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Mechanisms of Antineoplastic Action of

Somatostatin Analogs (4216

MicHAEL N. POLLAK,*'! AND ANDREW V. SCHALLY?

Medicine, New Orleans, Louisiana 70146

Abstract. Over the past decade, impressive antineoplastic activity of somatostatin
analogs has been demonstrated in many tumor models. More recent research has
provided information regarding mechanisms underlying the antiproliferative and ap-
optosis-inducing actions of these compounds. These include both ‘direct’ mecha-
nisms that are sequellae of binding of somatostatin analogs to somatostatin receptors
present on neoplastic cells and ‘indirect’ mechanisms related to effects of somato-
statin analogs on the host. The upreguiation of intracellular tyrosine phosphatase
activity triggered by binding of ligands to the type Il somatostatin receptor has re-
ceived considerable attention as a direct mechanism, not only because this activity is
the converse of the tyrosine kinase activity associated with many peptide mitogen
receptors, but also because the type Il somatostatin receptor is frequently expressed
by common human neoplasms, including breast cancer. The potential importance of
indirect mechanisms of action of somatostatin analogs, such as alterations in host
insulin-like growth factor physiology, is emphasized by the in vivo antineoplastic
activity of these compounds against somatostatin receptor-negative neoplasms.
Clinical efficacy and a favorable toxicity profile of somatostatin analogs in the treat-
ment of relatively uncommon conditions such as acromegaly and neuroendocrine
tumors have already been demonstrated. Preclinical data now are sufficient to justify
controlled clinical trials in breast, prostate, and pancreatic cancer. The development
of monthly depot formulations will facilitate the clinical evaluation of somatostatin
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analogs for these and other indications.

[P.S.E.B.M. 1998, Vol 217]

Background

Development of Noncytotoxic Therapies for
Cancer. Although cytotoxic chemotherapy is very effec-
tive in the management of certain neoplasms such as tes-
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ticular cancer, the efficacy of this therapeutic modality in
the treatment of many common neoplasms such as those of
the lung, breast, prostate, bowel, pancreas, and kidney is
limited. ‘‘Cure’’ of macroscopic metastatic disease is ex-
ceedingly rare, and palliation of symptoms of metastatic
neoplasms by chemotherapy can be problematic as the tox-
icity of the treatment often mitigates any improvement in
quality of life resulting from the temporary decrease in tu-
mor burden. Post-surgical adjuvant chemotherapy is fre-
quently without beneficial effect (as in the case of renal
cancer), or is associated with only small improvements in
disease-free survival (for instance in the case of colon can-
cer). This situation has not only motivated attempts to
develop novel cytotoxic agents, but also has stimulated
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research regarding innovative noncytotoxic approaches to
cancer treatment (1-3).

Among various hormonal agents, increasing attention is
being directed to somatostatin analogs (4-6). This is largely
due to the demonstration of antineoplastic activity of these
compounds in a variety of experimental models in vitro and
in vivo (reviewed in Refs. 4-6). Further interest is due to the
recent description of some aspects of the molecular mecha-
nisms underlying this antineoplastic activity (7-19). Clini-
cal experience with somatostatin analogs in the treatment of
conditions such as acromegaly and carcinoid syndrome has
shown that they are well tolerated compared to antineoplas-
tic therapies currently in use (20). Therefore, there is much
interest in carrying out controlled clinical trials in appropri-
ate cohorts of patients to determine whether or not the en-
couraging results from preclinical research will translate
into clinically useful antineoplastic activity.

In this article, we discuss recent concepts regarding the
mechanisms of antineoplastic action of somatostatin ana-
logs and summarize their status as drug candidates for treat-
ment of non-neuroendocrine neoplastic diseases.

Somatostatin and the Development of Somato-
statin Analogs. Somatostatin was originally isolated
from ovine and subsequently porcine hypothalami as a sub-
stance that inhibited growth hormone (GH) secretion by the
pituitary gland (reviewed in Refs. 21, 22). It was subse-
quently recognized that somatostatin is widely expressed in
many organs and that the regulation of GH release repre-
sents a specialized function of the somatostatin molecule
that arose relatively late in evolution. Somatostatin-like im-
munoreactivity has since been described in vertebrates, in-
vertebrates, plants, and even a protozoan (21, 23). This sug-
gests the possibility that somatostatin-like molecules have
served roles in intercellular communication since the evo-
lution of multicellular organisms and that somatostatin
plays an important role in regulating cellular proliferation.

The physiological effects of somatostatin are predomi-
nately inhibitory. Antiproliferative actions are seen in many
cell types of higher organisms. Recent studies suggest these
actions are correlated with induction of apoptosis in certain
instances (8). Somatostatin also inhibits exocrine secretion
in the digestive system, inhibits endocrine secretion of
many hormones, modulates biliary and gastrointestinal mo-
tility, and has additional roles as a neurotransmitter (21).
Expression of the gene encoding somatostatin is widespread
in the central and peripheral nervous systems and also is
found in neuroendocrine cells that are found in most organ
systems. The physiological roles of these cells and the so-
matostatin they secrete in a paracrine manner in organs such
as breast, prostate, and kidney remain incompletely under-
stood. The development of somatostatin-gene and somato-
statin-receptor-gene knock-out models is an experimental
strategy that may be useful in further investigation of this
issue.

Two molecular forms of somatostatin, SST-14 and
SST-28, have been identified (22, 24). In mammals, these

two peptides are encoded by a single gene that yields a
peptide (preprosomatostatin) that is subsequently cleaved to
generate SST-14 or SST-28. In lower vertebrates, separate
genes encode SST-14 and SST-28 (25).

The development of synthetic analogs of somatostatin
was necessary in view of the many actions of somatostatin
and its short half-life (22). It was quickly recognized that
naturally occurring somatostatin was difficult to use for
therapeutic purposes because of its short serum half-life (~3
min) (3). Furthermore, there was much interest in determin-
ing whether analogs could be designed to be more selective
with respect to specific physiological effects, for example a
preferential suppression of growth hormone release over
inhibition of insulin secretion. Earlier work regarding struc-
ture-function relationships and the development of somato-
statin analogs has been reviewed (3, 5, 26). An important
advance was the design of the analog octreotide (SMS 201-
995) by Bauer et al. in 1982 (27). This compound contains
the sequence of amino acids 7-10 (Phe-Trp-Lys-Thr) of
native somatostatin, which was previously identified as es-
sential for biological activity by Veber et al. (28). D-
tryptophan was used rather than the L-isomer to prolong the
half-life of the compound, and a cyclic configuration was
obtained by the addition of cysteine residues on either side
of the active region and cross-linking these residues. Fi-
nally, D-phenylalanine was incorporated as an N-terminal
residue, and Thr-ol as a C-terminal amino alcohol. This
compound was found to be approximately 50-times more
potent than SST-14 in suppressing release of GH, but was
weaker with respect to suppression of insulin and glucagon
release. Many other analogs such as RC-160 were subse-
quently synthesized (29, 30) and screened for ability to
suppress GH release or in some cases for antineoplastic
activity. Most studies concerning potential applications in
oncology were carried out using three analogs: octreotide,
RC-160, and somatuline. However, it must be emphasized
that while these analogs have more in vivo antineoplastic
activity than many others examined to date, it has not been
established that any of them represents an ‘optimum’ analog
for clinical use in Oncology.

Recently, five somatostatin receptor subtypes, SSTR-1
to SSTR-5, have been cloned and functionally characterized
(12-16, 18, 19, 31). They all bind somatostatin-14 and so-
matostatin-28 with similar affinity but show major differ-
ences in their affinities for various somatostatin analogs (12,
18, 19). Octreotide has very low (IC5, > 1000 nM/l) and
RC-160 has low (ICsq > 150 nM/1) affinity for SSTR-1, but
both have high binding affinity for somatostatin receptor
subtype SSTR-2 (octreotide, IC5, = 0.32 nM/l; RC-160,
IC5, = 0.10 nM/1) and can induce a stimulation of tyrosine
phosphatase activity and an inhibition of the proliferation of
cells expressing SSTR-2 (12, 18, 19). This implicates tyro-
sine phosphatase as a transducer of the growth inhibition
signal. RC-160 and octreotide also exhibit moderate to high
affinities for SSTR-3 and SSTR-5 (12, 18). RC-160 has
higher affinity for SSTR-4 than does octreotide (19). The
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phosphoinositide/calcium pathway rather than the phospha-
tase pathway is implicated in SSTR-5-mediated signal
transduction (12, 18). Ongoing research regarding the roles
of each of the five somatostatin receptor subtypes in medi-
ating antineoplastic effects, together with data concerning
the subtype-specific agonist activity of various analogs,
may identify optimum compounds for specific applications
in Oncology (32).

It is likely that an important determinant of the speci-
ficity of analogs in mimicking certain actions of somato-
statin over others (e.g., preferential or selective growth hor-
mone suppression over insulin suppression) relates to the
different affinity of analogs for the somatostatin receptor
subtypes and to the heterogeneity of somatostatin receptor
profile of various cells that are targets for somatostatin ac-
tion. Other factors, including the pharmacokinetics and tis-
sue distribution of somatostatin analogs, may also play roles
in this regard.

Expression of Somatostatin Receptors by Nor-
mal and Neoplastic Tissues. The first step in the
mediation of all actions of somatostatin analogs, including
antineoplastic actions, involves the binding of the analog to
a somatostatin receptor. An antineoplastic action of a so-
matostatin analog is classified as ‘direct’ if it is a conse-
quence of binding of the analog to somatostatin receptors
present on neoplastic cells, or ‘indirect’ if it is a conse-
quence of binding of the analog to somatostatin receptors
present on normal cells of the host. For example, it has been
proposed that the inhibitory effect of the somatostatin ana-
log octreotide on a somatostatin receptor-negative, insulin-
like growth factor I (IGF-I)-responsive experimental sar-
coma is a consequence of suppression of the host GH-IGF-I
axis following binding of octreotide to somatostatin recep-
tors of pituitary somatotrophs (33).

Initial studies regarding somatostatin receptor distribu-
tion in normal tissues were based on competitive binding
assays using radiolabeled somatostatin or somatostatin ana-
logs, or on radioautographic techniques. Binding sites have
been documented in many normal human tissues, including
pituitary, brain, gut, pancreas, and lymphoid tissue (re-
viewed in Ref. 14). More recently, research has been un-
dertaken to classify somatostatin binding sites with respect
to receptor subtype. Such work is presently being done by
hybridization of mRNA with receptor subtype-specific
probes, but work is underway to develop antibodies that
specifically detect each of the five known receptor subtypes
at the protein level (15). Localization studies of somatostat-
in receptors on specific cell types within somatostatin-
receptor positive tissues demonstrate heterogeneity of dis-
tribution. For example, in normal prostate, there is evidence
that receptors are more abundant in microvessels than in
glandular tissue (34, 35).

Earlier competitive binding and autoradiographic stud-
ies, demonstrating that neuroendocrine tumors such as pi-
tuitary adenomas, islet cell tumors, pheochromocytomas,
and carcinoid tumors have abundant high-affinity somato-

statin binding sites, have been confirmed by more recent
gene expression data (for example see Ref. 36). The vari-
able expression of mRNAs of somatostatin receptor sub-
types by different pancreatic and colon cancer cell lines
indicates the potential importance of a precise characteriza-
tion of receptor subtypes in tumor tissue before therapy with
somatostatin analogs if ‘direct’ antineoplastic effects are to
be maximized (12, 18). A recent report by Buscail and
collaborators (37) provides data that suggest that at least a
significant subset of human pancreatic and colorectal can-
cers do not express SSTR-2, which is the main receptor
subtype for somatostatin analogs RC-160 and octreotide.
These data suggest that if clinical trials demonstrate anti-
neoplastic activity for these cancers, the SSTR-2-related
direct mechanisms would be less important than indirect
mechanisms or direct mechanisms related to other somato-
statin receptors. The well-characterized MIAPaCa human
pancreatic cell line does express SSTR-2, indicating that
somatostatin receptor profiles of commonly used laboratory
models may imperfectly reflect receptor profiles present on
primary human neoplastic tissue.

Tumors of the nervous system, including astrocytomas
and neuroblastomas, have been shown to have somatostatin
binding sites (38). This is not unexpected in view of the
presence and known physiological roles of somatostatin re-
ceptors on the cells of origin of these tumors. However,
somatostatin receptors have also been detected in cancers
arising from tissues where the physiological function of
somatostatin receptors is less clear, such as those of the
breast (39) and prostate gland (34). In vitro studies of vari-
ous cloned adenocarcinoma cell lines have shown that these
neoplastic cells exhibit somatostatin receptors, although at a
much lower level than neuroendocrine tumors (for example,
see Ref. 40). While binding assays performed on non-
neuroendocrine neoplastic tissue have demonstrated so-
matostatin binding sites, few studies to date have examined
the proportion of these sites that are on the neoplastic cells
themselves, as distinct from nontransformed stromal and
vascular cells, or have defined the proportion of binding
attributable to each receptor subtype.

More recent research has shown that more than 50% of
breast cancers exhibit somatostatin binding sites. Their
abundance is sufficient to allow for in vivo imaging of a
large proportion of human breast cancers by means of ra-
dioscintigraphy following intravenous injection of in-
dium'''-labeled octreotide (41). Similar imaging techniques
with ''In-DTPA-p-Phe' octreotide have been used to dem-
onstrate somatostatin receptors in various human neoplasms
including lymphomas, neuroblastomas, and lung cancers
(42, 43). In addition, metastases can be visualized by scin-
tigraphy with radiolabeled octreotide (43). Scintigraphy
may be of use in determining which tumors are likely to
respond via a direct mechanism to treatment with somato-
statin analogs. In many cases, a positive scintigram with
"1n-DTPA-octreotide predicted a good response to treat-
ment with octreotide (43). The dramatically effective use of
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somatostatin analogs in thymoma (44) provides separate
evidence of the importance of scintigraphy: clinical use of
octreotide for this indication was attempted on the basis of
scintigraphic evidence of octreotide binding sites. If future
studies demonstrate conclusively a relationship between in-
tensity of signal obtained with somatostatin analog scintig-
raphy and response to therapy, it is possible that scintigra-
phy might enable selection of the best somatostatin analog
to be used in the treatment of a specific cancer without the
need for biopsy. '''In-DTPA-pD-Phe! RC-160 (45) and
""n-DTPA-D-Phe! octreotide (43) have both been used in
clinical studies, but individual human tumors have not been
sequentially imaged in vivo with these compounds to inves-
tigate the significance of laboratory data that suggest that
some human tumors including cancers of the breast, exo-
crine pancreas, prostate, and colon may bind RC-160 with
higher affinity than octreotide (3, 12, 18, 45).

There is considerable heterogeneity between and within
individual tumors with respect to density of somatostatin
receptor binding sites. In addition, there is evidence to sug-
gest that somatostatin receptors are preferentially expressed
in more differentiated as compared to more anaplastic tu-
mors. Glial tumors represent an example of this: somato-
statin receptors are not present in glioblastoma multiforme,
the most anaplastic glial tumor, whereas they are relatively
abundant in gliomas (46). Breast cancer may represent an-
other instance: there are data suggesting higher levels of
somatostatin binding in tumors with more favorable prog-
nosis than in less differentiated estrogen receptor-negative
ones (47). This suggests the possibility that somatostatin
receptors represent differentiation markers in certain neo-
plastic cell lineages. Furthermore, loss of expression of
functional somatostatin receptors may be functionally im-
plicated in the clinically important phenomenon of neoplas-
tic progression. If one assumes that somatostatin receptors
are components of physiological control systems that con-
strain proliferation, then the loss of functional receptors due
to a somatic cell mutation or an epigenetic event within a
single neoplastic cell would confer a proliferative advantage
to that cell and its progeny. This would result in the emer-
gence and dominance of the more rapidly proliferating so-
matostatin receptor negative clone, and contribute to the
neoplastic progression of the neoplasm to a more aggres-
sive, less differentiated phenotype. In this context, somato-
statin receptors as well as related proteins involved in so-
matostatin signal transduction should be regarded as candi-
date tumor suppressor genes. A report of a mutated SSTR2
gene in human small-cell lung cancer is consistent with this
view (48).

Direct Mechanisms of Action

There has been considerable recent progress in the
characterization of high-affinity cell-surface somatostatin
receptors. Specific binding sites for somatostatin were de-
scribed in brain and pituitary tissue some 15 years ago (49).
Heterogeneity of binding sites was observed soon thereafter

(50). More recent work has resulted in the cloning of five
distinct somatostatin receptor molecules (reviewed in Refs.
14, 19, 31). Emerging information regarding signal trans-
duction pathways linked to somatostatin receptors is key to
understanding the mechanisms of action of somatostatin
analogs. Transfection of each of the five cloned human
somatostatin receptors into somatostatin-receptor-negative
target cell lines has determined specific signal transduction
pathways associated with individual somatostatin receptor
subtypes.

It has recently been demonstrated that SSTR3 trans-
fected CHO cells respond to nanomolar concentrations of
octreotide by upregulation of p5S3 and subsequent induction
of apoptosis (8). This work implies that the presence of a
particular somatostatin receptor subtype on a neoplastic cell
does not necessarily indicate that the relevant antiprolifer-
ative or apoptosis-inducing signal transduction pathway is
intact. Octreotide would be predicted to be ineffective in
inducing apoptosis via SSTR3 in the significant proportion
of human cancers that have mutations in the p53 gene.

Most investigators now believe that all somatostatin
receptors are negatively coupled to adenyl cyclase (although
this may not be via the same pertussis-toxin-sensitive, GTP-
binding proteins for all receptors in all cell types), leading to
a decrease in intracellular cyclic AMP concentration fol-
lowing ligand binding. Another signal transduction pathway
associated with SSTR2 links ligand binding to upregulation
of phosphoprotein phosphatase activity (9, 12, 18). SSTR2
is also linked to cell membrane potassium and calcium
channels in a complex manner such that ligand binding
influences the intracellular concentration of these ions and
the cell membrane polarization (14). Data linking SSTRS5
to phospholipase-related signal transduction has also been
presented (18).

The phosphoprotein phosphatase activity associated
with SSTR?2 is regarded as a particularly interesting activity
in the context of antineoplastic effects of somatostatin ana-
logs. Prior to reports linking this activity to somatostatin
signal transduction, it was recognized that blockade of phos-
phoprotein phosphatase by vanadate stimulated cellular pro-
liferation (51). Such blockade enhances the physiological
consequences of the binding of growth factors such as epi-
dermal growth factor (EGF) and insulin-like growth factors
(IGFs) to cell-surface mitogen receptors that utilize tyrosine
kinase signal transduction pathways by preventing dephos-
phorylation of the phosphorylated substrates that serve as
second messengers. Conversely, somatostatin-receptor
linked upregulation of phosphoprotein phosphatase activity
would be expected to attenuate mitogenic signals by favor-
ing dephosphorylation of intermediates phosphorylated by
mitogen receptors of the tyrosine kinase class.

Indirect Mechanisms of Action

Early evidence that somatostatin analogs could inhibit
the proliferation of somatostatin receptor-negative neo-
plasms came from Reubi’s demonstration that octreotide
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was a potent inhibitor of Swarm chondrosarcoma, an ex-
perimental neoplasm that lacks somatostatin binding sites
(33). These chondrosarcoma cells have abundant IGF-I re-
ceptors, and it was proposed that this growth inhibition is
mediated indirectly through octreotide-induced inhibition of
pituitary GH secretion, which in turn leads to reduction in
GH-dependent hepatic IGF-I expression.

Subsequently, considerable evidence has been pre-
sented to support the view that the growth hormone-IGF-I
axis has an important influence on the biologic behavior of
many common neoplasms. Many types of neoplastic cells
display IGF-I receptors and respond mitogenically to insu-
lin-like growth factors present in their microenvironment
(52, 53). In vivo studies have demonstrated that a blocking
antibody directed against the IGF-I receptor reduces prolif-
eration of certain IGF-responsive neoplasms (54). Further
evidence comes from experiments with mice homozygous
for the recessive /i’ mutation of the growth hormone—
releasing hormone (GHRH) receptor (55, 56). These ani-
mals are IGF-I deficient, and human breast cancer cells
inoculated into immunodeficient ‘/it/li" hosts show signifi-
cantly decreased growth relative to cells inoculated into
control IGF-I-replete hosts (57). In a separate experimental
system (58, 59), it has been shown that both local growth
and metastatic behavior of IGF-I responsive sarcomas are
reduced by hypophysectomy and restored by administration
of growth hormone. These lines of evidence support the
hypothesis that aggressive behavior of certain neoplasms
may be reduced by targeting the host GH-IGF-I axis. Phar-
macological strategies that have been proposed to this end
include not only the use of somatostatin analogs (60), but
also growth hormone—releasing hormone antagonists (61),
growth hormone antagonists (62), IGF binding proteins
(63), and IGF-I antagonists (64). However, at present, only
somatostatin analogs are available for clinical trials.

The suppressive effect of octreotide on serum IGF-I
level may be related to direct inhibition of IGF-I gene ex-
pression as well as to suppression of GH with subsequent
reduction in GH-dependent IGF-I expression in liver (11,
65). The direct suppressive action remains incompletely
characterized, and it is possible that the drug suppresses
paracrine and autocrine IGF-I expression as well as circu-
lating IGF-I levels. While it would be predicted that neo-
plasms that constitutively secrete ligands for the IGF-I re-
ceptor in an uncontrollable autocrine fashion would be
minimally impacted by reduction in IGF-I expression by
host tissues, the cited experimental data suggest that at least
a subset of neoplasms do depend on host sources of IGFs.

Initial clinical studies of suppression of the GH-IGF-I
axis by somatostatin analogs focused on suppression of the
abnormally high secretion of growth hormone that is char-
acteristic of acromegaly. Somatostatin analogs have proven
to be effective suppressors of secretion of GH secretion in a
sizable proportion of acromegalics (20). In the present con-
text, however, the challenge is to suppress normal GH se-
cretion. This generally requires a higher dose of somatostat-

in analog than that needed to suppress the abnormally high
GH secretion seen in acromegaly. The difference in dose-
response is not surprising, as only in the nonacromegalic
situation will there be a physiological response to oppose
the action of the somatostatin analog on GH secretion. Such
responses might include enhanced GHRH secretion by hy-
pothalamic neurons or enhanced responsivity to GHRH by
somatotrophs. Both clinical (60) and experimental (66)
studies suggest that even treatment with a high dose of
somatostatin analog generally suppresses serum IGF-I lev-
els in nonacromegalic individuals by only approximately
30%, a much smaller absolute reduction than that typically
seen in the treatment of acromegaly. This reduction can be
enhanced in experimental systems by co-administration of
tamoxifen (66). It is possible that co-administration of
GHRH antagonists (61) could further increase suppression
of the GH-IGF-I axis. Somatostatin analogs have been noted
to stimulate the secretion of certain IGF binding proteins, an
action which has been proposed to attenuate IGF-I bioac-
tivity independantly of the suppressive effect of the analogs
on IGF-I levels (67-69). Although the developmental ef-
fects of inactivation of the IGF-I gene are known to be much
more severe (70) than those associated with the /it mutation
(55, 56), the deficiency of GH and IGF-I induced by chronic
octreotide therapy in adults undergoing long-term treatment
for carcinoid syndrome has not been noted to result in a
clinically significant deficiency syndrome.

It has been proposed that somatostatin analogs can act
indirectly as antineoplastic agents by inhibition of angio-
genesis (71, 72). Certainly, antiangiogenesis has been
shown to be a promising therapeutic approach (73). As peri-
tumoral vessels exhibit somatostatin receptors (35) and neo-
vascularization is enhanced by IGF-I (74), inhibition of an-
giogenesis itself might involve direct and/or indirect actions
of somatostatin analogs on the nontransformed cells com-
prising the microvasculature of neoplastic tissue.

A direct pathway by which somatostatin analogs can
induce apoptosis via interaction with SSTR3 has already
been reviewed above. Also noteworthy in this context is the
fact that IGF-I is recognized as a potent antiapoptotic factor
(75-77). Thus, the inhibitory effects of somatostatin analogs
on IGF-I gene expression may enhance their ‘direct’ apop-
tosis-inducing action, and contribute to the apoptotic effects
of these compounds seen in experimental systems (78-81).

Recent epidemiological reports (82, 82a) raise the possi-
bility of an indication of somatostatin analogs in cancer pre-
vention for certain individuals. It is well known that there is
considerable heterogeneity in serum IGF levels between nor-
mal adults (83). A blinded prospective study documented a
3.6-fold greater premenopausal breast cancer risk in individu-
als in the highest as compared to lowest tertile of IGF-I levels
(82). Prostate cancer risk also appears to be positively corre-
lated with IGF-I levels (82a). If these observations are con-
firmed, the possibility of interventions to reduce the risk re-
lated to high IGF-I level will deserve attention and somato-
statin analogs will be obvious candidates in this regard.
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Somatostatin Analogs as Drug Candidates
in Oncology

Antiestrogens, progestins, and LH-RH analogs are
commonly prescribed compounds that provide precedents
for control of certain tumors of the breast and prostate by
noncytotoxic means. However, there is an obvious clinical
need to improve the efficacy of these therapies, and to de-
termine if the paradigm of noncytotoxic control of neoplas-
tic behavior can be extended to other common cancers for
which current treatments are inadequate. Somatostatin ana-
logs are logical drug candidates in this regard for several
reasons. Clinical experience with long-term administration
of somatostatin analogs over the past decade in patients with
acromegaly and carcinoid syndrome has supported early
reports that suggested that these compounds have favorable
toxicity profiles relative to current antineoplastic agents,
and also have demonstrated therapeutic activity in these
specific conditions. Recent scientific advances have defined
the molecular basis for both direct and indirect mechanisms
of action. Finally, there is considerable evidence (4, 5) from
many in vitro and in vivo model systems for antineoplastic
activity of somatostatin analogs for neoplasms of breast,
prostate, pancreas, colon, lung, and other common solid
tumors for which current treatments are inadequate.

Early clinical studies with somatostatin analogs RC-
160 and octreotide were uncontrolled trials carried out in
patients with advanced pancreatic or other cancers, without
determination and subtyping of somatostatin receptors (3).
Investigators working with octreotide saw no activity in
some studies (for example, see Ref. 84), and evidence for
modest activity in others (for example, see Ref. 85). Early
trials of RC-160 showed tumor stabilization and improve-
ment in the quality of life in some patients with pancreatic
cancer (86), but collectively suggest that RC-160 at the
dosages employed was not adequate for inducing effective
palliation in most patients with advanced pancreatic cancer
(87). On the basis of these and similar early results, clinical
trials now under way are being conducted as more formal
randomized studies, and also differ from early studies in that
many are examining somatostatin analogs used in combi-
nation with other drugs and/or as initial adjuvant treatment
in relatively low tumor burden settings, and/or are exploring
higher doses than those previously used.

Careful attention must be given to dose and patient
compliance in any trial. Monthly depot formulations of so-
matostatin analogs (for example, see Ref. 88) offer major
advantages in this regard over earlier preparations that re-
quired multiple subcutaneous injections on a daily basis. In
standard evaluations of novel compounds for potential ap-
plication in oncology, it is necessary to perform preliminary
toxicity and dose-finding studies prior to launching defini-
tive trials. Extensive prior clinical experience with somato-
statin analogs in acromegaly and carcinoid syndrome has
shown that these agents are relatively well tolerated both

acutely and chronically. Unlike cytotoxic compounds, it is
not possible to define a suitable dose on the basis of maxi-
mal tolerable adverse effects, as there is no dose-limiting
toxicity. Accordingly, as a rough guide for dosage selection,
it has been proposed to use doses that achieve serum drug
levels similar to those seen in preclinical in vivo models
where antineoplastic activity is seen.

Preclinical data suggesting useful interactions between
somatostatin analogs and other agents (10, 89) are of po-
tential relevance to design of randomized clinical trials,
given the limitations of single agent somatostatin analogs
therapy seen in early clinical studies. Furthermore, patients
tend to accept randomization between treatment with an
approved drug and treatment with a combination of the
approved drug and a novel agent more readily than they
participate in trials with other designs such as randomiza-
tion between a research compound and a drug that has docu-
mented antineoplastic activity.

Consideration must be given to the stage of disease and
the nature of prior treatments in defining eligibility criteria
for patient entry to clinical trials. A few small studies indi-
cate little or no efficacy of somatostatin analogs when used
in heavily pretreated patients with advanced metastatic
breast, gastrointestinal, and lung cancer (reviewed in Ref.
90). The vast majority of current antineoplastic agents are
also ineffective in this setting, and these studies simply
provide evidence that somatostatin analogs are not special
in this regard. In view of preclinical evidence suggesting
that somatostatin analogs are more efficacious when used in
hosts with relatively low tumor burdens, it would be par-
ticularly appropriate to carry out trials in various post-
surgical adjuvant settings, rather than confining clinical
studies to patients with macrometastatic disease.

At present, there is evidence that both direct and indi-
rect mechanisms of action contribute to the antineoplastic
actions of somatostatin analogs; for example, there is good
evidence for a relationship between phosphotyrosine phos-
phatase activity associated with SSTR-2 and direct antipro-
liferative actions (18). However, it also is clear that somato-
statin analogs administered systemically can inhibit the
growth of somatostatin receptor-negative neoplasms (33),
indicating that indirect antiproliferative actions exist. These
direct and indirect growth inhibitory mechanisms of action
are not mutually exclusive and may be additive or even
synergistic (6). Therefore, neoplasms that are susceptible to
both mechanisms are particularly appropriate for study in
randomized clinical trials. Estrogen-receptor positive breast
cancer is an example of a logical target neoplasm from this
perspective: In vivo binding of labeled octreotide to human
breast cancers are strongly suggestive that these tumors ex-
press SSTR-2 (41), and in situ hybridization studies are
consistent with these data (91), suggesting the possibility of
‘direct’ growth inhibition. There is separate evidence that
these neoplasms are mitogenically responsive to exogenous
IGFs (54, 57), leaving open the possibility that ‘indirect’
inhibitory actions of somatostatin analogs on the IGF sys-
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tem of mitogens may contribute to antiproliferative effects
of somatostatin analog treatment.

Interestingly, there are specific rationales with respect
to both the direct and the indirect mechanisms of action to
study somatostatin analogs co-administered with antiestro-
gens. With respect to the direct mechanisms, in vitro studies
demonstrate that the antiproliferative action of somatostatin
analogs on the MCF-7 estrogen-receptor positive human
breast cancer cell line are maximized in the absence of
estradiol and attenuated in its presence (40). More recent
work (92) provides direct evidence for potentiation by oc-
treotide of the antiproliferative effect of the antiestrogen
tamoxifen on MCF-7 cells. Studies are ongoing to clarify
the physiology underlying this observation, but regardless
of mechanism, these results provide an obvious rationale for
combined antiestrogen-somatostatin therapy. With respect
to the indirect mechanism, both tamoxifen (93) and octreo-
tide (60) suppress IGF-I when used as single agents, and
both in vivo and clinical studies have demonstrated that
suppression of IGF-1 gene expression and serum levels is
maximum when the two compounds are administered to-
gether (66, 94). The well-characterized DMBA-induced
mammary cancer model expresses IGF-I receptors, somato-
statin receptors, and estrogen receptors. This model has
been used successfully to predict clinical activity of a num-
ber of compounds now used clinically (95). When the
DMBA system is used to generate a model of high tumor
burden breast cancer, only insignificant activity of octreo-
tide given as single agent is seen (96). On the other hand,
when this model is used to generate a model of low tumor
burden breast cancer, octreotide has significant antineoplas-
tic activity as a single agent although this is not greater than
that of presently available compounds such as tamoxifen
(6). However, the antineoplastic activity of the combination
of octreotide and tamoxifen is significantly greater than that
of either compound alone (6).

These results suggest a clinical trial design involving
randomization of breast cancer patients between antiestro-
gen therapy and combined antiestrogen-somatostatin analog
therapy as post-surgical adjuvant treatment. Such a trial
design has practical advantages as well as a scientific ratio-
nale. It allows for the somatostatin analog to be used as a
component of initial therapy rather than being evaluated in
heavily pretreated patients, and allows a randomization
scheme that is acceptable to patients. Major multicenter
trials based on this general design were launched in late
1996, and will compare tamoxifen alone to the combination
of tamoxifen and octreotide in both the post-surgical adju-
vant and early metastatic disease settings. These trials rep-
resent the first large-scale randomized evaluation of a so-
matostatin analog in post-surgical adjuvant treatment of
cancer.

Although prostate cancer has been studied preclinically
to a lesser extent than breast cancer, there are reports (for
example, see Refs. 3, 97, 98) that suggest a rationale for
analogous clinical trials comparing treatment with LH-RH

analogs to combined therapy with an LH-RH analog and a
somatostatin analog (99). In contrast, for clinical trials tar-
geting other neoplasms such as renal or pancreatic cancers,
high dose single-agent-therapy somatostatin therapy may be
acceptable as first-line treatment for metastatic disease,
given the absence of demonstrated efficacious alternatives
of low toxicity. Single agent activity has been demonstrated
in an interesting but relatively small group of lymphoma
patients (100), and this observation requires follow-up.

Combinations of chemotherapy with somatostatin ana-
logs are also receiving attention, both because of the dem-
onstrated ability of octreotide to reduce gastrointestinal tox-
icity associated with certain cytotoxic agents (101), and
because of early evidence of additive antineoplastic activity
(89). Thus in experimental studies using hamsters with duc-
tal pancreatic cancers induced by N-nitroso-bis(2-oxopro-
pyDamine (BOP), a 76% inhibition of tumorous pancreas
weight, a significant decrease in the number of tumor nod-
ules, an increased amount of stroma, and enhanced apopto-
sis were observed after therapy with somatostatin analog
RC-160 plus 5-fluorouracil (5-FU) (102). These tumor in-
hibition parameters were superior to those in the group
treated with 5-FU alone or with RC-160 alone (102). One
mechanism underlying a favorable interaction between so-
matostatin analogs and cytotoxic agents may relate to maxi-
mizing apoptosis by induction of DNA damage and sepa-
rately by somatostatin receptor-mediated mechanisms (8).
A formal randomized clinical trial comparing 5-FU + pla-
cebo to 5-FU + octreotide with end points that include sur-
vival and quality of life is now in progress.

The presence of binding sites for somatostatin in certain
cancers could also be utilized for targeting various chemo-
therapeutic agents linked to suitable somatostatin analogs.
In an experimental study, an early cytotoxic analog AN-51
consisting of methotrexate (MTX) linked to somatostatin
octapeptide analog D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-
Thr-NH, (RC-121) at N-terminus, was tested in nude mice
bearing transplanted Mia PaCa-2 human pancreatic cancers
(103). The treatment with AN-51 inhibited tumor growth,
whereas methotrexate or RC-121 administered singly had
no significant effect (103). Recently, the synthesis of mod-
ern cytotoxic analogs of LH-RH and bombesin targeted
against tumors that bear receptors for these peptides was
reported (104, 105). These analogs contain doxorubicin or
2-pyrrolinodoxorubicin (a derivative 500-1000 times more
potent than doxorubicin (106)) and appear to have a supe-
rior therapeutic index when compared to the corresponding
free cytotoxic agents in the treatment of tumors that possess
receptors for the carrier peptides. The synthesis of corre-
sponding cytotoxic analogs of somatostatin is in progress.
These highly potent cytotoxic analogs of somatostatin are
being designed as targeted antitumor agents for the treat-
ment of cancers that possess receptors for somatostatin. The
hypothesis that somatostatin analogs can be used to deliver
radiotherapeutic isotopes to somatostatin receptor positive
tumors is also under active investigation (42).
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Despite recent advances in research regarding the mo-
lecular pharmacology and physiology of somatostatin ana-
logs, many important issues remain poorly understood. One
example concerns mechanisms underlying the development
of tolerance to certain actions of somatostatin analogs (e.g.,
effects on gastrointestinal motility), as well as the relative
lack of tolerance even over long periods of administration to
other effects, such as inhibition of growth hormone output.
The relative importance of direct and indirect antineoplastic
mechanisms, and the identification of molecular markers to
identify those neoplasms that are likely to respond thera-
peutically via each mechanism are needed. A specific issue
in this regard concerns the significance of expression of
mRNAs for somatostatin receptors by neoplastic cells. It
will be important to determine to what extent such gene
expression generally implies expression of a functional re-
ceptor protein and an intact signal transduction mechanism.

In view of these and other areas of uncertainty, some
may feel that it is premature to proceed with clinical trials of
somatostatin analogs in non-neuroendocrine neoplastic dis-
eases. However, there is clear precedent for doing so. When
clinical trials of antiestrogens were launched, knowledge of
their mechanism of action was very incomplete. Even now,
after more than two decades of clinical use, research is
ongoing regarding molecular mechanisms, the design of im-
proved compounds, and the optimum manner to use these
agents for cancer treatment and prevention. Somatostatin
analogs themselves provide further precedent for proceed-
ing with clinical research: their efficacy for certain currently
approved indications such as carcinoid syndrome was dem-
onstrated in clinical trials in the absence of a complete de-
scription of the molecular mechanisms involved. Only con-
trolled trials can demonstrate the clinical relevance of the
antineoplastic activity of somatostatin analogs demonstrated
in laboratory models, or the lack thereof. Ideally, such clini-
cal trials should also serve to contribute to the advancement
of basic research because they provide a unique opportunity
to collect informative serum and tissue samples prior to and
during administration of somatostatin analogs.
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