of somatotropinomas to somatostatin analogue treatment, recently
identified mechanisms responsible for the drug resistance are summarized and ways to overcome them in future
treatment concepts are presented. Concerning novel therapeutic options for patients with Cushing’s disease the
impact of retinoic acid, which is currently tested in clinical studies, is shown, and the action and putative therapeutic
impact of silibinin to resolve glucocorticoid resistance in these patients is critically discussed.
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Introduction

Pituitary tumours are mostly sporadic monoclonal
neoplasias of the different cell types of the anterior pituitary
(1). Whereas hormone-inactive pituitary adenomas cause
pathophysiological problems (headache, visual field loss,
pituitary insufficiency) due to the intracranial mass effects
of the expanding tumour, hormone-active adenomas
exhibit more complex pathophysiological disorders as
a consequence of the excessive hormone production
(2) (Fig. 1). For most pituitary tumour types, effective
treatment regimens have been established including
surgical removal, treatment with drugs such as different
dopamine agonists (prolactinomas), the growth hormone
receptor antagonist pegvisomant (somatotropinomas)
and several somatostatin analogues (somatotropinomas,
corticotropinomas), or radiotherapy (2, 3).
complete resection of critically located or invasively
growing adenomas is not possible and a considerable

However,

Hypertension

t

Sleep-apnea Arthrosis

syndrome \ T

Colon <—— ACROMEGALY

polyposis \

Arrhythmia

Visceromegaly

Translational research in 182:1 R2

pituitary tumours

proportion of the tumours are resistant to established drug
treatment regimens or alternate radiotherapy. In some
cases, surgery or radiation-induced destruction of normal
pituitary tissue will lead to partial pituitary insufficiency
which then causes additional pathophysiological problems
for the affected patients (4) (Fig. 1). Adenomas resistant to
standard treatment options are at risk to develop a more
aggressive tumour phenotype and in very rare cases will
transform to a lethal pituitary carcinoma (1). Moreover,
even if the patients with pituitary tumours have been
biochemically cured they still show persistent alterations
in neuropsychiatric or metabolic comorbidities and have
an impaired quality of life (4). Thus, the development
of additional treatment concepts still represents a major
focus in pituitary tumour research. Using factor-specific or
multifactorial (e.g. proteome or transcriptome analyses)
approaches,
miRNA, growth factors, cytokines, neuropeptides and/or
their corresponding receptors and signalling cascades
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Overview about the comorbidities of pituitary tumours.
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have been described in pituitary adenomas in comparison
to the normal pituitary (5, 6, 7). Although it is not clear,
whether these alterations play a causative role in pituitary
tumorigenesis or are a consequence of the neoplastic
transformation, they represent putative therapeutic
targets to improve the treatment of the adenomas. In this
review the discrepancy between biochemical and ‘real’
cure of patients with pituitary tumours is exemplarily
discussed for patients with acromegaly and Cushing’s
disease. Moreover, the putative role of different factors
(Zacl, BMP4, retinoic acid, HSP90, RSUME) as targets
of new treatment concepts, some of which are actually
approved in clinical trials, are critically discussed.

Clinical management and outcome in
Cushing's disease

Cushing’s disease (CD), caused by an ACTH-secreting
pituitary adenoma, is accounting for 70% of cases of
endogenous Cushing’s syndrome (CS). The average
incidence for CD ranges from 1.2 to 2.4 cases per million
per year (8).

Clinical management

Transsphenoidal surgery (TSS) presents the treatment of
choice for CD, as it typically leads to rapid and lasting
remission of hypercortisolism while preserving the
function of the pituitary gland and adrenal glands in most
patients. Remission and recurrence rates vary dependent
on tumour size, extension, adenoma visibility on MRI,
and neurosurgical expertise (9). Patients with persistent
or recurrent CD need to be considered for additional
therapies such as repeat TSS, radiation therapy, medical
therapy or bilateral adrenalectomy in order to minimize
consequences of hypercortisolism.

Specialised CD care should not only focus on the early
postoperative management, but also on the long-term
follow-up. Recently, a structured short- and long-term
management plan for CD patients in remission with focus
on identifying cognitive impairments and psychiatric
disorders, evaluating cardiovascular risk, following
pituitary function and detecting possible CD recurrence
has been proposed (10).

Somatic and neuropsychiatric comorbidities

CD is associated to increased morbidity and mortality,
mostly due to cardiometabolic comorbidities such as
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arterial hypertension, glucose intolerance, diabetes

mellitus, dyslipidemia, thromboembolic complications
as well as a hypercoagulable state compared to sex- and
age-matched subjects, CD patients present at diagnosis
with higher BMI, waist-to-hip ratio, total, low-density
lipoprotein cholesterol and total/high-density lipoprotein
(HDL) ratio, glucose and insulin, as well as lower HDL
cholesterol (11).

Treatment for hypercortisolism has been associated
with a significant reduction in mortality and morbidity.
However, even after long-term cure of the disease (mean
time of hormonal cure, 11+6 years), patients exhibit
persistent accumulation of central fat, as in active
hypercortisolemia leading to a persistent, unfavourable
cardiometabolic risk profile. A recent meta-analysis
confirmed that mortality remains increased even after
initial biochemical cure, suggesting again that cure
does not directly reverse the metabolic consequences
of long-term overexposure to cortisol; hypopituitarism,
including  persistent insufficiency
after surgery, may also contribute to the increased
mortality risk (12).

Clinical presentation of CD reflects chronic cortisol
excess and comprises in more than 70% of patients a broad
spectrum of psychological or psychiatric manifestations
with (major) depression being the most frequent
disturbance. Depression may ultimately even lead to
suicide, anxiety, personality changes, mania and psychosis
(13). Further neuropsychological disturbances frequently
include changes in appetite, insomnia and irritability.
Psychic disturbances do not necessarily correlate with
the degree of hypercortisolism and can range from mild
to severe. Some kind of psychiatric disturbance often
remains despite biochemical remission of CD.

As far as personality is concerned, CS patients display
significantly higher scores in anxiety, depression and
psychotic symptoms compared to healthy controls. In our
own series, CD patients reported significantly less novelty-
seeking behaviour, presented with more anticipatory
worries and pessimism, higher fear of uncertainty, shyness
with strangers and appeared to be less extraverted, more
neurotic and socially desirable, compared to mentally
healthy controls (14).

Several studies point out the impact of chronic
exposure to elevated glucocorticoid levels with deficits
in cognitive function, concentration and short-term
memory as well as brain morphology changes (brain
atrophy and low hippocampal volume). Brain volume
loss is at least partially reversible following correction of
hypercortisolism (15).

adrenocortical
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It is known that patients with pituitary adenomas
frequently suffer from pain syndromes for example,
headache due to structural and functional properties of
the tumour. In a cross-sectional study, we assessed 278
patients with pituitary disease including 45 CD patients.
We recorded a high prevalence of bodily pain (65%) and
headache (64%); adrenocorticotropic adenomas were
most frequently associated with pain (76%). Headache
was equally frequent in patients with macro- and
microadenomas (P=0.266), while the majority of patients
suffered from nociceptive pain (80%) (16).

Quality of Life (QoL)

Impaired quality of life (QoL) in active CD is a stable
and consistent finding in many different studies having
implications for the long-term management of the
disease. The significant impact of chronic exposure
to hypercortisolism on patient’s health and health-
related quality of life (HRQoL) has been demonstrated
with generic questionnaires (17). The presence of pain
and pain-related disability correlates significantly with
impaired QoL in CD (16). All HRQoL parameters improve
after treatment with TSS, however, even after long-term
remission of CS, impaired QoL persists as a remaining
effect of long-standing hypercortisolism, especially in the
presence of hypopituitarism (18).

Clinical management and outcome
in acromegaly

Not only the clinical management of Cushing’s disease
represent a major challenge due to a high load of
comorbidities. Alsoin patients with other pituitary diseases
such as acromegaly, the long-lasting hormonal excess (in
this case GH and IGF-1) leads to severe chronic conditions
such as organomegaly, facial disfigurement, arthropathy,
diabetes mellitus, hypertension, and neurological and
psychiatric complications that reduce patients’ quality of
life (QoL). Since the complex clinical picture is difficult
to ascribe to the correct underlying disease, it often takes
up to 10 years of GH/IGF-1 excess until the appropriate
diagnostic work-up and treatment is initiated.

Clinical management

The latest consensus on clinical management of
acromegaly has been published after the Acromegaly
Consensus Conference in April 2017 (3). In brief, clinical
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management in acromegaly aims at normalizing GH
and/or IGF-1 levels to reduce comorbidities, symptoms
and mortality rates. After transsphenoidal surgery more
than 30% of patients remain biochemically uncontrolled
(or cannot be operated in the first place) and are treated
with medical therapies (including dopamine agonists,
somatostatin analogues and GH receptor antagonists).
For those who do not achieve normal IGF-1 levels after
second-line therapy, stereotactic radiosurgery remains
an alternative.

A multidisciplinary team ideally treating the patient
at a pituitary tumour centre of excellence should not
only aim at normalizing hormonal levels, but should
also diagnose and manage acromegaly-associated
comorbidities (3).

Somatic and neuropsychiatric comorbidities

Among the extensive list of symptoms and diseases,
metabolic, cardiovascular and respiratory comorbidities
seem to be the major causes of elevated mortality rates in
acromegaly and should be treated aggressively (3).

To monitor the management of the most severe
comorbidities and symptoms, evaluated instruments
such as the SAGIT (Signs and symptoms, Associated
comorbidities, GH levels, IGF1 levels and Tumour profile),
the ACRODAT (Acromegaly Disease Activity Tool) as
well as in selected cases the acromegaly-specific patient
questionnaire AcroQoL that measures health-related QoL
can be considered (3).

Besides the most prevalent metabolic and
cardiovascular morbidities, a recent systematic review on
neuropsychiatric symptoms underlines once more the
clinical relevance of psychiatric morbidities in pituitary
disease that are often underdiagnosed and undertreated
(19). In acromegaly, neurocognitive alterations were
detected in 2-33% of study patients while psychiatric
disorders occurred in up to 63% of patients (with
depression being the most common).

Although normalized IGF-1 levels achieved by
treatment usually improve somatic comorbidities,
they may fail to restore mental health problems and
normalize patient-related QoL (20, 21). This lack of
reactivity to treatment might be due to persistent
neuronal changes following chronic GH-IGF-1 excess
which could be reflected by grey matter and white
matter volume changes, decreased oscillation activity
in EEG bands of the prefrontal and middle temporal
lobes of the brain and functional neuropsychological
alterations (22, 23).
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Another reason for reduced mood and QoL in
acromegalic patients might be persisting pain syndromes.
In the already mentioned study, we assessed 278 patients
with pituitary diseases including 81 patients with
acromegaly. Patients reported a high prevalence of bodily
pain (65%) and headache (64%) correlating significantly
with depression and impaired QoL (16).

Quality of life

Besides the reduction of mortality and morbidity, the
World Health Organization recognizes the improvement
of QoL as the third major treatment goal in chronic
diseases. However, QoL often remains reduced relative
to the normal population despite long-term biochemical
cure in acromegaly.

In a primary study and in a systematic review
including 51 studies, we analysed the contribution of
various determinants of QoL in several disease stages
of acromegaly (24, 25). There was incongruent data
to support that biochemical control, or treatment of
acromegaly in general, is associated with improved QoL.
However, in cross-sectional studies and analyses, factors
such as depression and obesity were associated with
reduced QoL. This might further support the strategy in
which acromegaly patients should be treated with the
aim not only to reach biochemical control, but also to
consider psychosocial or weight-lowering interventions
as additional and independent part of the management.

Expression and function of RSUME in
pituitary tumours

RSUME (RWD-domain-containing sumoylation enhancer,
also known as RWDD3) was cloned from the pituitary
lacto-somatotroph tumour cell GH3 overexpressing the
IL-6 cytokine transducer gp130 (26). Five of the seven
human RSUME mRNA splice variants that have been
described so far, code for different RSUME isoforms and
two correspond to non-coding RNAs that suffer nonsense-
mediated RNA decay. The five isoforms have an RWD
domain in the N-terminus of the protein (26, 27). RSUME
was originally found to be highly expressed in various
tissues such as pituitary, cerebellum, heart, kidney,
pancreas and adrenal gland. RSUME is upregulated by
cellular stress such as hypoxia and heat shock (26, 27).
The pituitary tumour cell from which RSUME was
cloned showed increased tumorigenic and angiogenic
potential when experimentally injected into nude mice
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with respect to a control GH3 stable cell line. Beside
pituitary adenomas, RSUME was found to be expressed in
other types of tumours with high angiogenic potential,
among them gliomas (28) and pancreatic neuroendocrine
tumours (29). Particularly, RSUME is expressed in tissues
prone to tumour development in Von Hippel Lindau
(VHL) syndrome and is upregulated in several tumours
related to this disease (27, 30). Accordingly, it has been
associated with decreased survival in a group of renal cell
carcinoma patients (30).

Under hypoxic conditions, RSUME expression is
upregulated and increases HIF-land 2o protein levels
(26, 30). Consequently, RSUME induces vascular
endothelial growth factor (VEGF) mRNA and protein
expression during hypoxia (26, 31) (Fig. 2). In line with
this, downregulation of endogenous RSUME by shRNA,
produces the inhibition of HIF-la stabilization during
hypoxia (26). Interestingly, RSUME sumoylates and has
a protein-protein interaction with pVHL in normoxia
and negatively regulates the assembly of the ECV (the
VHL-E3 ligase complex that produces the degradation
of HIF, composed of Cullin2, Rbx1, Elongin B, Elongin
C), thus inhibiting HIF-1 and 2« ubiquitination and
degradation. Through this mechanism RSUME regulates
the loss of function of type 2 VHL mutants (27, 30).

In line with the above mentioned regulation, RSUME
expression is increased by hypoxia in pituitary tumours
(31). The anterior pituitary is one of the most densely
vascularized organs due to the flux of information among
the hypothalamus, pituitary and its target organs, which
is mediated mainly through hormones transported within
the bloodstream.

Hypoxia triggers neovascularization, that is, the
formation of new vessels and improves oxygen delivery
under persistent hypoxic conditions into the developing
tumour through HIF, which induces the expression
of different angiogenic factors such as VEGEF bFGF
and PDGE In particular, VEGE which also stimulates
pituitary tumour cell growth, is thought to play a key
role in pituitary tumour progression. RSUME has a
critical role in this process. As mentioned, RSUME was
shown to stabilize HIF-1a during hypoxia, thus inducing
expression of angiogenic factors like VEGF (26). Shan
et al. demonstrated that RSUME mRNA is upregulated
in pituitary adenomas and significantly correlated with
HIF-1a mRNA levels (31). The relation between RSUME,
HIF and VEGF was further proved in pituitary adenomas
(32). Hypoxia enhanced RSUME and HIF-1a expression,
induced its translocation to the nuclei and stimulated
VEGF production both in pituitary tumour cell lines and
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Effect of RSUME in pituitary tumour cells. Under hypoxic
conditions, RSUME supports the stabilisation of HIF-1«, and
thus, enhances the transcriptional activity of HIF-1 to stimulate
VEGF production and pituitary tumour neovascularisation.

human pituitary adenoma cell cultures (31). In addition,
when RSUME expression was specifically downregulated,
VEGF expression was strongly reduced (31). By supporting
pituitary tumour neovascularization, RSUME represents
a new putative target for the development of new anti-
angiogenic therapeutic treatment for pituitary tumours.
Originally isolated from the rat pituitary tumour cell
line GH4, pituitary transforming tumour gene (PTTG) has
been shown to be elevated and involved in the growth
of pituitary adenomas. No mutations or epigenetic
modifications that explain high PTTG expression and
action as oncogene have been found. Recently, it has
been described that RSUME increases PTTG protein half-
life and protein stabilization in pituitary tumour cell
lines and enhances PTTG transcription factor and securin
activities. RSUME knockdown reverts its actions on PTTG
abundance and transcriptional activity and reduces PTTG
tumorigenic potential in pituitary cell lines injected in
nude mice, accounting for PTTG pathogenic action (33).
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In summary, RSUME regulates important pathogenic
(i.e. angiogenesis/VEGF and oncogene PTTG) factors and
processes that trigger pituitary adenoma development.

Role of BMP-4 in prolactinomas

There has been considerable progress in the understanding
of the pathogenic mechanism of prolactinomas in the
last decades. For example, oestrogens cause lactotroph
hyperplasia and stimulate the expression of vascular
endothelial growth factor (34), pituitary tumour-
transforming gene (35) and galanin (36). On the
other hand, dopamine plays the major role in keeping
lactotroph cells suppressed. The dopamine receptor
agonist cabergoline is widely used to treat patients
with prolactinomas and the dopamine receptor DRD2-
knockout mouse spontaneously develops lactotroph
hyperplasia and prolactinomas (37). Comparing
DRD2~/~ tumours versus the normal pituitary by mRNA
differential display, we found that the BMP antagonist
noggin is downregulated and BMP-4 is overexpressed
in prolactinomas (38). BMP-4 is a member of the TGF-
beta family of cytokines that plays an important role
in cell differentiation and proliferation. The differential
expression of BMP-4 and noggin in prolactinomas
was then confirmed in prolactinoma models, such as
oestradiol-treated rats, and also in biopsy samples from
human prolactinomas. Through the Smad pathway,
BMP-4 stimulates the expression of the cell cycle
regulator c-Myc, resulting in increased cell proliferation.
GH3 cells stably transfected with expression vectors that
inhibit BMP-4 showed reduced tumourigenicity in nude
mice, which supports a stimulatory role for BMP-4 in
prolactinoma development in vivo (38).

The mechanisms of BMP-4 that impact hormone
secretion and gene transcription in the lacto-somatotroph
cell line GH3 are known in considerable detail (39) (Fig. 3).
We initially demonstrated a crosstalk between BMP-4 and
oestrogen in prolactinoma cells which results in a strong
additive stimulatory effect at low concentrations on
c-Myc expression and cell proliferation (38). This crosstalk
occurs also at the level of the transcriptional activity of
the prolactin promoter, resulting in an increased prolactin
secretion. BMP-4 inhibits the transcriptional activity
of oestrogen receptor (ER) at low doses of oestradiol. In
contrast, oestrogens stimulate the transcriptional activity
of Smad 1/5/8, which is a specific mediator of the BMP
pathway. We found that the prolactin promoter contains
a specific sequence that is responsible for the response
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Figure 3

Action of BMP-4 in prolactinomas. After binding to its
receptors on the surface of lactotroph tumour cells, BMP-4
induces the phosphorylation of Smad 1 which then forms a
complex with Smad 4. After translocation to the nucleus and
binding to corresponding specific effector sites the Smad 1/4
complex induces proliferation and prolactin production in
lactotroph tumour cells. These processes are enhanced
through interaction with the oestrogen (E2)-activated
oestrogen receptor (ER).

to the BMP-4 and oestrogen crosstalk. Mutations in the
oestrogen response element in the prolactin promoter
alone are not enough to inhibit the crosstalk but a Smad1
dominant negative abolishes it. Using serial deletions of
the prolactin promoter and CHIP analysis, we were able
to identify a sequence responsive to BMP-4 and Smadl.
This new response element is located upstream to the
transcriptional start site of the prolactin promoter. Smad-4
forms a functional complex with Smad 1/5/8 after BMP-4
stimulation and binds to this DNA sequence, which
was demonstrated by chromatin immunoprecipitation,
specific mutation, and gel shift assay. The reciprocal
regulation mechanism between both pathways, which
involves BMP-4, Smads, and ER, contributes to the specific
control of prolactin synthesis in prolactinoma cells (40).
In addition, both pathways also regulate the mechanisms
of cell proliferation that result in the development and
progression of prolactinomas. Interestingly, BMP-4 has
opposite actions in corticotroph cells as described in
detail in the retinoic acid section.
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Delineating somatostatin receptor
signalling cascades to combat somatostatin
analogue resistance in pituitary tumours

With the exception of lactrotroph tumours that are
successfully managed with dopamine receptor type 2
agonists, surgery remains the mainstay treatment (2).
First-generation somatostatin analogues (SSAs) that
target mainly somatostatin receptor 2 (SSTR2) are used
for the treatment of acromegaly. However, in 40-60% of
patients the SSA treatment fails to achieve biochemical
control and/or tumour shrinkage (41). Understanding the
mechanisms driving pituitary tumorigenesis may enable
us to find ways to combat treatment resistance.

The pathogenesis of pituitary tumours is subject of
intense ongoing investigation. Here we will describe
our studies on ZAC1, a putative mediator of SSA action
in pituitary cells. ZAC1 (Zn finger protein regulating
apoptosis and cell cycle arrest, gene name: pleiomorphic
adenoma gene-like 1, PLAGLI) is a tumour suppressor
gene cloned from a corticotroph tumour cell line (42).
ZAC1 is downregulated in the majority of pituitary
adenomas compared to the normal anterior pituitary, but
not in somatotroph tumours from patients that have been
treated with SSA preoperatively (43). Using a rodent lacto-
somatotroph cell line, we observed that the SSTR2 ligand
octreotide upregulates ZAC1 expression and knocking
down endogenous ZAC1 abolishes its anti-proliferative
action (44). A follow-up immunohistochemical analysis in
human somatotroph tumours confirmed the importance
of ZAC1 as SSA mediator demonstrating a significant
correlation between ZAC1 immunoreactivity and patient
response to treatment in terms of biochemical control and
tumour shrinkage (45). An independent study confirmed
that octreotide upregulates ZAC1, which interacts with
the aryl hydrocarbon receptor-interacting protein (AIP)
and may be responsible for the SSA resistance seen in
acromegaly patients bearing AIP mutations (46).

Having ZAC1 as a readout endpoint we embarked in
delineating pituitary-specific SSTR2 signalling, that until
then was studied mainly in heterologous cell systems
overexpressing the receptor (41). We discovered that SSA
induces ZAC1 gene expression by suppressing the PI3K/
AKT signalling (44). The PI3K/AKT survival pathway is
implicated in several aspects of tumour biology including
chemotherapy resistance, indicating that its blockage
could sensitize pituitary tumour cells to SSA. Indeed
overexpressing AKT in our somatotroph tumour cell line
abolished the anti-proliferative action of octreotide (47).
To test our hypothesis we used as model primary cultures
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of human non-functioning pituitary tumours that display
high AKT phosphorylation and generally do not respond
to SSA treatment despite the presence of SSTRs (48). PI3K
pathway inhibition downstream at mTOR level with
rapamycin sensitized the resistant tumour to octreotide
and improved the response of the few responders as
determined by suppression of thymidine incorporation
(3H-TdR; surrogate marker of DNA synthesis and cell
viability) (47).

Intriguingly, the majority of these NFPA tumours
did not respond to the single rapamycin system either,
suggesting that the SSA is in turn sensitizing the tumour
cells to rapamycin. In fact, the same issue of Cancer
Research that published our octreotide signalling data,
published a ground-breaking study demonstrating in
breast cancer tumours that resistance to the rapamycin
analogue everolimus is induced by the inhibitor itself,
since it removes a negative feedback loop to AKT that
physiologically occurs downstream of mTOR (49). Using
a pituitary tumour cell line that does not respond to
rapamycin we showed that the upstream inhibitory
action of octreotide on the PI3K/AKT pathway renders
the rapamycin-induced loss of the negative feedback loop
obsolete allowing rapamycin to induce cell cycle arrest (47).
A randomized, placebo-controlled, phase 3 study reported
improved progression-free survival with the combined
everolimus-octreotide-LAR compared to single octreotide-
LAR treatment (50). Several clinical trials on the combined
treatment with everolimus and SSA have been registered,
their majority testing efficacy on advanced neuroendocrine
tumours. Despite the initial favourable outcome, latest
reports on final overall survival failed to show better
efficacy of the combined treatment versus octreotide-
LAR (neither did of single everolimus treatment versus
placebo) (51). Heterogeneity in the patient population
combined with the relatively low patient numbers and
severe side effects considering the slow-growing tumours
in patients with advanced NET and carcinoid syndrome
may account for this discouraging outcome. This setback
may give the opportunity to look more closely into other
aspects of tumour biology such as tumour heterogeneity
and microenvironment and how they influence treatment
response from in vitro models to patients.

Role of retinoic acid in the treatment of
Cushing's disease

Retinoic acid (RA), a derivate of vitamin A, inhibits POMC
transcription and its stimulation by CRH in the pituitary
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ACTH-secreting tumour cell line AtT-20, which is an
experimental cellular model of pituitary corticotroph
adenomas. This effect was confirmed in primary cultures
of human corticotropinomas whereas RA had no effect on
non-tumour pituitary cells (52).

In normal pituitary cells, the expression of COUP-
TFI might explain why RA does not affect normal ACTH
secretion. While normal ACTH-secreting cells express high
levels of COUP-TFI, corticotroph tumour cells do not (52).
A study in human corticotropinoma samples (29 out of
34) has shown that most of these tumours do not express
COUP-TFI (53). In fact, when tumour cells responding to
RA are transfected with a COUP-TFI expression vector, the
response to RA is abolished (52). This difference between
normal and tumour cells makes COUP-TFI expression a
promising biomarker of a possible response to RA.

RA works in corticotroph cells through a complex
mechanism of action, involving hormone regulation,
cell proliferation, differentiation, and chromatin
remodelling (Fig. 4). In corticotroph tumour cells, RA
induces the expression of the dopamine receptor DRD2
through a process of cell differentiation (54). In addition
to the inhibition of hormone secretion, RA inhibits the
proliferation of corticotroph and corticosterone-secreting
tumour cell lines. These anti-proliferative effects involve
transcription factors such as AP-1 and Nur77/Nurrl
(52). In AtT-20 pituitary tumour cells RA also induces
the expression of the BMP-4, a cytokine that mediates
the anti-proliferative effects of RA (5§5). Similarly, BMP-4
has been shown to be involved in the inhibitory action
of somatostatin analogues on corticotrophs (56). In
GH3 and AtT-20 cells, RA-induced expression of BMP-4
involves chromatin remodelling (57). These interactions
between RA and BMP-4 in corticotroph cells might
provide further insight into the therapeutic potential of
RA in corticotroph tumours.

In nude mice bearing AtT-20 xenografts, an in vivo
model of corticotroph tumours, RA treatment reduces
tumour growth and reverses the typical alterations
resulting from high levels of glucocorticoids. RA decreases
plasma ACTH and cortisol levels, which results in a
reduction of adrenal hyperplasia and skin atrophy in
these animals (52).

A 6-to-12-month RA treatment regimen in dogs with
spontaneous Cushing’s disease not only normalized
hormonal levels but prevented corticotroph adenomas
from recurring. A dose of 2 mg/kg body weight/day of RA
results proved to be efficacious and safe, without signs
of hepatotoxicity (58). In addition to the reduction of
the cortisol/creatinine ratio in urine, RA reduces plasma
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Effect of retinoic acid (RA) in corticotropinomas. The activated
RA receptor (RAR) inhibits the transcriptional activity of
POMC-stimulating Nur77/Nurr1 and AP-1 transcription factors,
and thus, suppresses the excessive ACTH production by
corticotroph tumour cells. As these transcription factors also
regulate the proliferation of corticotroph tumour cells, RA is
also able to suppress the growth of these cells.

ACTH and o-MSH. These hormonal changes lead to the
normalization of the oestrous cycle (58). After a period
of 6 months of treatment, RA reduced the corticotroph
adenoma size, improved clinical signs such as food intake,
skin appearance and hair recovery and also strongly
prolonged survival (58).

To date, two prospective clinical studies in human
patients with Cushing’s disease have reported therapeutic
effects of RA. RA treatment for a period of 6-12 months
normalized ACTH and cortisol levels in many of the
treated patients. An initial study of seven patients with
Cushing disease (CD) showed that RA administration in
doses of 10-80 mg/day reduced significantly UFC levels
in five patients and three of them reached normalization
(59). Another prospective study of 16 patients with
persistent or recurrent CD, in which isotretinoin was
given orally in doses ranging from 20 to 80 mg/day for
6-12 months, a response was observed with an initial
normalization of the UFC and salivary cortisol in six
patients (37.5%). Subsequently, two patients became
resistant to the treatment or relapsed. In comparison with
non-responders patients, the responding patients had
significantly lower mean age and lower mean basal levels
of UFC, nocturnal salivary cortisol and ACTH. Therefore,
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the authors of this study concluded that RA might be more
beneficial in patients with mild hypercortisolism (60).

Role of HSP90 in Cushing's disease and
potential treatment with silibinin

ACTH biosynthesis and secretion are wunder the
negative feedback control of glucocorticoids in normal
corticotroph cells. This mechanism is part of the normal
regulation of the response to stress and brings back the
hypothalamus-pituitary-adrenal axis to a basal state. In
contrast, corticotroph tumour cells in Cushing’s disease
produce excessive amounts of ACTH despite the high
levels of circulating glucocorticoids in these patients.
This and the altered response to challenge tests with
dexamethasone indicate that the negative glucocorticoid
feedback mechanism is impaired in these tumour cells
(8). Inactivating mutations of the glucocorticoid receptor
(GR) encoded by the nuclear receptor subfamily 3 group
C member 1 (NR3C1) gene are rare and have not been
found in Cushing’s disease in significant numbers.
However, other mechanisms that control the activity of
the glucocorticoid receptor could explain glucocorticoid
resistance in these tumors (61).

In this regard, we discovered a novel biochemical
mechanism involving the targeting of Heat Shock Protein
90 (HSP90) (62). HSP90 is highly abundant in basal
conditions and its gene expression is transcriptionally
induced in response to cellular stress. HSP90 acts as a
chaperone that promotes protein folding of hundreds of
proteins, many of them involved in disease and cancer
progression (63). Among these, are reported kinases that
regulate cell cycle and many nuclear receptors, including
the glucocorticoid receptor (GR). HSP9O0 directly interacts
with GR ligand-binding domain (LBD), activating it for
ligand binding and translocation into the nucleus (64).
Therefore, HSP90 plays a central role in the response to
glucocorticoids (62).

Depending on its expression level, HSP90 can also
impair some of the steps that are necessary for GR function.
After becoming fully mature, GR needs to be released from
HSP90 (64). However, when HSP90 is overexpressed in
corticotroph tumour cells, GR is retained in a cytoplasmic
complex, leading to partial glucocorticoid resistance (62).
In addition, we did not observe HSP90 overexpression
in the normal anterior pituitary therefore our findings
might explain the impaired response to glucocorticoids in
patients with Cushing’s disease (62).
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The general structure of HSP90 consists
homodimer, composed by a highly conserved amino-
terminal domain (NTD) connected to a middle domain
(MD) and followed by a carboxy-terminal domain (CTD)
(64). NTD and CTD are the key players for the chaperone
activity of HSP90 and the principal targets of specific
inhibitors. In particular, the C-terminal domain is
responsible for the final maturation and release of GR from
the chaperone complex. C-terminal inhibitors of HSP90
such as novobiocin and the herbal compound silibinin
are able to increase the rate of release of mature GR from
HSP90 in corticotroph tumour cells, thereby enhancing
its transcriptional activity and overcoming glucocorticoid
resistance by suppressing proopiomelanocortin (POMC)
transcription (62) (Fig. 5). In this way, C-terminal
HSP90 inhibitors might be able to compensate HSP90
overexpression and restore the response to glucocorticoids
to normal levels. In fact, silibinin administration was
able to reverse glucocorticoid resistance in a corticotroph
tumour allograft mouse model, leading to a significant
reduction in the typical symptoms of the disease. These
results in an animal model suggest that silibinin could
be potentially efficacious for the treatment of Cushing’s
disease (62, 65). Silibinin is already in clinical use for
other indications and has an excellent safety record,
which might facilitate the translation of these results into
the clinic for patients with Cushing’s disease (66). Clinical
studies with a special formulation of silibinin that delivers
high levels of the substance into the circulation are now
being planned and will soon be launched.

More recently, we showed that HSF1, the transcription
factor that controls HSP90 transcription, is also highly
expressed and active in Cushing tumours in comparison
to the normal pituitary (67). The HSF1 inhibitor KRIBB11
inhibited POMC transcription and ACTH synthesis in the
AtT-20 cell line and in primary cultures from Cushing
disease patients. As expected, this inhibitory action
was mediated by increased GR and suppressed Nur77/
Nurrl and AP-1 transcriptional activities (67). Therefore,
HSF1 could be yet another potential drug target for the
pharmacological treatment of Cushing’s disease.

in a

Conclusions

Patients with hormone-active pituitary adenomas still
suffer from hormone-excess-associated comorbidities
even after the pituitary tumour has been successfully
removed and the hormone levels have been normalized.
Thus, biochemically cured patients still need a careful
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Figure 5

Silibinin-induced recovery of glucocorticoid inhibitory action
on ACTH in corticotropinomas. In corticotroph tumour cells,
the overexpression of HSP90 leads to a decline of mature
glucocorticoid receptor (GR) production and thus to
glucocorticoid resistance. Treatment with silibinin, a
C-terminal inhibitor of HSP90, leads to an enhanced
production of GR and thus the recovery of glucocorticoid
response. This is shown in the lower panel, in which the
combined treatment of silibinin with the synthetic
glucocorticoid dexamethasone (Dex) restores the
responsiveness of corticotroph tumour cells to the ACTH
inhibitory action of glucocorticoids.

postoperative clinical management until they have
achieved maximum recovery from tumour-associated
health problems such as cardiovascular, metabolic or
neuropsychiatric disorders.

For those patients, whose tumours cannot be
completely removed and/or who are resistant to
established drug treatments, alternative therapeutic
options have been shown and discussed in this review.
Whereas RSUME and BMP-4 actually remain putative
targets waiting for the development of corresponding
specific drugs, for other targets clinical trials have already
been performed or are under investigation. Based on
decoding the interaction of SSTR2, Zacl and the PI3K/
AKT/mTOR pathway an improvement of the inhibitory
action of octreotide by the mTOR inhibitor everolimus
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was achieved in some patients. RA had not only shown
a good control of Cushing’s disease in vivo in dogs but
also in clinical trials with human patients with Cushing’s
disease. Based on elucidating the role of HSP90 as
regulator of glucocorticoid receptor action, a clinical trial
has currently been launched that will prove the efficacy of
the HSP9O0 inhibitor silibinin on restoring glucocorticoid
response in corticotroph tumours. Thus for patients with
distinct types of pituitary tumours some new treatment
options will soon be available.

Declaration of interest

G K S has received consultancy fees and/or reimbursements of delegate
fees for conferences/educational events and/or travel expenses and/
or funding for research projects from Pfizer, Ipsen, Lilly, Shire, Novartis,
Sandoz, NovoNordisk, and HRA. M P P is currently an employee of Ipsen
Bioscience Inc. The other authors have nothing to disclose.

Funding

This work was supported by grants to G K S from the German Research
Foundation (DFG; STA 285/20-1) and to E A from The Max Planck Society,
Germany, the University of Buenos Aires, CONICET, the Agencia Nacional
de Promocion Cientifica y Tecnologica (ANPCyT), and FOCEM-Mercosur
(COF 03/11).

References

1 Mete O & Lopes MBS. Overview of the WHO classification of
pituitary tumors. Endocrine Pathology 2017 28 228-243. (https://doi.
01g/10.1007/5s12022-017-9498-z)

2 Molitch ME. Diagnosis and treatment of pituitary adenomas:

a review. JAMA 2017 317 516-524. (https://doi.org/10.1001/
jama.2016.19699)

3 Melmed S, Bronstein MD, Chanson P, Klibanski A, Casanueva FF,
Wass JAH, Strasburger CJ, Luger A, Clemmons DR & Giustina A. A
consensus statement on acromegaly therapeutic outcomes. Nature
Reviews: Endocrinology 2018 14 552-561. (https://doi.org/10.1038/
$41574-018-0058-5)

4 Romijn JA. The chronic syndromes after previous treatment of
pituitary tumours. Nature Reviews: Endocrinology 2016 12 547-556.
(https://doi.org/10.1038/nrendo.2016.84)

5 Wierinckx A, Roche M, Legras-Lachuer C, Troullias J, Raverot G
& Lachuer J. MicroRNAs in pituitary tumors. Molecular and
Cellular Endocrinology 2017 456 51-61. (https://doi.org/10.1016/j.
mce.2017.01.021)

6 Robertson AM & Heaney AP. Molecular markers in pituitary tumors.
Current Opinion in Endocrinology, Diabetes, and Obesity 2016 23
324-330. (https://doi.org/10.1097/MED.0000000000000266)

7 Perez-Castro C, Renner U, Haedo MR, Stalla GK & Arzt E. Cellular
and molecular specificity of pituitary gland physiology. Physiological
Reviews 2012 92 1-38. (https://doi.org/10.1152/physrev.00003.2011)

8 Bertagna X, Guignat L, Groussin L & Bertherat J. Cushing’s disease.
Best Practice and Research: Clinical Endocrinology and Metabolism 2009
23 607-623. (https://doi.org/10.1016/j.beem.2009.06.001)

9 Dimopoulou C, Schopohl J, Rachinger W, Buchfelder M, Honegger J,
Reincke M & Stalla GK. Long-term remission and recurrence rates
after first and second transsphenoidal surgery for Cushing’s disease:
care reality in the Munich Metropolitan Region. European Journal of

Endocrinology 2014 170 283-292. (https://doi.org/10.1530/EJE-13-
0634)

10 Ragnarsson O & Johannsson G. Cushing’s syndrome: a structured
short- and long-term management plan for patients in remission.
European Journal of Endocrinology 2013 169 R139-R152. (https://doi.
org/10.1530/EJE-13-0534)

11 Sharma ST, Nieman LK & Feelders RA. Comorbidities in Cushing’s
disease. Pituitary 2015 18 188-194. (https://doi.org/10.1007/s11102-
015-0645-6)

12 van Haalen FM, Broersen LH, Jorgensen JO, Pereira AM &

Dekkers OM. Management of endocrine disease: mortality remains
increased in Cushing’s disease despite biochemical remission: a
systematic review and meta-analysis. European Journal of Endocrinology
2015 172 R143-R149. (https://doi.org/10.1530/EJE-14-0556)

13 Pereira AM, Tiemensma J & Romijn JA. Neuropsychiatric disorders in
Cushing’s syndrome. Neuroendocrinology 2010 92 65-70. (https://doi.
0rg/10.1159/000314317)

14 Dimopoulou C, Ising M, Pfister H, Schopohl J, Stalla GK &

Sievers C. Increased prevalence of anxiety-associated personality
traits in patients with Cushing’s disease: a cross-sectional

study. Neuroendocrinology 2013 97 139-145. (https://doi.
0rg/10.1159/000338408)

15 Bourdeau I, Bard C, Noel B, Leclerc I, Cordeau MP, Belair M, Lesage J,
Lafontaine L & Lacroix A. Loss of brain volume in endogenous
Cushing’s syndrome and its reversibility after correction of
hypercortisolism. Journal of Clinical Endocrinology and Metabolism
2002 87 1949-1954. (https://doi.org/10.1210/jcem.87.5.8493)

16 Dimopoulou C, Athanasoulia AP, Hanisch E, Held S, Sprenger T,
Toelle TR, Roemmler-Zehrer J, Schopohl J, Stalla GK & Sievers C.
Clinical characteristics of pain in patients with pituitary adenomas.
European Journal of Endocrinology 2014 171 581-591. (https://doi.
org/10.1530/EJE-14-0375)

17 Feelders RA, Pulgar SJ, Kempel A & Pereira AM. The burden of
Cushing’s disease: clinical and health-related quality of life aspects.
European Journal of Endocrinology 2012 167 311-326. (https://doi.
0rg/10.1530/EJE-11-1095)

18 Wagenmakers MA, Netea-Maier RT, Prins JB, Dekkers T, den Heijer M
& Hermus AR. Impaired quality of life in patients in long-term
remission of Cushing’s syndrome of both adrenal and pituitary
origin: a remaining effect of long-standing hypercortisolism?
European Journal of Endocrinology 2012 167 687-695. (https://doi.
0rg/10.1530/EJE-12-0308)

19 Pertichetti M, Serioli S, Belotti F, Mattavelli D, Schreiber A,

Cappelli C, Padovani A, Gasparotti R, Nicolai P, Fontanella MM et al.
Pituitary adenomas and neuropsychological status: a systematic
literature review. Neurosurgical Review 2019 Epub. (https://doi.
01g/10.1007/s10143-019-01134-2)

20 Biermasz NR, van Thiel SW, Pereira AM, Hoftijzer HC, van
Hemert AM, Smit JW, Romijn JA & Roelfsema F. Decreased quality
of life in patients with acromegaly despite long-term cure of growth
hormone excess. Journal of Clinical Endocrinology and Metabolism 2004
89 5369-5376. (https://doi.org/10.1210/jc.2004-0669)

21 Sievers C, Dimmopoulou C, Pfister H, Lieb R, Steffin B, Roemmler J,
Schopohl J, Mueller M, Schneider HJ, Ising M et al. Prevalence
of mental disorders in acromegaly: a cross-sectional study in 81
acromegalic patients. Clinical Endocrinology 2009 71 691-701.
(https://doi.org/10.1111/j.1365-2265.2009.03555.X)

22 Martin-Rodriguez JF, Madrazo-Atutxa A, Venegas-Moreno E, Benito-
Lopez P, Galvez MA, Cano DA, Tinahones FJ, Torres-Vela E, Soto-
Moreno A & Leal-Cerro A. Neurocognitive function in acromegaly
after surgical resection of GH-secreting adenoma versus naive
acromegaly. PLoS ONE 2013 8 e60041. (https://doi.org/10.1371/
journal.pone.0060041)

23 Sievers C, Samann PG, Pfister H, Dimopoulou C, Czisch M,
Roemmler ], Schopohl J, Stalla GK & Zihl J. Cognitive function in

https://eje.bioscientifica.com


https://doi.org/10.1007/s12022-017-9498-z
https://doi.org/10.1007/s12022-017-9498-z
https://doi.org/10.1001/jama.2016.19699
https://doi.org/10.1001/jama.2016.19699
https://doi.org/10.1038/s41574-018-0058-5
https://doi.org/10.1038/s41574-018-0058-5
https://doi.org/10.1038/nrendo.2016.84
https://doi.org/10.1016/j.mce.2017.01.021
https://doi.org/10.1016/j.mce.2017.01.021
https://doi.org/10.1097/MED.0000000000000266
https://doi.org/10.1152/physrev.00003.2011
https://doi.org/10.1016/j.beem.2009.06.001
https://doi.org/10.1530/EJE-13-0634
https://doi.org/10.1530/EJE-13-0634
https://doi.org/10.1530/EJE-13-0534
https://doi.org/10.1530/EJE-13-0534
https://doi.org/10.1007/s11102-015-0645-6
https://doi.org/10.1007/s11102-015-0645-6
https://doi.org/10.1530/EJE-14-0556
https://doi.org/10.1159/000314317
https://doi.org/10.1159/000314317
https://doi.org/10.1159/000338408
https://doi.org/10.1159/000338408
https://doi.org/10.1210/jcem.87.5.8493
https://doi.org/10.1530/EJE-14-0375
https://doi.org/10.1530/EJE-14-0375
https://doi.org/10.1530/EJE-11-1095
https://doi.org/10.1530/EJE-11-1095
https://doi.org/10.1530/EJE-12-0308
https://doi.org/10.1530/EJE-12-0308
https://doi.org/10.1007/s10143-019-01134-z
https://doi.org/10.1007/s10143-019-01134-z
https://doi.org/10.1210/jc.2004-0669
https://doi.org/10.1111/j.1365-2265.2009.03555.x
https://doi.org/10.1371/journal.pone.0060041
https://doi.org/10.1371/journal.pone.0060041

European Journal of Endocrinology

G K Stalla and others

Translational research in

pituitary tumours

acromegaly: description and brain volumetric correlates. Pituitary
2012 15 350-357. (https://doi.org/10.1007/s11102-011-0326-z)

24 Geraedts V], Dimopoulou C, Auer M, Schopohl J, Stalla GK &
Sievers C. Health outcomes in acromegaly: depression and anxiety
are promising targets for improving reduced quality of life.

Frontiers in Endocrinology 2014 5 229. (https://doi.org/10.3389/
fendo.2014.00229)

25 Geraedts V], Andela CD, Stalla GK, Pereira AM, van Furth WR,
Sievers C & Biermasz NR. Predictors of quality of life in acromegaly:
no consensus on biochemical parameters. Frontiers in Endocrinology
2017 8 40. (https://doi.org/10.3389/fendo.2017.00040)

26 Carbia-Nagashima A, Gerez J, Perez-Castro C, Paez-Pereda M,
Silberstein S, Stalla GK, Holsboer F & Arzt E. RSUME, a small RWD-
containing protein, enhances SUMO conjugation and stabilizes
HIF-1alpha during hypoxia. Cell 2007 131 309-323. (https://doi.
01g/10.1016/j.cell.2007.07.044)

27 Antico Arciuch VG, Tedesco L, Fuertes M & Arzt E. Role of RSUME in
inflammation and cancer. FEBS Letters 2015 589 3330-3335. (https://
doi.org/10.1016/j.febslet.2015.07.048)

28 Chen X, Kuang W, Huang H, Li B, Zhu Y, Zhou B & Yan L.
Knockdown of RWD domain containing 3 inhibits the
malignant phenotypes of glioblastoma cells via inhibition of
phosphoinositide 3-kinase/protein kinase B signaling. Experimental
and Therapeutic Medicine 2018 16 384-393. (https://doi.
0rg/10.3892/etm.2018.6135)

29 Wu Y, Tedesco L, Lucia K, Schlitter AM, Garcia JM, Esposito I,
Auernhammer CJ, Theodoropoulou M, Arzt E, Renner U et al.
RSUME is implicated in tumorigenesis and metastasis of pancreatic
neuroendocrine tumors. Oncotarget 2016 7 57878-57893. (https://
doi.org/10.18632/oncotarget.11081)

30 Tedesco L, Elguero B, Pacin DG, Senin S, Pollak C, Garcia

Marchifiena PA, Jurado AM, Isola M, Labanca M], Palazzo M et al.

Von Hippel-Lindau mutants in renal cell carcinoma are regulated by

increased expression of RSUME. Cell Death and Disease 2019 10 266.

(https://doi.org/10.1038/s41419-019-1507-3)

Shan B, Gerez J, Haedo M, Fuertes M, Theodoropoulou M,

Buchfelder M, Losa M, Stalla GK, Arzt E & Renner U. RSUME is

implicated in HIF-1-induced VEGF-A production in pituitary

tumour cells. Endocrine-Related Cancer 2012 19 13-27. (https://doi.
0rg/10.1530/ERC-11-0211)

32 He W, Huang L, Shen X, Yang Y, Wang D, Yang Y & Zhu X.
Relationship between RSUME and HIF-1alpha/VEGF-A with
invasion of pituitary adenoma. Gene 2017 603 54-60. (https://doi.
org/10.1016/j.gene.2016.12.012)

33 Fuertes M, Sapochnik M, Tedesco L, Senin S, Attorresi A, Ajler P,
Carrizo G, Cervio A, Sevlever G, Bonfiglio JJ et al. Protein
stabilization by RSUME accounts for PTTG pituitary tumor
abundance and oncogenicity. Endocrine-Related Cancer 2018 25
665-676. (https://doi.org/10.1530/ERC-18-0028)

34 Lohrer P, Gloddek J, Hopfner U, Losa M, Uhl E, Pagotto U,

Stalla GK & Renner U. Vascular endothelial growth factor
production and regulation in rodent and human pituitary tumor
cells in vitro. Neuroendocrinology 2001 74 95-105. (https://doi.
0rg/10.1159/000054675)

35 Heaney AP, Fernando M & Melmed S. Functional role of estrogen in
pituitary tumor pathogenesis. Journal of Clinical Investigation 2002
109 277-283. (https://doi.org/10.1172/JCI14264)

36 Shen ES, Hardenburg JL, Meade EH, Arey BJ, Merchenthaler I &
Lopez FJ. Estradiol induces galanin gene expression in the pituitary
of the mouse in an estrogen receptor alpha-dependent manner.
Endocrinology 1999 140 2628-2631. (https://doi.org/10.1210/
endo.140.6.6932)

37 Asa SL, Kelly MA, Grandy DK & Low M]J. Pituitary lactotroph
adenomas develop after prolonged lactotroph hyperplasia in
dopamine D2 receptor-deficient mice. Endocrinology 1999 140
5348-5355. (https://doi.org/10.1210/endo.140.11.7118)

3

—

38 Paez-Pereda M, Giacomini D, Refojo D, Nagashima AC, Hopfner U,
Grubler Y, Chervin A, Goldberg V, Goya R, Hentges ST et al.
Involvement of bone morphogenetic protein 4 (BMP-4) in pituitary
prolactinoma pathogenesis through a Smad/estrogen receptor
crosstalk. PNAS 2003 100 1034-1039. (https://doi.org/10.1073/
pnas.0237312100)

39 Giacomini D, Haedo M, Gerez J, Druker J, Paez-Pereda M, Labeur M,
Stalla GK & Arzt E. Differential gene expression in models of
pituitary prolactin-producing tumoral cells. Hormone Research 2009
71 (Supplement 2) 88-94. (https://doi.org/10.1159/000192444)

40 Giacomini D, Paez-Pereda M, Stalla J, Stalla GK & Arzt E. Molecular
interaction of BMP-4, TGF-beta, and estrogens in lactotrophs: impact
on the PRL promoter. Molecular Endocrinology 2009 23 1102-1114.
(https://doi.org/10.1210/me.2008-0425)

41 Theodoropoulou M & Stalla GK. Somatostatin receptors: from
signaling to clinical practice. Frontiers in Neuroendocrinology 2013 34
228-252. (https://doi.org/10.1016/j.yfrne.2013.07.005)

42 Theodoropoulou M, Stalla GK & Spengler D. ZAC1 target genes and
pituitary tumorigenesis. Molecular and Cellular Endocrinology 2010
326 60-65. (https://doi.org/10.1016/j.mce.2010.01.033)

43 Pagotto U, Arzberger T, Theodoropoulou M, Griibler Y, Pantaloni C,
Saeger W, Losa M, Journot L, Stalla GK & Spengler D. The expression
of the antiproliferative gene ZAC is lost or highly reduced in
nonfunctioning pituitary adenomas. Cancer Research 2000 60
6794-6799.

44 Theodoropoulou M, Zhang J, Laupheimer S, Paez-Pereda M,

Erneux C, Florio T, Pagotto U & Stalla GK. Octreotide, a somatostatin
analogue, mediates its antiproliferative action in pituitary tumor cells
by altering phosphatidylinositol 3-kinase signaling and inducing
Zac1 expression. Cancer Research 2006 66 1576-1582. (https://doi.
0rg/10.1158/0008-5472.CAN-05-1189)

45 Theodoropoulou M, Tichomirowa MA, Sievers C, Yassouridis A,
Arzberger T, Hougrand O, Deprez M, Daly AF, Petrossians P, Pagotto U
et al. Tumor ZAC1 expression is associated with the response
to somatostatin analog therapy in patients with acromegaly.
International Journal of Cancer 2009 125 2122-2126. (https://doi.
0rg/10.1002/ijc.24602)

46 Chahal HS, Trivellin G, Leontiou CA, Alband N, Fowkes RC, Tahir A,
Igreja SC, Chapple JP, Jordan S, Lupp A et al. Somatostatin analogs
modulate AIP in somatotroph adenomas: the role of the ZAC1
pathway. Journal of Clinical Endocrinology and Metabolism 2012 97
E1411-E1420. (https://doi.org/10.1210/jc.2012-1111)

47 Cerovac V, Monteserin-Garcia J, Rubinfeld H, Buchfelder M, Losa M,
Florio T, Paez-Pereda M, Stalla GK & Theodoropoulou M. The
somatostatin analogue octreotide confers sensitivity to rapamycin
treatment on pituitary tumor cells. Cancer Research 2010 70 666-674.
(https://doi.org/10.1158/0008-5472.CAN-09-2951)

48 Greenman Y. Management of endocrine disease: present and future
perspectives for medical therapy of nonfunctioning pituitary
adenomas. European Journal of Endocrinology 2017 177 R113-R124.
(https://doi.org/10.1530/EJE-17-0216)

49 O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H,
Hofmann F, Hicklin DJ, Ludwig DL et al. mTOR inhibition induces
upstream receptor tyrosine kinase signaling and activates Akt. Cancer
Research 2006 66 1500-1508. (https://doi.org/10.1158/0008-5472.
CAN-05-2925)

50 Pavel ME, Hainsworth JD, Baudin E, Peeters M, Horsch D,

Winkler RE, Klimovsky ], Lebwohl D, Jehl V, Wolin EM et al.
Everolimus plus octreotide long-acting repeatable for the treatment
of advanced neuroendocrine tumours associated with carcinoid
syndrome (RADIANT-2): a randomised, placebo-controlled, phase 3
study. Lancet 2011 378 2005-2012. (https://doi.org/10.1016/50140-
6736(11)61742-X)

51 Pavel ME, Baudin E, Oberg KE, Hainsworth JD, Voi M, Rouyrre N,
Peeters M, Gross DJ & Yao JC. Efficacy of everolimus plus octreotide
LAR in patients with advanced neuroendocrine tumor and carcinoid

https://eje.bioscientifica.com


https://doi.org/10.1007/s11102-011-0326-z
https://doi.org/10.3389/fendo.2014.00229
https://doi.org/10.3389/fendo.2014.00229
https://doi.org/10.3389/fendo.2017.00040
https://doi.org/10.1016/j.cell.2007.07.044
https://doi.org/10.1016/j.cell.2007.07.044
https://doi.org/10.1016/j.febslet.2015.07.048
https://doi.org/10.1016/j.febslet.2015.07.048
https://doi.org/10.3892/etm.2018.6135
https://doi.org/10.3892/etm.2018.6135
https://doi.org/10.18632/oncotarget.11081
https://doi.org/10.18632/oncotarget.11081
https://doi.org/10.1038/s41419-019-1507-3
https://doi.org/10.1530/ERC-11-0211
https://doi.org/10.1530/ERC-11-0211
https://doi.org/10.1016/j.gene.2016.12.012
https://doi.org/10.1016/j.gene.2016.12.012
https://doi.org/10.1530/ERC-18-0028
https://doi.org/10.1159/000054675
https://doi.org/10.1159/000054675
https://doi.org/10.1172/JCI14264
https://doi.org/10.1210/endo.140.6.6932
https://doi.org/10.1210/endo.140.6.6932
https://doi.org/10.1210/endo.140.11.7118
https://doi.org/10.1073/pnas.0237312100
https://doi.org/10.1073/pnas.0237312100
https://doi.org/10.1159/000192444
https://doi.org/10.1210/me.2008-0425
https://doi.org/10.1016/j.yfrne.2013.07.005
https://doi.org/10.1016/j.mce.2010.01.033
https://doi.org/10.1158/0008-5472.CAN-05-1189
https://doi.org/10.1158/0008-5472.CAN-05-1189
https://doi.org/10.1002/ijc.24602
https://doi.org/10.1002/ijc.24602
https://doi.org/10.1210/jc.2012-1111
https://doi.org/10.1158/0008-5472.CAN-09-2951
https://doi.org/10.1530/EJE-17-0216
https://doi.org/10.1158/0008-5472.CAN-05-2925
https://doi.org/10.1158/0008-5472.CAN-05-2925
https://doi.org/10.1016/S0140-6736(11)61742-X
https://doi.org/10.1016/S0140-6736(11)61742-X

European Journal of Endocrinology

G K Stalla and others

Translational research in

pituitary tumours

syndrome: final overall survival from the randomized, placebo-
controlled phase 3 RADIANT-2 study. Annals of Oncology 2017 28
1569-1575. (https://doi.org/10.1093/annonc/mdx193)

52 Paez-Pereda M, Kovalovsky D, Hopfner U, Theodoropoulou M,
Pagotto U, Uhl E, Losa M, Stalla J, Grubler Y, Missale C et al.

Retinoic acid prevents experimental Cushing syndrome. Journal of
Clinical Investigation 2001 108 1123-1131. (https://doi.org/10.1172/
JCI11098)

53 Bush ZM, Lopes MB, Hussaini IM, Jane Jr JA, Laws Jr ER & Vance ML.
Immunohistochemistry of COUP-TFI: an adjuvant diagnostic tool for
the identification of corticotroph microadenomas. Pituitary 2010 13
1-7. (https://doi.org/10.1007/s11102-009-0189-8)

54 Occhi G, Regazzo D, Albiger NM, Ceccato F, Ferasin S, Scanarini M,
Denaro L, Cosma C, Plebani M, Cassarino MF et al. Activation of the
dopamine receptor type-2 (DRD2) promoter by 9-cis retinoic acid in
a cellular model of Cushing’s disease mediates the inhibition of cell
proliferation and ACTH secretion without a complete corticotroph-
to-melanotroph transdifferentiation. Endocrinology 2014 155
3538-3549. (https://doi.org/10.1210/en.2013-1820)

55 Giacomini D, Paez-Pereda M, Theodoropoulou M, Labeur M,

Refojo D, Gerez J, Chervin A, Berner S, Losa M, Buchfelder M et al.
Bone morphogenetic protein-4 inhibits corticotroph tumor cells:
involvement in the retinoic acid inhibitory action. Endocrinology
2006 147 247-256. (https://doi.org/10.1210/en.2005-0958)

56 Tsukamoto N, Otsuka F, Miyoshi T, Yamanaka R, Inagaki K,

Yamashita M, Otani H, Takeda M, Suzuki J, Ogura T et al. Effects of
bone morphogenetic protein (BMP) on adrenocorticotropin production
by pituitary corticotrope cells: involvement of up-regulation of BMP
receptor signaling by somatostatin analogs. Endocrinology 2010 151
1129-1141. (https://doi.org/10.1210/en.2009-1102)

57 Yacqub-Usman K, Duong CV, Clayton RN & Farrell WE. Epigenomic
silencing of the BMP-4 gene in pituitary adenomas: a potential target
for epidrug-induced re-expression. Endocrinology 2012 153
3603-3612. (https://doi.org/10.1210/en.2012-1231)

58 Castillo V, Giacomini D, Paez-Pereda M, Stalla J, Labeur M,
Theodoropoulou M, Holsboer F, Grossman AB, Stalla GK & Arzt E.
Retinoic acid as a novel medical therapy for Cushing’s disease in
dogs. Endocrinology 2006 147 4438-4444. (https://doi.org/10.1210/
en.2006-0414)

59 Pecori Giraldi F, Ambrogio AG, Andrioli M, Sanguin F, Karamouzis I,
Corsello SM, Scaroni C, Arvat E, Pontecorvi A & Cavagnini F.
Potential role for retinoic acid in patients with Cushing’s disease.
Journal of Clinical Endocrinology and Metabolism 2012 97 3577-3583.
(https://doi.org/10.1210/jc.2012-2328)

60 Vilar L, Albuquerque JL, Lyra R, Trovao Diniz E, Rangel Filho F,
Gadelha P, Thé AC, Ibiapina GR, Gomes BS, Santos V et al. The role
of isotretinoin therapy for Cushing’s disease: results of a prospective
study. International Journal of Endocrinology 2016 2016 8173182.
(https://doi.org/10.1155/2016/8173182)

61 Charmandari E, Kino T & Chrousos GP. Primary generalized familial
and sporadic glucocorticoid resistance (Chrousos syndrome) and
hypersensitivity. Endocrine Development 2013 24 67-85. (https://doi.
0rg/10.1159/000342505)

62 Riebold M, Kozany C, Freiburger L, Sattler M, Buchfelder M,

Hausch F, Stalla GK & Paez-Pereda M. A C-terminal HSP90 inhibitor
restores glucocorticoid sensitivity and relieves a mouse allograft
model of Cushing disease. Nature Medicine 2015 21 276-280. (https://
doi.org/10.1038/nm.3776)

63 Taipale M, Jarosz DF & Lindquist S. HSP90 at the hub of protein
homeostasis: emerging mechanistic insights. Nature Reviews:
Molecular Cell Biology 2010 11 515-528. (https://doi.org/10.1038/
nrm2918)

64 Kirschke E, Goswami D, Southworth D, Griffin PR & Agard DA.
Glucocorticoid receptor function regulated by coordinated action of
the Hsp90 and Hsp70 chaperone cycles. Cell 2014 157 1685-1697.
(https://doi.org/10.1016/j.cell.2014.04.038)

65 Ciato D, Mumbach AG, Paez-Pereda M & Stalla GK. Currently used
and investigational drugs for Cushing’s disease. Expert Opinion on
Investigational Drugs 2017 26 75-84. (https://doi.org/10.1080/135437
84.2017.1266338)

66 Theodoropoulou M & Reincke M. Tumor-directed therapeutic targets
in Cushing’s disease. Journal of Clinical Endocrinology and Metabolism
2019 104 925-933. (https://doi.org/10.1210/jc.2018-02080)

67 Ciato D, Li R, Monteserin Garcia JL, Papst L, D’Annunzio S,

Hristov M, Tichomirowa MA, Belaya Z, Rozhinskaya L, Buchfelder M
et al. Inhibition of heat shock factor 1 enhances repressive molecular
mechanisms on the POMC promoter. Neuroendocrinology 2019 109
362-373. (https://doi.org/10.1159/000500200)

Received 23 August 2019
Revised version received 10 October 2019
Accepted 7 November 2019

https://eje.bioscientifica.com


https://doi.org/10.1093/annonc/mdx193
https://doi.org/10.1172/JCI11098
https://doi.org/10.1172/JCI11098
https://doi.org/10.1007/s11102-009-0189-8
https://doi.org/10.1210/en.2013-1820
https://doi.org/10.1210/en.2005-0958
https://doi.org/10.1210/en.2009-1102
https://doi.org/10.1210/en.2012-1231
https://doi.org/10.1210/en.2006-0414
https://doi.org/10.1210/en.2006-0414
https://doi.org/10.1210/jc.2012-2328
https://doi.org/10.1155/2016/8173182
https://doi.org/10.1159/000342505
https://doi.org/10.1159/000342505
https://doi.org/10.1038/nm.3776
https://doi.org/10.1038/nm.3776
https://doi.org/10.1038/nrm2918
https://doi.org/10.1038/nrm2918
https://doi.org/10.1016/j.cell.2014.04.038
https://doi.org/10.1080/13543784.2017.1266338
https://doi.org/10.1080/13543784.2017.1266338
https://doi.org/10.1210/jc.2018-02080
https://doi.org/10.1159/000500200

	Abstract
	Clinical management and outcome in Cushing’s disease
	Clinical management
	Clinical management
	Somatic and neuropsychiatric comorbidities
	Somatic and neuropsychiatric comorbidities
	Quality of Life (QoL)

	Clinical management and outcome in acromegaly
	Clinical management
	Clinical management
	Somatic and neuropsychiatric comorbidities
	Somatic and neuropsychiatric comorbidities
	Quality of life

	Expression and function of RSUME in pituitary tumours
	Role of BMP-4 in prolactinomas
	Delineating somatostatin receptor signalling cascades to combat somatostatin analogue resistance in pituitary tumours
	Role of retinoic acid in the treatment of Cushing’s disease
	Role of HSP90 in Cushing’s disease and potential treatment with silibinin
	Conclusions
	Declaration of interest
	Funding
	References

