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Introduction

In part 1 of our review on somatostatin (SST) receptor biology in
neuroendocrine tumours, the somatostatin receptor (SSTR) as a
G-protein coupled receptor (GPCR), and the anti-tumour effects of
SST and SSTR post-signalling pathways, were reviewed. To reca-
pitulate, SST is a peptide hormone which acts mainly as an
inhibitor in many endocrine systems. SST has five receptor sub-
types (SSTR1-5) with SSTR2 as the most commonly expressed
form in both normal and tumoral tissues. SST has been widely
investigated for its anti-tumoral effects and their mechanisms, and
currently there are two SST analogues (lanreotide and octreotide)
in clinical use. The anti-proliferative action of SST mainly occurs
through phosphotyrosine phosphatases which modulate MAPK
and PI3K/Akt pathways. On the other hand, its anti-secretory
action occurs through decreased intracellular cAMP, K™ and Ca*™*
levels. While part 1 of our review has principally focused on the
molecular components of SST action, part 2 will cover the clinical
implications of these molecular effects, starting from SSTR sub-
type tissue distribution and SST analogue use in the diagnosis and
treatment of neuroendocrine tumours.

SSTR subtype tissue distribution and
its relevance to tumour imaging and
treatment

Because naturally occurring SSTs (SST-14 and SST-28) have

short half-lives in the circulation (1-3 min.), synthetic derivatives
have been designed to produce more stable compounds. Among

*Correspondence to: Mehtap CAKIR, Selcuk University,
Meram School of Medicine, Division of Endocrinology and Metabolism,
42080 Meram, Konya, Turkey.

© 2010 The Authors

imaging and treatment
e Conclusions

several SST analogues that have been synthesized, octreotide, lan-
reotide, vapreotide and seglitide bind preferentially to SSTR2 and
SSTR5, have moderate affinity for SSTR3 and low affinities for
SSTR1 and SSTR4 [1, 2]. Currently, octreotide and lanreotide are
in clinical use for the treatment of acromegaly and various GEP-
NETS [3]. However, the success of this therapeutic approach has
been often hampered by the fact that some patients respond to
treatment with SST analogues, whereas some are partial respon-
ders, and others do not respond at all, suggesting the potential
importance of the expression pattern of the SSTRs in each pathol-
ogy [4, 5]. There are case reports and studies confirming the exis-
tence of different receptor expression patterns [6-8]. In a study by
Ueberberg and colleagues, SSTR1-5 expression was analysed by
RT-PCR and Southern blotting in normal adrenal tissue and adre-
nal pheochromocytomas (PHEQs), cortisol-secreting adenomas
(CPAs), aldosterone secreting adenomas (APAs) and non-func-
tional adenomas (NFAs) [8]. Expression of all five receptor sub-
types was observed in RNA obtained from normal adrenal gland.
No SSTR5 expression was found in PHEQOs, whereas SSTR1 was
present in nearly all of these tumours. Only a few of the CPAs
expressed subtypes SSTR1 and SSTR4. Expression of all five sub-
types was distributed equally in APAs. No SSTR4 was found in any
of the NFAs [8].

In other words, the expression pattern of SSTRs is of crucial
importance in terms of using SST in imaging and treatment of
NETs. If the corresponding tumour does not express the receptors
necessary for inhibiting critical pathways, the given drug, mainly
SST analogues, will not have any effect. Moreover, treatment has
two components for NETs, namely, anti-secretory and anti-prolif-
erative actions. When the mechanisms of these two actions are
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reconsidered, it is also understandable that not always will these
two components go hand in hand in every tumour treated. There
are GH-secreting pituitary adenoma cases reported in the litera-
ture which are good examples for the dissociation of the anti-pro-
liferative and anti-secretory effects of SST analogues [9].

The clinical implication of the differing tissue and tumour dis-
tribution of SSTRs becomes more of an issue when it comes to
developing new drugs for these tumours. The SSTR expression
pattern shows great heterogeneity between different neuroen-
docrine tissues and also between the tumours originating from
different cells of the same neuroendocrine tissue. Several studies
have been performed investigating the SSTR subtype distribution
patterns in NETs. As it is not possible to mention all these studies
here, a brief overview will be made regarding SSTR subtype
expression patterns.

To start with, many studies have explored SSTR subtype
expression in pituitary adenomas demonstrating that SSTR2 is the
most frequently expressed subtype [10]. Specifically, at both
mRNA and protein levels SSTR2, SSTR5 and D2 coexpression has
been found in most GH-secreting adenomas [11]. However, some
50% GH-secreting tumours, particularly mixed GH/PRL adeno-
mas, also coexpress SSTR3 and SSTR1 [10, 12-16]. The expres-
sion of SSTR2 was found to be positively correlated with the in
vivo GH suppression induced by octreotide [17, 18]. Conversely,
in a study by Pl6ckinger and colleagues, octreotide-resistance was
noted in GH-secreting adenomas to be associated with a selective
loss of SSTR2 expression, and these tumours specifically
expressed SSTR1 and SSTR5 which could make them good can-
didates for pasireotide (SOM230, Novartis, Basel, Switzerland)
treatment which has high affinity to subtypes SSTR1, SSTR2,
SSTR3 and SSTR5 [19]. Additionally, new SSTR2 selective SST
analogues, with higher affinity to SSTR2 compared to octreotide
and lanreotide, showed a more potent effect on inhibition of GH
secretion in primary cultures of GH-secreting pituitary adenomas
[11]. On the other hand, in some cell culture studies SSTR5 selec-
tive SST analogues were found to be more potent [20]. Moreover,
the combined activation of SSTR2 and SSTR5 results in additive
inhibitory effects on GH secretion which has led to the synthesis
of new hi-selective agonist compounds that bind to both SSTR2
and SSTR5 [21].

The majority of prolactinomas express high numbers of D2R
and SSTR1. SSTR5 is also notably present, while SSTR2 is only
expressed in a minority of them [10, 12, 22-24]. Although
dopamine receptor agonists have successfully been used in these
tumours, some patients seem to be resistant or partially respon-
sive to dopamine agonist therapy. In in vitro studies, SSTR5 ago-
nist treatment have proven to be useful in prolactinomas; however,
the clinical importance of SST analogue treatment remains uncer-
tain as their effects are not additive to the widely used dopamine
agonist treatment regimens [11].

Non-functioning pituitary adenomas (NFPAs), including
gonadotrophinomas, as well as «-subunit producing tumours,
express mainly SSTR3 and at a lesser degree SSTR2 and D2R,
while they are seldom associated with SSTR1 [14, 25]. The cumu-
lative reported experience in NFPAs with octreotide administered
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to 100 NFPA patients for an average of 6 months (1-12 months),
has been recently reviewed by Colao et al. [26]. Tumour volume
decreased in 5%, increased in 12% and remained unchanged in
83% of patients; thus, long-term studies are clearly needed before
more definitive conclusions can be drawn. As SSTR3 induces
apoptosis by induction of p53 and the pro-apoptotic protein Bax,
SSTR3 selective SST analogues are seen as potential candidates
in treatment of NFPAs.

Corticotroph adenomas mainly express SSTR5 and D2R,
whereas SSTR2, SSTR1 and SSTR3 are expressed at lower levels
[12, 27-29]. An additional problem with these tumours is that, in
the hypercortisolaemic state, as in Cushing’s disease, SSTR2 may
be down-regulated on pituitary tumour cells. In patients with
ectopic ACTH syndrome, octreotide had no significant effects in
reducing AGCTH and serum cortisol levels, although the response
is variable and may be assessed utilizing an octreotide challenge
test [30]. The only available ACTH-producing cell line of corti-
cotroph origin is the murine AtT20 cell line. A number of studies
have indicated that in these cells SSTR2 and SSTR5 are principally
involved in the regulation of ACTH release and that selective ago-
nists that target these subtypes effectively inhibit ACTH secretion
[29]. More recently it was found that SSTR5 in particular played a
crucial role in regulating ACTH release in these cells, and that
SSTRb5-targeting agonists were more effective than SSTR2 ago-
nists in inhibiting ACTH release [29]. An emerging drug in terms
of potential applications to corticotroph adenomas is the multiso-
matostatin receptor analogue pasireotide. This agent exhibits
greater SSTR5 binding affinity than SSTR2 and has shown contin-
uing efficacy in high glucocorticoid states in vitro [11, 31, 32]. In
a recent study, pasireotide was shown to be less potent than
octreotide in inducing internalization and the signalling of SSTR2
receptors expressed in HEK cells [33]. In contrast, pasireotide was
more potent than octreotide in inducing internalization and sig-
nalling of SSTR3 and SSTR5 receptors [33]. In a study by Péll and
colleagues, SST and octreotide was shown to stimulate rapid coin-
ternalization of the rat SSTR2A and ss-arrestin into the same
endocytic vesicles [34]. In contrast, pasireotide failed to promote
substantial phosphorylation and internalization of the rat SSTR2A.
Additionally, in the presence of octreotide or SST, pasireotide
showed partial agonist behaviour, inhibiting phosphorylation, and
internalization of SSTR2A [34]. Pasireotide-mediated phosphory-
lation led to the formation of relatively unstable B-arrestin-
SSTR2A complexes that dissociated at or near the plasma mem-
brane. Thus, octreotide and pasireotide were found to be equally
active in inducing classical G protein-dependent signalling via the
SSTR2A, yet they promoted strikingly different patterns of
SSTR2A phosphorylation [34]. In the first, uncontrolled phase Il
trial in human, pasireotide caused a reduction in urinary free cor-
tisol levels in 76% of patients with Cushing’s disease during a
treatment period of 15 days, with direct effects on ACTH release,
while normalization of urinary free cortisol occurred only in 17%
of patients [35]. As it potently suppresses GH and IGF-I secretion
and, furthermore multiple SSTR expression is a feature of carci-
noid tumours, pasireotide may have potential efficacy in
acromegaly and the carcinoid syndrome as well [36].
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Thyroid-stimulating hormone (TSH)-secreting tumours, although
very rare, significantly express SSTR1, SSTR2 and SSTR5 [10, 12,
16, 37]. In patients treated with octreotide, TSH level normalization
was noted in 80%, whereas significant tumour shrinkage was
observed in 50% [11]. Beck-Peccoz and colleagues have reported
even better results with more than 90% of patients achieving nor-
malization of free T4 and free T3 [38—40]. In a recent study it was
demonstrated that SSTR2 is the SSTR subtype predominantly
expressed in a series of TSH-secreting adenomas [41], and the
patient with highest expression of SSTR2 showed marked shrink-
age of the tumour on octreotide treatment. These data suggest that
SSTR2 is involved in the control of TSH secretion and SST ana-
logues form an important treatment modality in these tumours.

Furthermore, as many pituitary adenomas coexpress SSTRs
and D2R and ligand induced heterodimerization has been shown
between SSTR5/D2 and SSTR2/D2 receptors, chimeric molecules
(‘dopastatins’) targeting both receptors hold great hope as future
treatment options [16]. These drugs may be favourable in
acromegaly and other pituitary tumours and also gastrointestinal
endocrine tumours where tachyphylaxis may limit SST analogue
efficacy [16].

When it comes to GEP-NETS, these tumours may be ‘function-
ing’ and thus cause a clinical syndrome due to hormonal hyper-
secretion, or ‘non-functioning’ when the symptoms are related
only to the mass effect of the tumour [11]. Regarding SSTR
expression, it has been reported that in the endocrine pancreas
SSTR5 and at lower levels SSTR1 are expressed in insulin secret-
ing B-cells, SSTR2 is mainly expressed in glucagon-secreting -
cells and SSTR5 in the SST-releasing 3-cells, while SSTR3 and
SSTR4 are poorly expressed [42, 43]. However in a study evalu-
ating SSTR expression in malignant pancreatic endocrine
tumours, SSTR2 and SSTR4 was positive in 90% and SSTR1 in
70% of the tumour tissues, whereas SSTR3 and SSTR5 stained
positive in only 50% of the tumour tissues [44]. The SSTs were
evenly distributed among the different tumour subtypes.
However, tumours belonging to the same subgroup of endocrine
pancreatic tumours showed a variable expression of receptor
subtypes. No differences in receptor-subtype expression pattern
were noted either between poorly and well-differentiated
tumours, or between primary tumours and metastases [44]. In an
immunohistochemical study analysing SSTR expression in GEP-
NETS [45], 94% were positive for SSTRs among the tumours
analysed. The negative cases were all non-functioning tumours.
SSTR2A and SSTR5 were highly expressed (86 and 62%, respec-
tively), and surprisingly found even in poorly differentiated
endocrine carcinomas [45]. SSTR expression was less frequent
in pancreatic than in gastrointestinal tumours. Well-differentiated
neoplasms had a higher density of SSTRs. However, there are
also case reports in the literature with functioning NETS and neg-
ative SSTR expression [6, 7]. In a case report by Singer and col-
leagues, ectopic Cushing’s syndrome caused by a well-differenti-
ated neuroendocrine carcinoma of the ileum was presented in
which immunohistochemical analysis of the primary tumour was
positive for SSTR2 as opposed to the metastases [6]. Similarly,
in another case report of ectopic Cushing’s syndrome caused by
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a neuroendocrine carcinoma of the mesentery, SSTR1-5 expres-
sion was found to be negative in an immunohistochemical analy-
sis of the tumour [7].

In another recent immunohistochemical study, the expression
of SSTRs and D2R were investigated in low-, intermediate- and
high grade NETs [46]. Both SSTR2 and SSTR5 were found to be
expressed in 100% of low-grade, 94% of intermediate-grade and
67% of high-grade NETs [46]. D2R was expressed in 93% of low-
grade, 78% of intermediate-grade and 44% of high-grade
tumours. Coexpression of all three receptors was recorded in
93% of low-grade tumours. Positive imaging with Octreoscan
(111In-DTPA-octreotide imaging, see below) correlated with
SSTR2 and SSTR5 expression. In a recent analysis investigating
SSTR expression in pulmonary NETs (n = 218), SSTRs were
found to be distributed heterogeneously with a significant pro-
gressive decrease from low- to high-grade forms [47]. SSTR2A
was strikingly overexpressed in metastatic typical carcinoids as
compared with atypical carcinoids and clinically benign typical
carcinoids. SSTR tissue immunolocalization correlated with
octreotide scintigraphy in 20 of 28 cases. In a study testing the
cytotoxicity of novel SST and dopamine chimeric compounds in
bronchopulmonary and small intestinal neuroendocrine tumour
cell lines, it was revealed that the drug response was very hetero-
geneous among different tissues, and it was concluded that NETs
from different locations arising from different neuroendocrine
cells may require cell-specific anti-proliferative agents based on
the unique receptor profile of individual lesions [48].

GEP-NETs usually express a high density of SSTRs (this can be
expressed as pmol receptors/g tissue), and in SSTR2" and
SSTR5™ tumours symptoms related to hormone hypersecretion
can be controlled by the administration of SST analogues in
around 90% of patients [11].

SST analogue treatment has been recently recommended in
functioning NETs in European Neuroendocrine Tumour Society
Guidelines [49]. Although tumour shrinkage has also been
observed in a small number of patients, SST analogue therapy
does not offer a curative treatment regimen and the tumour
advances in nearly all patients with GEP-NETS [11]. However,
based upon phase Il experience there is a strong suggestion of a
disease stabilizing effect of SST analogues in selected patients
[50]. Those patients with a progressive, non-functional GEP-NET,
positive octreotide scintigraphy, a low proliferation index and in
the absence of surgical options may benefit from a first-line med-
ical therapy with SST analogues. The exploration of the mecha-
nisms of this effect is unclear and hampered by the lack of suit-
able preclinical models. Very recently, for the first time the clear
anti-proliferative effects of octreotide in well-differentiated
metastatic midgut NETs have been shown in a placebo-controlled,
double-blind, phase I11B study [51]. In this study by Rinke and col-
leagues, after 6 months of treatment, stable disease was observed
in 66.7% of patients in the slow-release depot octreotide injection
group and 37.2% of patients in the placebo group. Functionally
active and inactive tumours responded similarly. The most
favourable effect was observed in patients with low hepatic
tumour load and resected primary tumour. This was one of the
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first properly controlled large-scale studies clearly showing the
anti-proliferative effect of octreotide in NETS.

On the other hand, the recently introduced SST analogue
pasireotide was found to be effective in controlling symptoms of
diarrhoea and flushing in 25% of patients with metastatic carcinoid
tumours inadequately controlled by slow-release depot octreotide
injection treatment [52]. Future studies will show whether this ana-
logue also has better anti-proliferative effect, as indicated on
phaeochromocytoma cells (see below) [53, 54]. BIM-23A760 is a
chimeric molecule, binding to SSTR2, SSTR5 and D2R: this drug,
which has shown greater efficacy than the SST analogues used in
clinical practice in suppressing GH production from pituitary
tumours, is being assessed in patients with NETs [54]. On the other
hand, receptor expression alone may not be enough in developing
future treatments in NETS as SSTR coupling to a given pathway
can be strongly influenced by the ligand used [55]. In a recent study
by Cescato and colleagues, pasireotide, which activates SSTRT,
SSTR2, SSTR3 and SSTR5 receptors, as mentioned previously,
and KE108, which activates all SSTR subtypes were compared in
terms of modulated intracellular pathways in two different cell
lines, HEK 293 and pancreatic AR42J cells [55]. The results
demonstrated that pasireotide and KE108 behave as agonists for
the inhibition of adenylyl cyclase but antagonize SST’s actions on
intracellular calcium and ERK phosphorylation. Thus, pasireotide
and KE108 were not SST mimics, and their functional selectivity at
SSTR2A receptors should be considered in clinical applications
where it might have important consequences for therapy.

Another diagnostic and therapeutic application is imaging of
NETs with labelled SST analogues followed by radionuclide ther-
apy. Peptide receptor imaging (PRI) and radionuclide therapy
(PRRT) can be combined in a single probe which has been named
as ‘theranostic’ by some authors [56]. The idea that lies behind
this approach is the exploitation of the specific receptor binding
properties of the peptide ligand by using a radiolabelled ligand to
guide the radioactivity to the tumours expressing a particular
receptor [56]. The high affinity of the ligand for the receptor facil-
itates retention of the radiolabel in the tumour. Receptor-binding
peptides labelled with vy-radiation emitters for SPECT (indium-
111 and technetium-99m) or positron emitters for PET (gallium-
68 and fluorine-18) enable visualization of receptor-expressing
tissues non-invasively: a technique referred to as PRI [56]. In
addition, peptides labelled with B-particle emitters (yttrium-90
and lutetium-177) have the potential to eradicate receptor-
expressing tissues: this approach is referred to as PRRT [56]. A
peptide analogue labelled with a diagnostic radionuclide is used
for imaging to select patients who will benefit from radionuclide
therapy. Thereafter, radionuclide therapy is performed with the
same or a similar peptide analogue labelled with a therapeutic
radionuclide. When a chelator such as DTPA is used, it enables
high specific activity complexing of Min with octreotide, which
can be applied for SPECT imaging. Currently, "n-DTPA-
octreotide (mln-pentetreotide) is the most commonly used
tracer for imaging of NETs and provides important information on
the localization and staging of NETs [57]. The next generation of
modified SST analogues includes DOTA,TyrS-octreotide (DOTA-
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TOC) and DOTA,TyrS-octreotate (DOTATATE) [56]. DOTATOC has
a higher affinity for SSTR2 and has the chelator DOTA instead of
DTPA, which forms thermodynamically and kinetically stable
complexes with a variety of radiometals for PRI as well as PRRT:
™1 for SPECT, ®8Ga for PET, and ®°Y and '"’Lu for PRRT [56].
DOTATATE is also a third-generation SST analogue which is used
for PRI and PRRT. Reubi and colleagues have reported a 9-fold
increase in affinity for SSTR2 for DOTA,Tyr3-octreotate when
compared with DOTA,TyrS-octreotide, and a 6-to 7-fold increase
in affinity for their yttrium-loaded counterparts [58]. SST ana-
logues *°Y-DOTATOC and """Lu-DOTATATE has been explored in
NETs as PRRT for more than a decade and present knowledge
and clinical studies indicate that it is possible to deliver high-
absorbed doses to tumours which express SSTR2 [59]. In these
studies partial and complete objective responses have been
detected in up to 30% of patients [59]. Moreover, a consistent
survival benefit is reported. Compared to historical controls,
there is a benefit in overall survival of several years from time of
diagnosis in patients treated with '7’Lu-DOTATATE [60]. From
animal experiments it can be inferred that %0y.Jabelled SST ana-
logues may be more effective for larger tumours, whereas 77 -
labelled SST analogues may be more effective for smaller
tumours, but their combination may be the most effective [60].
Therefore, apart from comparisons between radiolabelled octreo-
tate and octreotide, and between SST analogues labelled with %%y
or ""Lu, PRRT with combinations of *Y- and """ Lu-labelled ana-
logues should also be evaluated [60]. 9MT¢-labelled SST ana-
logues, such as 9ngc-hydrazinopyridine-3-calrb0><y|ic acid
(HYNIC), have also growing importance because of the cost-
effectiveness and wide availability of *™Tc. PET scanning with
88Ga- and "8F-labelled SST analogues will be increasingly applied
for detection and follow-up of patients with NETs because of the
higher sensitivity of this technique and the reduced time needed
for investigation in comparison to SPECT.

Regarding adrenal tissue, in a very recent study SSTR2 expres-
sion at the mRNA and protein levels in normal human adrenal tis-
sues, adrenocortical and adrenomedullary tumours, and cell lines
was analysed [61]. SSTR2 mRNA expression was detected in nor-
mal adrenal cortex, benign and malignant phaeochromocytoma,
adrenocortical adenoma and carcinoma, adrenomedullary PC-12
tumour cells and adrenocortical SW-13 tumour cells [61]. The
non-cytotoxic SST analogue RC-160 did not have any effect on
PC-12 cells. However, the two targeted cytotoxic SST analogues,
AN-238, which is a targeted cytotoxic SST analogue consisting of
2-pyrrolinodoxorubicin (AN-201) linked to the octapeptide SST
analogue RC-121, and AN-162, which is another cytotoxic SST
analogue consisting of doxorubicin conjugated to RC-121, signif-
icantly reduced the number of PC-12 cells [61]. In another study,
all benign phaeochromocytomas were found be immunohisto-
chemically positive for SSTR3 and the adrenal medulla was pre-
dominantly positive for SSTR3 [62]. In a recent study evaluating
the effects of the SST analogues octreotide and pasireotide on cell
proliferation, apoptosis and catecholamine levels in primary cul-
tured and SSTR-expressing PHEOs cells, significant inhibition of
cell growth and apoptosis was noted for both drugs in favour of
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pasireotide [53]. Regarding imaging, in adrenal phaeochromocy-
tomas, although 123I-metaliodobenzylguanidine (MIBG) scintigra-
phy shows a higher detection rate for benign PHEOs compared to
111In-pentetreotide scintigraphy, in malignant phaeochromocy-
tomas 111In-pentetreotide scintigraphy may reveal 1231.mIBG
scintigraphy negative lesions [63]. For scintigraphic detection of
head and neck paragangliomas, Mn-octreotide scintigraphy
seems superior to 23_MmIBG scintigraphy [64].

In patients with medullary thyroid carcinoma both SST ana-
logues and tumour-targeted radioactive treatment using radiola-
belled SST analogues have limited therapeutic value due to minor
radioactivity uptake by these tumours in most patients [65]. In
pituitary tumours from different origins, 111In-pentetreotide
scintigraphy is also of very low value.

Conclusions

The incidence and prevalence of NETs have significantly increased
over the last two decades. NETs are heterogeneous tumours and
the high variability of SSTR subtype expression reported above
may be due in part to the different techniques used in these stud-
ies (mainly mRNA analysis by Northern blot, in situ hybridization,
‘real-time’ PCR or protein assays such radioactive-binding studies
and immunohistochemistry). There is even considerable hetero-
geneity in SSTR expression patterns in pituitary tumours. This
point poses a problem in treatment of NETs as treatment response
is quite unpredictable. On the other hand, for SSTRs, as for
GPCRs in general, the possibility of new drugs with different phar-
macological profiles at specifically targeted receptor subtypes
holds great promise [66]. SSTRs associate with other receptors to
form molecular complexes whose binding, pharmacological and
signalling properties can diverge substantially from those of the
corresponding single receptors [67]. In other words, these recep-
tor interactions may allow the activation of intracellular pathways
not regulated by the individual receptors or modify their binding
and desensitization responses that may be useful for therapeutic
purposes. The currently available data already indicate that the

References

1. Weckbecker G, Lewis I, Albert R, ef al. and cortistatin

receptors. Mol Cell

J. Cell. Mol. Med. Vol 14, No 11, 2010

pattern of dimer formation and its dynamic behaviour after ligand
binding is subtype specific and can also be species dependent;
however, there is still no evidence to explain how these differences
influence aspects of SSTR functioning [67]. The precise identifica-
tion and functional characterization of SSTR homo- and het-
erodimers constitutes a promising goal that could open new
avenues to understand the physiology of SSTRs and their natural
and synthetic ligands in health and disease.

The differential intracellular trafficking of SSTRs is likely to be
involved in the regulation of long-term responsiveness of individ-
ual target cells to stable SST analogues [68]. The SSTR2 receptor
appears to be an ideal pharmacological target because the lack of
detectable down-regulation may enable target cells to retain their
responsiveness during prolonged agonist exposure, and its rapid
internalization and recycling may allow the accumulation of consid-
erable amounts of radiolabelled SST analogues in target cells [68].
In contrast, due to its rapid down-regulation, the SSTR3 receptor
appears to be a less favourable pharmacological target [68].

It seems that SST analogues will be a cornerstone treatment
for NETs in the foreseeable future. Several analogues and chimeric
molecules with different signalling properties are being developed,
and many are on their way. Better understanding of the effects of
these agents and modulated pathways will clarify the putative role
SST analogues in the treatment of not only NETs but also in other
cancers that are also well known to express SSTRs.

Acknowledgements

AB Grossman has received Advisory Board and lecture fees from Novartis
and Ipsen.

Conflict of interest

The authors confirm that there are no conflicts of interest.

well differentiated ACTH-secreting neu-

Opportunities in somatostatin research:
biological, chemical and therapeutic
aspects. Nat Rev Drug Discov. 2003; 2:
999-1017.

Florio T. Molecular mechanisms of the
antiproliferative activity of somatostatin
receptors (SSTRs) in neuroendocrine
tumors. Front Biosci. 2008; 13: 822-40.
Siehler S, Nunn C, Hannon J, et al.
Pharmacological profile of somatostatin

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Endocrinol. 2008; 286: 26-34.

Olias G, Viollet C, Kusserow H, et al.
Regulation and function of somatostatin
receptors. J Neurochem. 2004; 89: 1057-91.
Jaquet P, Saveanu A, Barlier A. New SRIF
analogs in the control of human pituitary
adenomas: perspectives. J Endocrinol
Invest. 2005; 28: 14-18.

Singer J, Werner F, Koch CA, et al.
Ectopic Cushing’s syndrome caused by a

roendocrine carcinoma of the ileum. Exp
Clin Endocrinol Diabetes. 2010. DOI:
10.1055/5-0029-1243634.

Fasshauer M, Lincke T, Witzigmann H,
et al. Ectopic Cushing’ syndrome caused
by a neuroendocrine carcinoma of the
mesentery. BMC Cancer. 2006; 6: 108.
Ueberberg B, Tourne H, Redmann A,
et al. Differential expression of the human
somatostatin receptor subtypes sst1 to

2589



10.

1.

12.

13.

14.

15.

16.

17.

18.

2590

sstb in various adrenal tumors and normal
adrenal gland. Horm Metab Res. 2005; 37:
722-8.

Resmini E, Dadati P, Ravetti JL, et al.
Rapid pituitary tumor shrinkage with dis-
sociation between anti-proliferative and
anti-secretory effects of a long-acting
octreotide in an acromegalic patient. J Clin
Endocrinol Metab. 2007; 92: 1592-99.
Panetta R, Patel YC. Expression of mRNA
for all five human somatostatin receptors
(hSSTR1-5) in pituitary tumors. Life Sci.
1995; 56: 333-42.

Dalm VA, Hofland LJ, Lamberts SW.
Future clinical prospects in somatostatin/
cortistatin/somatostatin receptor field.
Mol Cell Endocrinol. 2008; 286: 262—-77.
Stefaneanu L, Kovacs K, Horvath E, et al.
Dopamine D2 receptor gene expression in
human adenohypophysial adenomas.
Endocrine. 2001; 14: 329-36.

Zatelli MC, Piccin D, Tagliati F, ef al.
Dopamine receptor subtype 2 and somato-
statin receptor subtype 5 expression influ-
ences somatostatin analogs effects on
human somatotroph pituitary adenomas in
vitro. J Mol Endocrinol. 2005; 35: 333-41.
Taboada GF, Luque RM, Bastos W, ef al.
Quantitative analysis of somatostatin
receptor subtype (SSTR1-5) gene expres-
sion levels in somatotropinomas and non-
functioning pituitary adenomas. Eur J
Endocrinol. 2007; 156: 65-74.

Ferone D, de Herder WW, Pivonello R,
et al. Correlation of in vitro and in vivo
somatotropic adenoma responsiveness to
somatostatin analogs and dopamine ago-
nists with immunohistochemical evalua-
tion of somatostatin and dopamine recep-
tors and electron microscopy. J Clin
Endocrinol Metab. 2008; 93: 1412—7.
Saveanu A, Jaquet P, Brue T, Barlier A.
Relevance of coexpression of somatostatin
and dopamine D2 receptors in pituitary
adenomas. Mol Cell Endocrinol. 2008;
286: 206-13.

Hofland LJ, van der Hoek J, van
Koetsveld PM, ef al. The novel somato-
statin analog SOM230 is a potent inhibitor
of hormone release by growth hormone-
and prolactin-secreting pituitary adeno-
mas in vitro. J Clin Endocrinol Metab.
2004; 89: 1577-85.

Taboada GF, Luque RM, Neto LV, et al.
Quantitative analysis of somatostatin
receptor subtypes (1-5) gene expression
levels in somatotropinomas and correla-
tion to in vivo hormonal and tumor volume
responses to treatment with octreotide

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

LAR. Eur J Endocrinol.
295-303.

Plackinger U, Albrecht 8, Mawrin C, et
al. Selective loss of somatostatin receptor
2 in octreotide-resistant growth hormone-
secreting adenomas. J Clin Endocrinol
Metab. 2008; 93: 1203-10.

Shimon I, Yan X, Taylor JE, et al.
Somatostatin receptor (SSTR) subtype-
selective analogues differentially suppress
in vitro growth hormone and prolactin in
human pituitary adenomas. Novel potential
therapy for functional pituitary tumors.
J Clin Invest. 1997; 100: 2386-92.
Saveanu A, Gunz G, Dufour H, ef al. Bim-
23244, a somatostatin receptor subtype
2- and 5-selective analog with enhanced
efficacy in suppressing growth hormone
(GH) from octreotide-resistant human GH
secreting adenomas. J Clin Endocrinol
Metab. 2001; 86: 140-5.

Miller GM, Alexander JM, Bikkal HA,
et al. Somatostatin receptor subtype gene
expression in pituitary adenomas. J Clin
Endocrinol Metab. 1995; 80: 1386-92.
Fusco A, Gunz G, Jaquet P, et al.
Somatostatinergic ligands in dopamine
sensitive or -resistant prolactinomas. Eur
J Endocrinol. 2007; 158: 595-603.
Saveanu A, Jaquet P. Somatostatin-
dopamine ligands in the treatment of pitu-
itary adenomas. Rev Endocr Metab Disord.
2009; 10: 83-90.

Zatelli MC, Piccin D, Bottoni A, et al.
Evidence for differential effects of selective
somatostatin receptor subtype agonists on
alpha-subunit and chromogranin a secre-
tion and on cell viability in human non-
functioning pituitary adenomas in vitro.
J Clin Endocrinol Metab. 2004; 89: 5181-8.
Colao A, Di Somma C, Pivonello R, ef al.
Medical therapy for clinically non-function-
ing pituitary adenomas. Endocr Relat
Cancer. 2008; 15: 905-15.

Pivonello R, Ferone D, de HerderWW,
et al. Dopamine receptor expression and
function in corticotroph pituitary tumors.
J Clin Endocrinol Metab. 2004; 89:
2452-62.

Batista DL, Zhang X, Gejman R, et al.
The effects of SOM230 on cell proliferation
and adrenocorticotropin secretion in
human corticotroph pituitary adenomas. J
Clin Endocrinol Metab. 2006; 91: 4482-8.
de Bruin C, Feelders RA, Lamberts SWJ,
et al. Somatostatin and dopamine recep-
tors as targets for medical treatment of
Cushing’s Syndrome. Rev Endoc Metab
Dis. 2009; 42: 47-56.

2008; 158:

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Uwaifo GI, Koch CA, Hirshberg B, et al. Is
there a therapeutic role for octreotide in
patients with ectopic Cushing’s syndrome?
J Endocrinol Invest. 2003; 26: 710-7.
Ben-Shlomo A, Schmid H, Wawrowsky K,
et al. Differential ligand-mediated pituitary
somatostatin receptor subtype signaling:
implications for corticotroph tumor ther-
apy. J Clin Endocrinol Metab. 2009; 94:
4342-50.

Hofland LJ. Somatostatin and somato-
statin receptors in Cushing’s disease. Mo/
Cell Endocrinol. 2008; 286: 199-205.
Lesche S, Lehmann D, Nagel F, et al.
Differential effects of octreotide and
pasireotide on somatostatin receptor inter-
nalization and trafficking in vitro. J Clin
Endocrinol Metab. 2009; 94: 654-61.

Pdll F, Lehmann D, llling S, ef al.
Pasireotide and octreotide stimulate dis-
tinct patterns of sst2A somatostatin recep-
tor phosphorylation. Mol Endocrinol.
2010; 24: 436-46.

Boscaro M, Ludlam WH, Atkinson B,
et al. Treatment of pituitary-dependent
Cushing’s disease with the multireceptor
ligand somatostatin analog pasireotide
(SOM230): a multicenter, phase Il trial. J
Clin Endocrinol Metab. 2009; 94: 115-22.
Schmid HA. Pasireotide (SOM230): devel-
opment, mechanism of action and poten-
tial applications. Mol Cell Endocrinol.
2008; 286: 69-74.

Yoshihara A, Isozaki 0, Hizuka N, et al.
Expression of type 5 somatostatin receptor
in TSH-secreting pituitary adenomas: a
possible marker for predicting long-term
response to octreotide therapy. Endocr J.
2007; 54: 133-8.

Beck-Peccoz P, Persani L, Mannavola D,
et al. Pituitary tumors: TSH-secreting ade-
nomas. Best Pract Res Clin Endocrinol
Metab. 2009; 23: 597-606.

Mannavola D, Persani L, Vannucchi G,
et al. Different responses to chronic
somatostatin analogues in patients with
central hyperthyroidism. Clin Endocrinol.
2005; 62: 176-81.

Beck-Peccoz P, Persani L. Medical man-
agement of thyrotropin-secreting pituitary
adenomas. Pituitary. 2002; 5: 83-8.
Horiguchi K, Yamada M, Umezawa R,
ef al. Somatostatin receptor subtypes
mRNA in TSH-secreting pituitary adeno-
mas: a case showing a dramatic reduction
in tumor size during short octreotide treat-
ment. Endocr J. 2007; 54: 371-8.

Kumar U, Sasi R, Suresh S, et al.
Subtype-selective expression of the five

© 2010 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



43.

44.

45.

46.

47.

48.

49.

50.

somatostatin receptors (hSSTR1-5) in
human pancreatic islet cells: a quantitative
double-label immunohistochemical analy-
sis. Diabetes. 1999; 48: 77-85.

Strowski MZ, Kohler M, Chen HY, et al.
Somatostatin receptor subtype 5 regu-
lates insulin secretion and glucose home-
ostasis. Mol Endocrinol. 2003; 17:
93-106.

Fjallskog ML, Ludvigsen E, Stridsberg M,
et al. Expression of somatostatin receptor
subtypes 1 to 5 in tumor tissue and intra-
tumoral vessels in malignant endocrine
pancreatic tumors. Med Oncol. 2003; 20:
59-67.

Zamora V, Cabanne A, Salanova R, et al.
Immunohistochemical expression  of
somatostatin  receptors in digestive
endocrine tumours. Dig Liver Dis. 2010;
42: 220-5.

Srirajaskanthan R, Watkins J, Marelli L,
et al. Expression of somatostatin and
dopamine 2 receptors in neuroendocrine
tumours and the potential role for new bio-
therapies. Neuroendocrinology. 2009; 89:
308-14.

Righi L, Volante M, Tavaglione V, ef al.
Somatostatin receptor tissue distribution
in lung neuroendocrine tumours: a clinico-
pathologic and immunohistochemical
study of 218 ‘clinically aggressive’ cases.
Ann Oncol. 2009; DOI: 10.1093/annonc/
mdp334.

Kidd M, Drozdov I, Joseph R, et al.
Differential cytotoxicity of novel somato-
statin and dopamine chimeric compounds
on bronchopulmonary and small intestinal
neuroendocrine tumor cell lines. Cancer.
2008; 113: 690-700.

Oberg K, Ferone D, Kaltsas G, ef al.
ENETS Consensus Guidelines for the
Standards of Care in Neuroendocrine
Tumors: biotherapy. Neuroendocrinology.
2009; 90: 209-13.

Verslype C, Carton S, Borbath I, ef al.
The antiproliferative effect of somatostatin
analogs: clinical relevance in patients with
neuroendocrine gastro-entero-pancreatic

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

51.

52.

53.

54.

55.

56.

57.

58.

tumours. Acta Gastroenterol Belg. 2009;
72:54-8.

Rinke A, M._ller HH, Schade-Brittinger C,
et al. Placebo-controlled, double-blind,
prospective, randomized study on the
effect of octreotide LAR in the control of
tumor growth in patients with metastatic
neuroendocrine midgut tumors: a report
from the PROMID Study Group. J Clin
Oncol. 2009; 27: 4656-63.

Kvols L, Wiedenmann B, Oberg K, et al.
Safety and efficacy of pasireotide
(S0M230) in patients with metastatic car-
cinoid tumors refractory or resistant to
octreotide LAR: results of a phase Il study.
J Clin Oncol. 2006; 24: 198s.

Pasquali D, Rossi V, Conzo G, ef al.
Effects of somatostatin analog SOM230 on
cell proliferation, apoptosis, and cate-
cholamine levels in cultured pheochromo-
cytoma cells. J Mol Endocrinol. 2008; 40:
263-71.

Granberg D. Investigational drugs for neu-
roendocrine tumours. Expert Opin Investig
Drugs. 2009; 18: 601-8.

Cescato R, Loesch KA, Waser B, ef al.
Agonist-biased signaling at the sst2A
receptor: the multi-somatostatin analogs
KE108 and SOM230 activate and antago-
nize distinct signaling pathways. Mol
Endocrinol. 2010; 24: 240-9.

de Jong M, Breeman WA, Kwekkeboom
DJ, et al. Tumor imaging and therapy
using radiolabeled somatostatin ana-
logues. Acc Chem Res. 2009; 42: 873-80.
Kwekkeboom DJ, Krenning EP,
Scheidhauer K, ef al. ENETS Consensus
Guidelines for the Standards of Care in
Neuroendocrine Tumors: somatostatin
receptor imaging with (111)In-pente-
treotide. Neuroendocrinology. 2009; 90:
184-9.

Kwekkeboom DJ, Krenning EP, Lebtahi R,
et al. ENETS Consensus Guidelines for the
Standards of Care in Neuroendocrine
Tumors: peptide receptor radionuclide ther-
apy with radiolabeled somatostatin analogs.
Neuroendocrinology. 2009; 90: 220-6.

J. Cell. Mol. Med. Vol 14, No 11, 2010

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bodei L, Ferone D, Grana CM, et al.
Peptide receptor therapies in neuroen-
docrine tumors. J Endocrinol Invest. 2009;
32: 360-9.

Kwekkeboom D, Kam B, Van Essen M, et
al. Somatostatin receptor based imaging
and therapy of gastroenteropancreatic
neuroendocrine tumors. Endocr Relat
Cancer. 2010; 17: R53-73.

Ziegler CG, Brown JW, Schally AV, ef al.
Expression of neuropeptide hormone
receptors in human adrenal tumors and
cell lines: antiproliferative effects of pep-
tide analogues. Proc Natl Acad Sci USA.
2009; 106: 15879-84.

Unger N, Serdiuk I, Sheu SY, et al.
Immunohistochemical localization of
somatostatin receptor subtypes in benign
and malignant adrenal tumours. Clin
Endocrinol. 2008; 68: 850-7.

Van der Harst E, de Herder WW, Bruining
HA, et al. [(123)IJmetaiodobenzylguanidine
and [(111)In]octreotide uptake in benign
and malignant pheochromocytomas.
J Clin Endocrinol Metab. 2001; 86:
685-93.

Koopmans KP, Jager PL, Kema IP, ef al.
111In-octreotide is superior to 123I-
metaiodobenzylguanidine for scintigraphic
detection of head and neck paragan-
gliomas. J Nucl Med. 2008; 49: 1232-7.
Kaltsas GA, Beser GM, Grossman AB.
The diagnosis and medical management of
advanced neuroendocrine tumors. Endocr
Rev. 2004; 25: 458-511.

Schonbrunn A. Selective agonism in
somatostatin receptor signaling and regu-
lation. Mol Cell Endocrinol. 2008; 286:
35-9.

Durén-Prado M, Malagon MM, Gracia-
Navarro F ef al. Dimerization of G protein-
coupled receptors: new avenues for
somatostatin receptor signalling, control
and functioning. Mol Cell Endocrinol.
2008; 286: 63-8.

Jacobs S, Schulz S. Intracellular traffick-
ing of somatostatin receptors. Mol Cell
Endocrinol. 2008; 286: 58-62.

2591



