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INTRODUCTION 

Somatostatin (SST) a naturally occurring regulatory peptide is produced in neural, endocrine, 
and immune cells, and exerts potent effects on many different tissue targets (1). The cellular actions 
of SST include the inhibition of secretion of hormones and growth factors as well as modulation of 
neurotransmission and cell proliferation and are mediated by a family of 7 transmembrane domain 
G protein coupled receptors with five distinct subtypes (SSTR1-5) that are encoded by separate 
genes located on five different chromosomes (1,2). The five receptor subtypes bind the natural SST 
peptides SST-14 and SST-28 with high affinity. Short synthetic octapeptide analogs such as 
octreotide which is used clinically, bind well to only three of the subtypes SSTR2,3,5 (1,2). 
Nonpeptide agonists that bind selectively to single subtypes have recently been identified (3). In 
contrast to the antisecretory properties of SST, its antiproliferative effects were relatively late in 
being recognized and came about largely through use of the longacting analog octreotide in the early 
1980's for the treatment of hormone hypersecretion from pancreatic, intestinal, and pituitary tumors 
(4,5). It was noted that SST not only blocked hormone hypersecretion from these tumors but also 
caused variable tumor shrinkage through an additional antiproliferative effect. The antiproliferative 
effects of SST have since been demonstrated in normal dividing cells, e.g. intestinal mucosal cells, 
activated lymphocytes, and inflammatory cells as well as in vivo in solid tumors, e.g. DMBA- 
induced or transplanted rat mammary carcinomas, and cultured cells derived from both endocrine 
and epithelial tumors (pituitary, thyroid, breast, prostate, colon, pancreas, lung, and brain) (1). These 
effects involve cytostatic (growth arrest) and cytotoxic (apoptotic) actions and are mediated (i) 
directly by SSTRs present on tumor cells, and (ii) indirectly via SSTRs present on nontumor cell 
targets to inhibit the secretion of hormones and growth factors that promote tumor growth and to 
inhibit angiogenesis, promote vasoconstriction, and modulate immune cell function (1,6-8). All five 
SSTR subtypes acting via several different signal transduction pathways have been implicated. Most 
interest is focused on protein phosphatases (PTP) that dephosphorylate receptor tyrosine kinases or 
that modulate the MAPK signalling cascade, thereby attenuating mitogenic signal transduction (1). 
A SST-sensitive PTP was first described in 1985 in human pancreatic cancer cells and has since been 
demonstrated in normal pancreatic acinar cells, human coronary smooth muscle cells, human breast 
and prostate cancer cells, and rat pancreatic and thyroid tumor cells (1, 9). All five SSTR subtypes 
have been shown to stimulate PTP activity in various transfected cells (1). SSTR-induced activation 
of PTP is sensitive to pertussis toxin and orthovanadate (10). The PTP activity associated with SST 
action has been attributed to the SH2 domain containing cytosolic PTPs whose members include 
SHP-1 (SHPTP1/PTP1C) and SHP-2 (SHPTP2/PTPlD/syp) (11). SHP-1 is known to 
dephosphorylate and inactivate both receptor tyrosine kinases and nonreceptor tyrosine kinases, e.g. 
jak-2. Direct evidence has shown an important role of SHP1 in SSTR-mediated PTP activation and 
antiproliferative signalling (1,12). Like PTP, all of the SSTRs have been shown to modulate the 
MAPK pathway, either positively or negatively, in a PTP-dependent manner to effect cell growth 
inhibition (1). The precise steps linking the ligand activated receptor to PTP stimulation and 
mitogenic signalling remain to be determined. Four of the receptors (SSTR1,2,4,5) induce cell cycle 
arrest via PTP-dependent modulation of MAPK, associated with induction of the retinoblastoma 
tumor suppressor protein (Rb) and p21 (1, 7). The maximal effect is exerted by SSTR5 followed 
by SSTR2,4, and 1. In contrast, SSTR3 uniquely triggers PTP-dependent apoptosis accompanied 



by activation of p53 and the pro-apoptotic protein Bax (6,13). SSTR3 induced apoptotic signalling 
requires molecular signals in the receptor cytoplasmic tail (C-tail), and involves the activation of a 
cation insensitive acidic endonuclease and caspase-8-mediated intracellular acidification (14-16). 
Likewise, C-tail truncation mutants of hSSTR5 display progressive loss of antiproliferation 
indicating that the molecular signals for cytostatic signalling also reside in the receptor C-tail (Task 
14, this report). 

Major strides have been made over the last four years in our laboratory and elsewhere 
towards understanding the subtype-selectivity and signalling mechanisms underlying the 
antiproliferative actions of SST. Despite this experimental success, SST analogs such as octreotide 
(which bind SSTR2,3,5 but not SSTR1 and 4) have so far produced variable clinical effects on tumor 
growth due to a number of reasons such as patient selection (e.g. early vs end stage disease), the 
absence of appropriate SSTRs in the tumors being treated (e.g. tumors expressing SSTR1 and 
SSTR4 will not respond to octreotide; SSTR3 expression is required for inducing apoptosis), the 
presence of mutated p53 gene which abbrogates the apoptotic effect of SST, and the dose and 
duration of treatment. Future work will need to address these issues to optimize the oncological 
utility of SST compounds. 

LONGTERM OBJECTIVES 

The longterm goal of this four-year proposal was to elicit the pattern of expression of the 
five individual SSTR subtypes in breast tumor, to determine whether their pattern of 
expression can provide an independent prognostic marker, and whether the SSTRs are 
modulated by estrogens and anti-estrogens. In addition, we set out to determine the subtype 
selectivity for the antiproliferative effects of SST as well as the role of PTP, p53, and other 
downstream effectors in mediating the cytostatic and cytotoxic effects of SST. 

Whilst our broad objectives remained unchanged from those proposed in the original 
application, we made a number of directional changes as a result of new leads from our own work 
or from other laboratories in the field. These were discussed in detail on page 7 of the year 3 Annual 
Report and resulted in three new tasks that were included for the final year. A list of the 12 
originally proposed tasks and the three new tasks is shown below. Specific tasks (new and ongoing) 
for year 4 are marked by an asterisk and described in detail. Progress on the remaining tasks has 
been described fully in previous reports and only the main findings are recapitulated here for 
completion. 



DETAILS OF PROGRESS 

LIST OF SPECIFIC TASKS PROPOSED IN THE ORIGINAL APPLICATION 

1) RT-PCR analysis of SSTR1-5 mRNA expression in human breast tumors. 
2) In situ hybridization analysis of SSTR1 -5 mRNA in human breast tumors. 

* 3) Immunocytochemical analysis of SSTR1 -5 in human breast tumors. 
4) Analysis of SSTR expression in breast tumor cell lines. 

* 5) Antireceptor blockade experiments with SSTR1-5 antisera. 
* 6) Antisense knockout of SSTR1-5. 

7) Regulation of SSTR1 -5 by estrogens/tamoxifen. 
8) Correlation between SSTR subtype selective binding, PTP activation and growth 

inhibition. 
* 9) SSR subtype selectivity for PTP association. 
* 10) Subtype selectivity for SSTR induced apoptosis. 
* 11) Involvement of PTP in apoptosis. 
* 12) Overexpression and antisense blockade of SSTRs for effects on apoptosis. 

NEW TASKS PROPOSED FOR YEAR 4 IN REVISED SOW 

* 13)   Mutational analysis of the C-tail of hSSTR3. 
* 14)   Mutational analysis of the C-tail of hSSTR5. 
* 15)   Completion of studies of cAMP effects on SSTR mediated apoptosis. 

TASK 1. Expression of SSTR1-5 mRNA in Human Breast Tumor Tissue 

The expression of SSTR1-5 mRNA was analysed by semiquantitative RT-PCR in frozen slices 
of primary human breast tumor tissue. 90 samples were analysed in year 1, 50 in year 2, and 50 in 
year 30. The level of SSTR subtype expression was correlated with tumor histology and estrogen 
(ER) and progesterone (PR) receptor levels. All tumors expressed at least one SSTR subtype and 
frequently featured more than one SSTR isoform. The prevalence of the five SSTRs was 91% 
(SSTR1), 96% (SSTR2), 98% (SSTR3), 76% (SSTR4), and 54% (SSTR5) (Fig. 1). Statistical 
analysis showed a strong positive correlation between SSTR3 expression and tumor grade. 
Induction of SSTR3 in high grade tumors occurred differentially at the expense of the other subtypes 
(SSTR1,2,4) and may represent a response to increasing malignancy, perhaps as a compensatory 
mechanism to regulate proliferative activity through apoptosis. Expression of SSTR1, 2, and 4 
correlated strongly with ER levels and SSTR2 expression additionally correlated positively with PR 
levels. 

This task is now completed and has been described in detail in the Annual Reports of years 1, 
2, and 3. 



TASK 2.        In Situ Hybridization Analysis 

This task was cancelled as explained in the year 2 Annual Report and substituted with the more 
specific receptor immunocytochemistry technique due to the successful development of a panel of 
polyclonal antireceptor antibodies against each of the five human receptor subtypes. 

*TASK 3.       Tmmunocvtochemical Analysis of SSTR1-5 in Tumor Samples 

Our objective with this task is to (i) correlate SSTR1-5 mRNA expression as determined by 
RT-PCR with receptor protein expression by immunocytochemistry in a subset of human breast 
tumor samples, and (ii) to determine the cellular pattern of expression of SSTR1-5 in tumor cells and 
peritumoral structures. The results of 16 tumors analysed in a blinded fashion for SSTR1-5 
expression by immunocytochemistry by a breast tumor pathologist (Dr. P. Watson, University of 
Manitoba) were described in last year's report. We found the histological preservation in these 
Tumor Bank cryosections less than optimal compared to regular fixed breast tumor sections cut from 
paraffin blocks. Nonetheless, there was good concordance between mRNA and protein expression 
of 69% (SSTR1), 69% (SSTR2), 50% (SSTR3), 56% (SSTR4), and 50% (SSTR5) in this first batch. 
We have now analysed a further 19 samples by immunocytochemistry with the help of in-house 
pathologists to optimize the reading and interpretation of the histology. These results are presented 
in Tables 1 and 2 and show very good correlation between the presence of mRNA and receptor 
protein with a % match of 84% for SSTR1,79% for SSTR2,89% for SSTR3,68% for SSTR4,68% 
for SSTR5, and 78% for all five receptors. We found receptor immunoreactivity variably localized 
both in tumor cells as well as in surrounding peritumoral structures especially blood vessels 
(endothelial and smooth muscle cells), immune cells, and to a lesser extent stromal cells. This task 
is now completed with the important outcome that SSTR immunocytochemistry using a panel of 
antipeptide receptor antibodies such as that developed by us can be applied for routine analysis of 
SSTR subtype expression in surgical samples of breast tumor tissue. 

TASK 4. Analysis of SSTR1-5 Expression in Breast Tumor Cell Lines 

This task was completed and described in detail in the year 2 Annual Report (1998). In 
summary, RT-PCR analysis was employed for characterizing SSTR1-5 mRNA expression in ER+ 

(MCF-7, T47D, ZR75-1) and ER (MB231) human breast cancer cell lines. Like solid tumors, the 
cell lines expressed multiple SSTR subtypes but with no obvious distinction between ER+ and ER" 
cell lines. There were, however, interesting differences in that the overall level of SSTR expression 
in cell lines was less than that in the solid tumors. For instance SSTR3 was well expressed in the 
solid tumors but relatively poorly expressed in cell lines. SSTR5, a weak subtype in solid tumors, 
was relatively better expressed in the cell lines. A likely explanation for the difference is the 
probable induction of SSTR expression in solid tumors by circulating hormones or locally by 
growth factors, cytokines, and other mediators produced from peritumoral structures, e.g. stroma, 
blood vessels, and immune cells. These results confirm the well known differences between tumor 
cells in vivo and in vitro and indicate that in the case of SSTRs, the various breast cancer cell lines, 
although useful for studying SSTR biology, do not necessarily reflect endogenous tumor SSTR 



expression and function. 

*TASKS5&6.   Antireceptor Blockade of SSTR1-5 and Antisense Knockout of SSTR1-5 

These two tasks share a common objective and are discussed together. The experimental 
protocols and results obtained so far with the antisense experiments have been described in detail 
in the year 3 Annual Report. We originally proposed these experiments to identify SSTR subtype(s) 
mediating the antiproliferative effect of SST. Early in our studies, however, (year 1) we were able 
to establish that all five SSTRs negatively regulated cell growth when studied as monotransfectants 
in CHO-K1 cells (6). SSTR3 uniquely induced apoptosis whereas the other four subtypes produced 
variable degrees of cell cycle arrest (SSTR5 >2>4>1). As a result of this finding, we focused on 
signalling mechanisms and concentrated our work on subtype-specific antiproliferative responses 
mediated by the two key subtypes, SSTR3 and SSTR5. The antisense experiments helped to confirm 
and extend the results obtained with recombinant SSTRs individually expressed in CHO-K1 cells, 
to endogenous SSTRs in breast cancer cell lines expressing multiple receptor isoforms. These 
experiments were technically demanding and were optimized for MCF-7 cells which had a sturdy 
growth pattern, and expressed four of the SSTR subtypes, SSTR1 (+++), SSTR2 (+), SSTR3 (+/-), 
and SSTR5 (+++) whose relative abundance was determined by semiquantitative RT-PCR analysis 
of mRNA and of receptor protein by immunocytochemistry. SSTR4 (a weak antiproliferative 
subtype in CHO-K1 cells) was not expressed in MCF-7 cells and was, therefore, not studied by 
antisense targetting. Cells were grown in coverslips and treated for 4 days with phosphorothioate 
modified antisense oligonucleotides (ODNs) or control sense ODNs. The experimental conditions 
have been described fully in the year 3 Annual Report. Based on published in vitro antisense 
experiments to knockout the SST gene in cultured lymphocytes, we started with ODN concentrations 
of 25 jig/ml which were extremely toxic to MCF-7 cells (17). An optimal ODN concentration of 
2-3.5 ug/ml was determined. Four days of treatment with antisense ODN to SSTR1,2,3,5 resulted 
in a marked decrease in expression of the corresponding SSTR protein as determined by 
immunocytochemistry (Fig. 2). The decrease was specific and was not seen in sense ODN exposed 
cells. The total number of cells in each coverslip was analysed by cell count. The results of the first 
set of experiments were presented in Fig. 1 of last year's (1999) Annual Report. We have repeated 
and extended these results which show a significant increase in the proliferative activity of cells 
treated with antisense ODNs to SSTR3 and SSTR5 compared to sense ODNs. Blockade of SSTR1 
and SSTR2 produced small 21% and 13% increases in cell growth compared to control but these 
differences failed to reach statistical significance. Following 4 days of incubation with antisense 
ODNs to SSTR1 and SSTR2, treatment with 1 um SST-14 produced 25-37% decrease in cell 
numbers comparable to the results obtained with sense ODN treatment. On the other hand, four days 
of antisense treatment with SSTR3 and SSTR5 ODNs markedly attenuated the ability of SST (1 urn) 
to inhibit cell growth (12-15% reduction in cell numbers compared to 35-43% in sense ODN treated 
controls). These results in MCF-7 cells confirm the relatively high potency of SSTR3 and SSTR5 
in inducing antiproliferation that we also found in transfected CHO-K1 cells. The pronounced 
SSTR3 effect in these cells is interesting given the relatively low level expression of this receptor 
mRNA in these cells. There is little doubt, however, that these cells express functional SSTR3 
receptors as shown in recent studies (described in task 10) with the SSTR3-selective nonpeptide 



agonist L-796778 which induces apoptosis in MCF-7 cells. With the availability of subtype- 
selective agonists like L-796778 for each of the five receptors, we decided not to duplicate the 
antisense experiments with immunoblockade studies of each receptor for subtype-selective 
antiproliferative effects and instead substituted these experiments with studies of the effects of these 
analogs on cell proliferation and apoptosis in MCF-7 cells (described in task 10). This decision was 
also influenced by two other developments (i) the realization that our panel of SSTR antibodies were 
of variable quality and were not all equally effective in blocking individual receptor function, and 
(ii) a major observation from our laboratory showing that members of the SSTR family interact on 
the membrane to form novel heterodimeric receptor complexes with binding and signalling 
properties distinct from those of the individual receptor monomers. This discovery prompted a new 
set of experiments to check whether receptors other than the SSTR3 subtype could induce apoptosis 
by forming heterodimers with SSTR3 (described in task 10). 

TASK 7.        Regulation of SSTR1-5 by Estrogens/Tamoxifen 

The effect of estradiol and tamoxifen on SSTR1-5 mRNA expression was characterized in 
MCF-7 cells and described in detail in our last annual (1999) report. The essential findings consisted 
of the demonstration of a dose-dependent stimulation by estradiol of SSTR1 mRNA from 10"12-108 

M with inhibition at higher (10"7 M) concentration. Estrogen also stimulated SSTR5 mRNA at 10~12- 
10"7 M with a biphasic dose response curve but was without effect on SSTR3 and SSTR2. SSTR4 
was not detectable in this cell line either in the basal state or following estrogen treatment. The 
effects of tamoxifen revealed dose-dependent biphasic response with SSTR1 and SSTR5 mRNA, 
low doses (10"12 M) being inhibitory and higher doses (1010-lO7 M) being stimulatory. SSTR3 and 
SSTR2 mRNA also showed small but distinct increases in mRNA levels at high tamoxifen 
concentrations. These are mainly descriptive and time consuming studies showing complex subtype- 
selective effects of both estrogens and tamoxifen on SSTR mRNA expression. Because of this, we 
have decided not to pursue these effects in other tumor cell lines as originally proposed. 

TASK 8. Correlation Between SSTR Subtype Selective Binding. PTP Activation, and 
Growth Inhibition 

This task was almost completed as described in the year 3 Annual Report. In summary, we 
have reported in two successive Molecular Endocrinology papers (6, 7) that negative growth 
regulation by SST is SSTR subtype specific and triggers cell cycle arrest predominantly via SSTR5 
(and to a lesser extent SSTR2, SSTR4, and SSTR1) or apoptosis uniquely through the SSTR3 
subtype. We showed that SSTR3 mediated apoptosis is associated with induction of p53 and Bax 
whereas cytostatic signalling is accompanied by induction of Rb and p21. We also established that 
both cytostatic and cytotoxic effects are mediated via PTP and that the divergence of subtype 
selective cytostatic and cytotoxic signalling occurs distal to the regulation of PTP. As offshoots of 
these observations, we proposed two new tasks to characterize by mutagenesis the role of the 
cytoplasmic C-tail domain of hSSTR5 and hSSTR3 in cytostatic and cytotoxic signalling 
respectively. In the case of hSSTR5 we have already reported that C-tail truncation mutants display 
progressive loss of antiproliferative signalling proportional to the length of deletion as reflected by 
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the marked decrease in the effects of SST on membrane translocation of cytosolic PTP and induction 
of Rb and Gi arrest (7). The mutational analysis was extended to point mutations and are described 
in Task 14. In the case of hSSTR3, C-tail deletion mutants and chimeric receptors were created and 
characterized for antiproliferative effects and are described under Task 13. The remaining new lead 
from this task that we mentioned in the last Annual Report was to look at the effects of the 
nonpeptide receptor monoselective analogs of SST for subtype-selective antiproliferative signalling 
in MCF-7 cells which we have completed as described in Task 10. 

*TASKS 9 & 11. SSTR Subtype Selectivity For PTP Association and Involvement of PTP in 
Apoptosis and Cell Growth Arrest 

Based on our finding that SHP-1 is the PTP involved in mediating the antiproliferative action 
of SST in tumor cells, we embarked on studies to characterize the effect of ectopic expression of 
SHP-1 or its catalytically inactive mutant (SHP-1C455S) in CHO-K1 cells expressing hSSTR3 or 
hSSTR5. 

(A) Elucidation of the Role of SHP-1 in HSSTR3 Signaled Apoptosis 
We showed that stable ectopic expression of wild type SHP-1 and hSSTR3 in CHO-K1 cells 
amplified the apoptotic effect of SST (Fig. 3). Conversely, hSSTR3-mediated cytotoxic 
signalling was totally abolished by ectopically expressed catalytically inactive SHP-1 (Fig. 3). 
These effects were established by the SHP-1 dependency of SST-induced apoptosis (Fig. 3), 
intracellular acidification (Fig. 4), and decrease in mitochondrial membrane potential (Fig. 5). 
Additionally, we have delineated the temporal sequence of events linking caspase activation, 
acidification, and mitochondrial dysfunction during hSSTR3 initiated cytotoxic signalling. 
SHP-1-mediated activation of caspase-8 is required for SST-induced decrease in pHs whereas 
caspase-3 is induced only when there is acidification (Fig. 6). Treatment of hSSTR3 
expressing CHO-K1 cells with SST results in a decrease in pH; which is also necessary for the 
reduction in mitochondrial membrane potential (Fig. 7). These data from SSTR3 transfected 
CHO-K1 cells extend our published findings in MCF-7 cells (16) that SHP-1 and caspase-8- 
mediated acidification occurs at a site other than the mitochondrion and that disruption of 
mitochondrial function leading to release of cytochrome C and activation of caspase-9 merely 
plays an amplifying role in SST-induced apoptosis. 

(B) Elucidation of the Role of SHP-1 in hSSTR5 Mediated Cell Growth Arrest 
We have previously reported that the cytostatic action of SST mediated via hSSTR5 is 
prevented by inhibition of PTP activity (7). In ongoing studies, we have demonstrated that 
such signalling is SHP-1-dependent in that it is amplified by ectopic expression of this enzyme 
and abrogated by SHP-1C455S (Fig. 8). Specifically, we observed that the induction of Rb 
increased 3.5 fold in SHP-1 transfected CHO-Kl-hSSTR5 cells following exposure of the cells 
to 100 nM D-Trp8 SST for 4 h compared to a 2.2 fold increase in mock transfected cells. 
Although the maximal response was similar in both cells, as expected it occurred faster in 
SHP-1 overexpressing cells (12 h vs 24 h in control cells) presumably reflecting the finite 
nature of this response. Inactivation of SHP-1 with the catalytically inactive mutant, abolished 
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SST mediated induction of Rb. 

The observation that hSSTR3-signalled apoptosis as well as hSSTR5-mediated inhibition of 
cell cycle progression are both SHP-1-dependent suggests that subtype-selective diversity of 
antiproliferative signalling occurs distal to SHP-1 and underscores the importance of the need 
to elucidate the subtype-selective signalling mechanisms that are differentially coupled to 
SHP-1. 

*TASK 10.     Subtype Selectivity For SSTR-Induced Apoptosis 

This task was completed with our report in Molecular Endocrinology that SSTR3 is the sole 
subtype which induces apoptosis (6). Nonetheless, we went beyond this observation to dissect out 
the sequence of molecular events involved in SSTR apoptotic signalling and demonstrated that SHP- 
l-/caspase-8-mediated acidification occurs at a site other than the mitochondrion and that SST- 
induced apoptosis is not dependent on disruption of mitochondrial function and caspase-9 activation 
(reported in J. Biol. Chem.) (16). With our finding that SSTRs form functional heterodimers with 
members of the receptor family, we have now expanded the model of hSSTR3 induced apoptosis 
to include other receptor subtypes (18,19). Although SSTR3 is the only subtype that induces 
apoptosis when studied as a monotransfectant, this situation is very different to breast cancer cells 
which typically coexpress SSTR3 with several other subtypes (reviewed in Task 1 and Fig. 1). This 
is not a property of tumor cells since normal cells such as islet, pituitary, immune cells, and brain 
neurons also express multiple SSTR subtypes (1). All of the SSTRs, however, bind the natural SST 
ligands, SST-14 and SST-28, with comparable low nanomolar affinity, and all five receptors also 
share common signalling pathways such as the ability to inhibit adenylyl cyclase and to activate 
PTP, raising the question of whether multiple SSTRs in the same cell are redundant, or whether they 
interact for greater functional diversity (1, 18). We addressed this question using hSSTR5 and 
hSSTRl as models and showed that SSTRs assemble as functional homo- and heterodimers 
(experimental details in J. Biol. Chem., ref. 18). Homodimerization was shown in the case of 
hSSTR5 by functional complementation of two partially active mutants, a binding-deficient mutant 
of the second extracellular loop, and a binding-competent signalling-deficient C-tail deletion mutant 
(A C-tail hSSTR5). Coexpression of the two receptors rescued the loss of adenylyl cyclase coupling 
by A C-tail hSSTR5, suggesting that the binding-competent mutant associates with and signals 
through the C-tail of the binding-deficient mutant. Similar rescue of the loss of adenylyl cyclase 
coupling of A C-tail hSSTR5 by cotransfection with wild type hSSTRl provided evidence of 
hSSTR5/hSSTRl heterodimerization. Dimeric association altered SSTR functions such as ligand 
binding affinity and agonist-dependent receptor internalization and upregulation. Direct physical 
evidence for the association of SSTRs in intact cells was obtained by photobleaching fluorescence 
resonance energy transfer (pbFRET) microscopy. pbFRET analysis was applied to hSSTR5 
expressed in CHO-K1 cells and showed that this receptor exists as a monomer in the basal state but 
undergoes dose-dependent increase in dimerization when treated with SST-14 (10"10-10~6 M) 
suggesting that dimerization is induced by agonist binding. Having demonstrated that SSTRs form 
functional heterodimers with other family members, we wondered whether SSTRs other than SSTR3 
could induce apoptosis through heterodimerization with SSTR3.  This hypothesis was tested in 
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MCF-7 cells. Cells were treated for 48 h with 10"9-10"7 M concentrations of subtype-selective 
nonpeptide agonists of SSTR1-5 described by Rohrer et al (3) and obtained through courtesy of 
Merck Laboratories, Rahway, New Jersey. These are organic compounds with the following 
characteristics: L-797591, L-779976, and L-803087 display low nanomolar affinity (expressed as 
Ki) for hSSTRl (Ki 1.4 nM), hSSTR2 (Ki 0.05 nM), and hSSTR4 (Ki 0.7 nM) representing 120, 
6200, and 285-fold selectivity respectively for these subtypes. L-796778 binds to hSSTR3 with Ki 
24 nM representing 50-fold selectivity and L-817818 displays selectivity for two of the subtypes 
hSSTR5 and hSSTRl (Ki 0.4 and 3.3 nM respectively). The compounds were dissolved in DMSO, 
diluted in culture medium and were well tolerated by the cells. Control experiments were carried 
out using our panel of stable CHO-K1 cells individually transfected with hSSTRl-5. Cells 
undergoing apoptosis were identified morphologically by staining with the dye HOECHST 33342 
and TUNEL assays which detect chromatin condensation and nuclear shrinkage (HOECHST) and 
in situ DNA fragmentation (TUNEL) (20,21). Fig. 9 shows the effect of the subtype selective SSTR 
agonists on induction of apoptosis as assessed by TUNEL Assay in CHO-K1 cells separately 
expressing SSTR1-5. Apoptosis occurred only in the SSTR3 monotransfectants confirming the 
unique cytotoxic property of this subtype. In contrast to the CHO-K1 cell monotransfectants, when 
MCF-7 cells were treated with the same subtype-selective SSTR agonists, apoptosis occurred 
through activation of multiple subtypes (Fig. 10). Thus, in addition to the SSTR3 agonist, agonists 
for SSTR1,2, and 5 also induced apoptosis (Fig. 10). TUNEL assays showed 23%, 22%, 19%, and 
18% of apoptotic cells at 48 h following treatment with 100 nM agonist, comparable to the number 
obtained with SST-14 or to the SSTR1 selective peptide agonist SCH-275. As expected, the SSTR4- 
selective agonist was without effect, consistent with the known absence of this subtype in MCF-7 
cells (Fig. 10). In summary, therefore, when SSTR1-5 are studied individually as monotransfectants, 
only SSTR3 induces apoptosis. In MCF-7 cells which coexpress SSTR1,2,3,5, however, treatment 
with selective agonists induces apoptosis via all four SSTRs. In light of our finding that SSTRs can 
interact through heterodimerization, the differential ability of SSTR1,2,5 to induce apoptosis when 
coexpressed with SSTR3 but not when expressed alone, suggests that SSTR3 is an obligatory 
subtype for SST-induced apoptosis, but that other SSTR subtypes can also induce apoptosis when 
coexpressed with SSTR3, likely through formation of SSTR3 heterodimers. These are exciting 
results which we will develop further with renewed funding. 

*TASK 12.     Overexpression and Antisense Blockade of SSTRs For Effects on Apoptosis 

This task became somewhat simplistic with our finding that SSTR3 is the sole receptor that 
signals SST-dependent apoptosis. It was essentially completed as described in our last Annual 
Report (1999) and led to a major new task to analyse by mutagenesis the role of the C-tail of 
hSSTR3 in apoptotic signalling, a study that we have now completed as described under task 13. 
Additionally, we have carried out new studies describing the induction of apoptosis by several SSTR 
subtypes through the formation of putative heterodimers with SSTR3 described under Task 10. 
Antisense experiments to further establish the primacy of SSTR3 in mediating SST-induced 
apoptosis were carried out as an extension of the antisense knockout experiments in Task 6 using 
MCF-7 cells as a model. Cells were treated with antisense or sense ODNs for 4 days followed by 
treatment with SST (1 urn) for 24 and 48 h. Cells were fixed, permeabilized, and analysed for 
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apoptotic cells by HOECHST and TUNEL assays. Following treatment of MCF-7 cells with ODNs 
to SSTR1 and SSTR2 to inactivate these two receptor subtypes, the subsequent exposure to SST 
resulted in 25% and 40% apoptotic cells at 24 h and 48 h respectively comparable to the apoptotic 
index in control sense ODN treated cells, as well as cells maintained in normal culture medium. 
Treatment with SST after antisense blockade of SSTR5 produced a small but not significant 5-10% 
decrease in the number of apoptotic cells. Treatment with SST following antisense blockade of 
SSTR3, however, reduced the percentage of apoptotic cells from 23% to 10% at 24 h and from 40% 
to 15% at 48 h providing further evidence for a selective effect of SSTR3 in mediating SST-induced 
apoptosis. Complementary evidence based on the effects of overexpressing SSTR3 was obtained 
in HEK cells transfected with hSSTR3 to give receptor expression of 1200 fmol/mg protein. 
Compared to control nontransfected HEK cells which showed a 2.6 fold increase in viable cells at 
6 days of culture (assessed by the MTT assay) (22), cells overexpressing hSSTR3 displayed 20% 
decrease in proliferative activity over the same time interval. TUNEL assays confirmed apoptosis 
as the mechanism for the reduced proliferative activity of these cells in the absence of SST ligand. 
Apoptotic cells were detected early during culture and occurred at a steady 10-15% level during the 
6 days of culture. This means that constitutive activation of SSTR3 induced by receptor 
overexpression triggers apoptosis. Our attempts to study the antiproliferative effect of hSSTR5 
through overexpression were unsuccessful because despite several transfections, we failed to produce 
a stable HEK cell line overexpressing this subtype. 

*TASK 13.     Mutational Analysis of The C-Tail of hSSTR3 

To characterize the structural determinants of SSTR3-dependent apoptosis, we conducted 
mutational analysis of the role of the cytoplasmic C-tail of hSSTR3 in inducing apoptosis, with the 
following mutants (Fig. 11): (i) deletion of the C-tail of hSSTR3; (ii) introduction of a cysteine 
residue 12 amino acids downstream from the 7th transmembrane domain to create a putative 
palmitoylation anchor. hSSTR3 is the only SSTR whose C-tail does not possess a palmitoylation 
site for anchoring the proximal C-tail to the membrane, shown in other receptor subtypes to be 
important in receptor function (1,23). (iii) chimeric hSSTR3/hSSTR5 receptors substituting the C- 
tail of hSSTR3 with that of hSSTR5 and the C-tail of hSSTR5 with that of hSSTR3. Mutant and 
chimeric receptors were constructed by the PCR overlap extension technique and purified by 
sequencing (24). Wild type, mutant, and chimeric receptors were stably expressed in HEK293 cells 
to achieve comparable levels of expression (Fig. 12). The binding affinity (KD) and capacity (Bmax) 
of the mutant receptors was similar to that of wild type receptors, and like wild type receptors the 
mutant receptors were all functionally coupled to inhibition of adenylyl cyclase measured as dose- 
dependent inhibition of forskolin-stimulated cAMP by SST-14 (Fig. 12). The number of viable cells 
were analysed by MTT assay, and cells undergoing apoptosis were monitored by TUNEL and 
HOECHST assays. Compared to nontransfected HEK cells, wild type hSSTR3 cells treated with 
SST-14 (100 nM) showed 59% inhibition of cell growth at day 4 (Fig. 13). The palmitoylation 
mutant showed reduced ability to inhibit SST-14 induced cell growth, down to 48% whereas the C- 
tail deletion mutant displayed virtually complete loss of antiproliferation. The two chimeric 
receptors retained full ability to inhibit cell growth. To determine the contribution of apoptosis to 
the antiproliferative effect of SST-14, cells were analysed by HOECHST and TUNEL assays at day 
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2. Quantitative data for TUNEL assays are presented in Fig. 14. Compared to 28% apoptosis shown 
by wild type hSSTR3, the palmitoylation mutant displayed reduced 16% apoptosis. Deletion of the 
hSSTR3 C-tail abolished apoptosis and likewise substitution of the hSSTR3 C-tail with that of 
hSSTR5 markedly attenuated apoptosis. On the other hand, substitution of the C-tail of hSSTR5, 
a nonapoptotic subtype with that of hSSTR3 resulted in gain of apoptotic function by hSSTR5, 
with a potent response comparable to that of wild type hSSTR3. Representative HOECHST and 
TUNEL stained cells from this experiment are depicted in Fig. 15 and show nuclear shrinkage and 
in situ DNA fragmentation which was more pronounced in the case of wild type hSSTR3 and the 
hSSTR3 C-tail/SSTR5 chimera. Although both chimeric receptors exerted comparable cell growth 
inhibition, the underlying mechanisms are different involving apoptosis only in the case of the 
SSTR3 C-tail substituting chimera, and presumably cytostasis in the case of the reverse chimera. 
Finally, the dissociated effect of some of the mutants on G protein coupled adenylyl cyclase 
inhibition (Fig. 12) and induction of apoptosis (Fig. 14) indicates a specific functional role of the 
hSSTR3 C-tail in triggering cytotoxic signalling through direct protein-protein interaction. The 
finding that deletion of the C-tail of SSTR3 abrogates SSTR3-induced apoptosis whereas 
substitution of the C-tail of SSTR5 with that of SSTR3 confers apoptosis in the chimeric receptor 
clearly suggests that apoptotic signalling by SSTR3 is dependent on molecular signals in the receptor 
C-tail. Identification of these regulatory sequences and the intracellular proteins that interact with 
them to initiate the apoptotic signalling cascade will be pursued through renewed funding. 

*TASK 14.     Mutational Analysis of the C-Tail of hSSTR5 

In this set of experiments, we aimed to identify the structural determinants within the C-tail 
of hSSTR5 that regulate subtype-selective antiproliferative signalling. Following our initial 
documentation that cell growth inhibition leading to apoptosis occurs uniquely via hSSTR3 (6), we 
reported subsequently that negative regulation of cell growth by hSSTR5 leads to cell cycle arrest 
but not apoptosis (7). hSSTR5 mediated antiproliferative signalling leads to the induction of Rb and 
the cyclin-dependent kinase inhibitor p21 followed by Gi cell cycle arrest. Western blot analysis of 
hSSTR5 expressing CHO-K1 cells treated with octreotide revealed an increase in the 
hypophosphorylated form of Rb (7). Since phosphorylation of Rb is required for cell cycle exit from 
Gi to S, these findings suggest that SST regulates Rb phosphorylation under conditions that induce 
cell growth arrest. C-tail truncation mutants of hSSTR5 displayed progressive loss of 
antiproliferative signalling suggesting a crucial role of the C-tail domain of hSSTR5 in cytostatic 
signalling. Since phosphorylation on serine and threonine residues plays an important role in G 
protein coupled receptor regulatory functions such as effector coupling, agonist-dependent 
desensitization and internalization, we have extended our study of the requirement of the C-tail of 
hSSTR5 in cytostatic signalling to an investigation of the role of phosphorylation sites within the 
C-tail. We have constructed 7 mutant hSSTR5 receptors by PCR mutagenesis in which putative 
phosphorylation sites on Threonine (T) and Serine (S) residues were replaced by Alanine (A) 
residues as follows: S314A, S325A, T333A, T347A, T351A, T360A, and S361A (schematically 
depicted in Fig. 16). To date the four Threonine mutants T333A, T347A, T351A, and T360A, have 
been stably transfected in CHO-K1 cells, characterized pharmacologically for binding (KD and 
Bmax), coupling to adenylyl cyclase (determined as percent inhibition of forskolin-stimulated 
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cAMP) and coupling to cytostatic signalling (assessed as change in Gi/S ratio and induction of Rb). 
The four mutants displayed comparable KD and Bmax compared to wild type hSSTR5 (Table 3). 
Likewise the four mutant receptors retained the ability to inhibit forskolin-stimulated cAMP levels 
with dose-dependent maximum inhibition comparable to wild type hSSTR5. Interestingly, all four 
mutations significantly affected the coupling of hSSTR5 to antiproliferative signalling. Three of the 
mutants T333A, T347A, and T360A displayed near total loss of the ability to induce Rb; the T351A 
mutant showed a 4-fold reduction in the efficacy of the receptor to signal Rb induction (Fig. 17). 
These changes were correlated with the inability of the four mutants to signal cell cycle arrest as 
indicated by the effect of SST treatment on Gi/S ratio in these cells (Fig. 18). This work is still in 
progress and will test the remaining three mutants to complete the analysis of all putative C-tail 
phosphorylation sites. The results that we have obtained already are dramatic and show a critical 
role of phosphorylation in cytostatic signalling by the C-tail of hSSTR5. Furthermore, the 
dissociated effect between adenylyl cyclase coupling and antiproliferative signalling indicates that 
phosphorylation of C-tail residues is not required for receptor coupling to adenylyl cyclase and that 
the cAMP signalling pathway does not influence cytostatic signalling by hSSTR5. 

*TASK 15.     Studies of cAMP Effects on SSTR-Mediated Apoptosis 

In the last Annual Report we had begun an investigation of the interaction between SST- 
induced apoptosis and the cAMP signalling pathway and shown that apoptosis is inhibited by 
cAMP-mediated prevention of acidification. Increasing intracellular cAMP with dbcAMP or 
forskolin before and during SST treatment attenuated SST-induced acidification and prevented 
apoptosis in MCF-7 cells. Addition of dbcAMP to cells during SST treatment, however, showed 
that once acidification sets in, cAMP is ineffective in preventing apoptosis. It was our plan to 
conduct futher experiments to investigate the underlying mechanisms. Since cAMP is known to 
phosphorylate and inactivate the Na+/H+ exchanger (NHE), our findings suggest the involvement of 
NHE in SST-induced acidification. We tried to embark on studies of SSTR3-induced modulation 
of NHE but were simply overwhelmed by the scope of this undertaking given that there are six NHE 
isoforms and that we would have to characterize at least three of the principal ones in SSTR3/NHE 
cell cotransfectants. Such studies will also have to be coupled with our ongoing work on the 
mutational analysis of the hSSTR3 C-tail. Accordingly, although mainly descriptive, we are 
preparing a manuscript of our existing results of the interaction between SST-induced apoptosis and 
the cAMP signalling pathway (presented in Fig. 4 of last year's report) and will pursue the 
mechanisms involving NHE and intracellular acidification through separate funding. 

KEY RESEARCH ACCOMPLISHMENTS 

► Showing that the incidence of SSTR1-5 mRNA expression by RT-PCR displays overall 78% 
correlation with SSTR1-5 protein expression by immunocytochemistry. Receptor 
immunoreactivity is localized both in tumor cells as well as in surrounding peritumoral 
structures especially blood vessels, immune cells, and stromal cells. SSTR 
immunocytochemistry can thus be applied for routine analysis of SSTR subtype expression in 
surgical samples of breast tumor tissue. 
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Showing that overexpression of hSSTR3 in HEK-293 cells leads to constitutive induction of 
apoptosis. 

Showing that antisense blockade of hSSTR3 in MCF-7 cells blocks SST-induced apoptosis in 
these cells. 

Demonstrating that overexpression of SHP-1 amplifies the apoptotic effect of SST and that 
inactivation of SHP by dominant negative expression of catalytically inactive SHP-1 abolishes 
hSSTR3-mediated cytotoxic signalling. SHP-1-dependent, SST-induced apoptosis is associated 
with activation of caspase-8 and decrease in mitochondrial membrane potential. 

Showing that hSSTR5 exists in the basal state as inactive monomer. Activation by SST induces 
dose-dependent formation of functional homodimers. hSSTR5 also forms heterodimers with 
hSSTRl. Heterodimerization results in novel receptors with pharmacological properties distinct 
from those of the separate monomer components. 

Showing that SSTR3 is the only subtype that undergoes apoptosis when studied as a 
monotransfectant, but that in MCF-7 cells which coexpress SSTR1,2,3,5, treatment with 
nonpeptide agonists selective for each subtype induces apoptosis via all four SSTRs likely 
through formation of heterodimers with SSTR3. 

Showing that deletion of the C-tail of hSSTR3 abrogates SSTR3-induced apoptosis whereas 
substitution of the C-tail of SSTR5 with that of SSTR3 confers apoptosis in the chimeric 
receptor. 

Showing that cytostatic signalling by hSSTR5 associated with induction of Rb is SHP-1 - 
dependent, is amplified by overexpression of this enzyme and abrogated by blockade of the 
enzyme with catalytically inactive SHP-1. 

Showing that point mutations of putative phosphorylation sites in the C-tail of hSSTR5 block 
the ability of the receptor to undergo SST promoted Rb induction and cell cycle arrest. 

REPORTABLE OUTCOMES 

1) Rocheville, M., D. Lange, U. Kumar, R. Sasi, R.C. Patel, and Y.C. Patel. Subtypes of the 
somatostatin receptor assemble as functional homo- and heterodimers. J. Biol. Chem. 
275:7862-7869,2000. 

2) Liu, D., G. Martino, M. Thangaraju, M. Sharma, F. Halwani, S-H Shen, Y.C. Patel, and C.B. 
Srikant. Caspase-8-mediated intracellular acidification preceeds mitochondrial dysfunction in 
somatostatin-induced apoptosis. J. Biol. Chem. 275:9244-9250,2000. 
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3) Patel, Y.C. Somatostatin. In Principles & Practice of Endocrinology and Metabolism, Becker, 
K. (Ed), Third Edition, J.B. Lippincott Co., 2000 (in press). 

4) Papotti, M., Kumar, U., Volante, M., Pecchioni, C, and Patel, Y.C. Immunohistochemical 
detection of somatostatin receptor types 1-5 in medullary carcinoma of the thyroid. Clinical 
Endocrinology 2000 (in press). 

5) Patel, Y.C. et al. Immunohistochemical and mRNA expression of SSTR types 1-5 in primary 
human breast cancer. Correlation with tumor pathology, estrogen, and progesterone receptor 
status. Cancer Research (in preparation). 

6) Rocheville, M., Kumar, U., Srikant, C.B., Chan, M. and Patel, Y.C. Apoptotic signalling by 
somatostatin receptor type 3 (SSTR3) requires molecular signals in the receptor C-tail. J. Biol. 
Chem. (in preparation). 

7) Rocheville, M., Kumar, U., Patel, R.C., and Patel, Y.C. Induction of apoptosis by multiple 
SSTR subtypes through formation of hetero-oligomers with SSTR3. (Manuscript in 
preparation). 

8) Rocheville, M., Srikant, C.B., and Patel, Y.C. Putative phosphorylation sites in carboxyl- 
terminus of human somatostatin receptor type 5 mediate agonist-dependent regulation and 
cytostatic signalling. J. Biol. Chem. (In preparation). 

9) Liu, D., Patel, Y.C, and Srikant, C.B. Somatostatin-induced apoptosis is inhibited by cAMP- 
mediated prevention of acidification. (Manuscript in preparation). 

10) Liu, D., Martino, G., Thangaraju, M., Sharma, M., Halwani, F., Shen, S-H, and Patel, Y.C. 
SHP-1-dependent, caspase-8-mediated, acidification and apoptosis are not dependent on 
mitochondrial dysfunction. Program Annual Meeting American Association For Cancer 
Research, San Francisco, CA., April 1-5,2000 (Abstr. #987). 

11) Patel, Y.C, Rocheville, M., Semaan, L., Sasi, R, Srikant, C.B., Khare, S., Chan, M., and Patel, 
Y.C. Apoptotic signalling by somatostatin receptor type 3 (SSTR3) requires molecular signals 
in the receptor C-tail. Department of Defense Breast Cancer Research Program Meeting: Era 
of Hope, Atlanta, Georgia, June 8-12, 2000. 

12) Srikant, C.B., Sharma, K, Thangaraju, M., Liu, D., Patel, Y.C, and Shen, S-H. hSSTR 
subtype-selectivity for cytotoxic and cytostatic antiproliferative signalling. Department of 
Defense Breast Cancer Research Program Meeting: Era of Hope, Atlanta, Georgia, June 8-12, 
2000. 

13) Rocheville, M., Kumar, U., Semaan, L., Sasi, R, Srikant, C.B., Khare, S., Chan, M., and Patel, 
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Y.C. Apoptotic signalling by somatostatin receptor type 3 (SSTR3) requires molecular signals 
in the receptor C-tail. Program Annual Meeting U.S. Endocrine Society, Toronto, Canada, June 
21-24, 2000. 

14) Rocheville, M., Kumar, U., and Patel, Y.C. Multiple somatostatin receptor subtypes (SSTRs) 
can induce apoptosis through formation of hetero-oligomers with SSTR3. Program 11th 

International Congress of Endocrinology, Sydney, Australia, October 29-November 2,2000. 

15) Srikant, C.B., Sharma, K., Thangaraju, M., Liu, D., Martino, G., Patel, Y.C, and Shen, S-H. 
Cytotoxic and cytostatic antiproliferative actions of somatostatin. Program 11th International 
Congress of Endocrinology, Sydney, Australia, October 29-November 2,2000. 

CONCLUSIONS 

Breast tumors show rich expression of multiple SSTR subtypes and may be amenable to 
treatment with selective SST compounds. All five SSTRs variably inhibit cell growth. When 
studied as individual subtypes expressed in host cells, SSTR3 is the only isoform that induces 
apoptosis whereas SSTR1,2,4 and 5 promote cell growth arrest with SSTR5 exerting the most potent 
effect. Both apoptotic and cytostatic signalling are dependent on receptor-mediated activation of 
SHP-1. Cytostasis then proceeds through activation of Rb and p21 whereas apoptosis is associated 
with caspase-8-mediated intracellular acidification and decrease in mitochondrial membrane 
potential. Apoptotic signalling by SSTR3 requires molecular signals in the receptor C-tail. 
Likewise, the C-tail of hSSTR5, and specifically its phosphorylation state is crucial for the ability 
of this receptor to initiate cytostatic signalling. Endogenous SSTRs that are coexpressed as multiple 
subtypes in the same cell are capable of associating as functional heterodimeric receptors whose 
properties differ from those of the separate monomer components. Although SSTR3 is the only 
subtype that undergoes apoptosis when studied as a monotransfectant, SSTR1,2, and 5 are also 
capable of inducing apoptosis when coexpressed with SSTR3. This means that SSTR3 is an 
obligatory receptor for SST-induced apoptosis but that other SSTR subtypes can also induce 
apoptosis through heterodimerization with SSTR3. 
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TABLE 1 

COMPARISON OF SSTR1-5 mRNA EXPRESSION WITHSSTR1-5 
IMMUNOCYTOCHEMISTRY IN HUMAN BREAST TUMOR SAMPLES (Study 2) (n=19) 

CASE# SSTR1 SSTR2 SSTR3 SSTR4 SSTR5 

10817 ++ 
1 

+ 
1 

++ 
1 1 0 

11238 ++ 
1 

+ 
0 

+ 
0 

++ 
0 0 

11279 ++ 
1 

+ 
1 

+ 
0 

+ 
1 1 

11350 + 
1 

+ 
1 

+ 
1 

++ 
1 

+ 
1 

11361 -H-+ 
1 

++ 
1 

+ 
1 

++++ 
1 0 

11600 ++++ 
1 

+ 
1 

+ 
1 

+ 
0 

+ 
1 

11603 +++ 
1 

+++ 
0 

+ 
1 

+++ 
0 

++ 
1 

12472 +++ 
1 

+ 
1 

+ 
1 

++ 
1 1 

12710 +++ 
0 

++ 
1 

+ 
1 

++ 
1 1 

12723 ++ 
1 

+ 
1 

+ 
1 

++ 
1 1 

12831 + 
1 

+ 
1 

+ 
1 

++ 
1 

+ 
1 

12866 +++ 
1 1 1 

+ 
1 1 

12924 + 

1 

+ 
1 

+-M- +++ 
1 1 1 
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12999 +++ 
0 

+++ 
1 

+ 
1 

+ 
1 

+ 
1 

13087 ++ 
1 

++ 
1 

+ 
1 

+ 
1 

+ 
1 

13094 +++ 
1 

+ 
1 

++ 
0 0 1 

13150 +++ 
1 

+ 
1 

+ 
1 

++ 
1 1 

13175 ++ 
1 1 

+ 
1 

+ 
1 

+ 
1 

13410 ++ 
1 

+ 
1 

+ 
1 

+ 
0 1 

In each paired analysis, SSTR mRNA expression is shown as + to ++++ based on quantitative 
RT-PCR. Absence of SSTR mRNA is indicated by -. The presence or absence of SSTR 
immunoreactivity by peroxidase immunocytochemistry in the matching samples is shown as 
1 or 0 respectively. A match between SSTR mRNA and protein expression by immuno- 
cytochemistry is indicated by the shaded boxes. 
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TABLE 2 

CORRELATION BETWEEN SSTR mRNA (by RT-PCR) and SSTR PROTEIN EXPRESSION 
(BY IMMUNOCYTOCHEMISTRY) INDUCTAL NOS PRIMARY HUMAN BREAST 

CANCER SAMPLES (n = 19) 

Samples Displaying Concordance For 
mRNA and Protein Expression 

Receptor Number % 

SSTR1 
SSTR2 
SSTR3 
SSTR4 
SSTR5 
SSTR1-5 

15/19 79 
17/19 89 
13/19 68 
13/19 68 
74/95 78 
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FIGURE LEGENDS 

FIGURE 1. Incidence of SSTR mRNA in 98 primary human ductal NOS tumors. These results 
are based on two separate batches of frozen tumor tissue analysed for SSTR mRNA 
by semi-quantitative RT-PCR as described in Task 1. The upper panels show adjacent 
sections of a representative grade 4 ductal NOS tumor strongly positive for SSTR1, 
2, and 3, weakly positive for SSTR4 and negative for SSTR5 by peroxidase 
immunocytochemistry. 

FIGURE 2. Effect of treatment of MCF-7 cells for 4 days with antisense or sense oligonucleotides 
to SSTR1, 2, 3, and 5 on receptor protein expression detected by rhodamine 
immunofluorescence. Note the marked reduction in the level of fluorescent labelling 
of antisense-treated cells compared to sense-treated or control cells. 

FIGURE 3. SHP-1 dependency of hSSTR3-mediated cytotoxic signalling revealed by the 
potentiation of D-Trp8 SST-14-induced apoptosis by overexpression of SHP-1 and its 
abrogation by the dominant negative suppressive action by expression of inactive 
mutant SHP-1C455S. Cells were incubated with 100 nM peptide for the indicated 
times and apoptotic cells were labelled with the dye HOECHST 33342 and 
quantitated by flow cytometry (mean ± SE, n=4). 

FIGURE 4. hSSTR3 signalled intracellular acidification is SHP-1-mediated. CHO-K1 cells 
treated with 100 nM D-Trp8 SST-14 for 24 h were loaded with the cell permeable dye 
carboxy-SNARF-1 acetoxymethylester during the final hour and cell pH was 
measured by radiometric analysis of its fluorescence at 580 and 640 nM using a flow 
cytometer. VC, mock transfected cells, SHP-1, cells transfected with active SHP-1; 
SHP-1C455S cells transfected with the catalytically inactive mutant SHP-1. Note the 
abrogation of intracellular acidification by inactivation of SHP-1. (mean ± SE, n=4). 

FIGURE 5. D-Trp8 SST-14 induced reduction in mitochondrial membrane potential (ATm) in 
hSSTR3 expressing CHO-K1 cells. Following incubation with 100 nM peptide for 
24 h, cells were loaded with the dye DiOC6(3). Reduction in mitochondrial 
membrane potential was assessed by the decrease in the fluorescence intensity of the 
dye. The catalytically inactive mutant SHP-1C455S suppressed the effect of D-Trp8 

SST-14 (mean ± SE, n=4). 

FIGURE 6. The obligatory involvement of SHP-1 in hSSTR3-mediated cytotoxic signalling was 
also established by the inductive effect of D-Trp8 SST-14 on caspases. Caspase-8 
activity (solid bars) was measured in extracts of CHO-Kl/hSSTR3 cells incubated in 
the absence or presence of 100 nM peptide for 6 h using the substrate IETD-AMC. 
Activities of caspase-9 and caspase-3 were measured using LEHD-AMC (hatched 
bars) and DEVD-AMC (speckled bars) respectively as substrates in cells treated for 
24 h. Fluorescence intensity of the aminomethylcoumarin (AMC) was analysed by 
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spectrofluorimetry (mean ± SE, n=4). 

FIGURE 7. hSSTR3 signaled activation of caspase-3 but not caspase-8 is acidification- dependent. 
CHO-Kl/hSSTR3 cells were incubated with 100 nM D-Trp8 SST-14 (hatched bars) 
for 24 h in the absence or presence of 25 ng nigericin (speckled bars). Nigericin- 
induced pH clamping abolished the activation of caspase-3 (DEVD-ase), but not 
caspase-8 (IETD-ase) (mean ± SE, n=4). 

FIGURE 8. SHP-1-dependent induction of Rb by D-Trp8 SST-14 in CHO-Kl/hSSTR5 cells. The 
ability of the peptide (100 nM) to induce Rb during 4 h treatment was assessed in 
mock transfected cells (vector control), or cells transfected with SHP-1 or its inactive 
mutant SHP-1C455S. Rb was assessed by flow cytometry following staining with 
anti Rb antibody and FITC-conjugated secondary antibody. The effectiveness of the 
peptide was increased by > 50% by overexpressed SHP-1 and was abrogated by the 
inactive SHP-1 mutant (mean ± SE, n=4). 

FIGURE 9. Induction of apoptosis by selective nonpeptide SST agonists in CHO-K1 cells 
expressing individual SSTRs. Apoptosis was detected by TUNEL assay. Note the 
large number of rounded TUNEL-positive cells in SSTR3 expressing cells. There was 
minimal or no apoptosis in SSTR1,2,4, and 5 expressing cells. 

FIGURE 10. Induction of apoptosis in MCF-7 cells by SSTR subtype-selective nonpeptide 
agonists. Apoptosis was detected by TUNEL assay. The lower panel shows a 
histogram of the mean (± SE) percent of apoptotic cells induced by treatment with 
SSTR1, SSTR2, SSTR3, SSTR4, and SSTR5 selective nonpeptide agonists compared 
with control, SST-14, and the SSTR1 -selective peptide agonist SCH275. 

FIGURE 11. Schematic depiction of wild type, mutant and chimeric SSTR3/SSTR5 receptors. AC- 
SSTR3, C-tail deletion mutant of hSSTR3; palm-SSTR3, mutant with a cys residue 
inserted 12 amino acids downstream from the 7th transmembrane domain to create a 
putative palmitoylation anchor; SSTR3/R5C, chimeric receptor substituting the C-tail 
of hSSTR5 in hSSTR3; SSTR5/R3C, chimeric receptor substituting the C-tail of 
hSSTR3inhSSTR5. 

FIGURE 12. Binding and signalling profiles of wild type, mutant and chimeric SSTR3/SSTR5 
receptors. All of the mutant receptors were functionally coupled to adenylyl cyclase 
as determined by their ability to show dose-dependent inhibition of forskolin- 
stimulated cAMP levels by SST. 

FIGURE 13. Somatostatin-induced inhibition of growth of HEK293 cells expressing wild type, 
mutant and chimeric SSTR3/SSTR5 receptors. Cell growth was assessed by MTT 
assay (mean ± SE, n=4). 
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FIGURE 14. SST-14 induced apoptosis of HEK293 cells expressing wild type, mutant and 
chimeric SSTR3/SSTR5 receptors. Percent apoptotic cells was analysed by TUNEL 
assay at day 2 (mean ± SE, n=4). 

FIGURE 15. Representative HOECHST dye and TUNEL-stained HEK293 cells expressing wild 
type mutant and chimeric SSTR3/SSTR5 receptors. Note the pronounced nuclear 
shrinkage (HOECHST labelling) and in situ DNA fragmentation detected by TUNEL 
labelling in the case of wild type SSTR3 and the SSTR5 chimera substituted with the 
SSTR3 C-tail (SSTR5/R3 receptor). 

FIGURE 16. Schematic depiction of hSSTR5 C-tail sequence showing putative phosphorylation 
sites on Serine and Threonine residues. Point mutations were created by substituting 
Alanine (A) for each of the Serine (S) and Threonine (T) residue. 

FIGURE 17. Requirement of Thr phosphorylation in the C-tail of hSSTR5 for cytostatic signalling. 
The ability of D-Trp8 SST-14 to induce Rb was compared in CHO-K1 cells expressing 
wild type hSSTR5 or its point mutants substituting T -► A at residues 333, 347, 351, 
and 360. A 4-fold reduction in D-Trp8 SST-14-induced increase in Rb 
immunofluorescence was seen with the T351A mutant. T-fA substitutions at 333, 
347, and 360 residues resulted in complete loss of Rb induction (mean ± SE, n=4). 

FIGURE 18. Requirement of Thr phosphorylation in the C-tail of hSSTR5 for cytostatic signalling. 
The ability of D-Trp8 SST-14 to induce cell cycle arrest was compared in CHO-K1 
cells expressing wild type hSSTR5 or point mutants substituting T -► A at residues 
333, 347, 351, and 360. The increase in Gi/S ratio (expressed as fold change 
compared to that in the respective untreated cells taken as 1) which gives an index of 
cell cycle arrest was seen only in agonist-treated cells expressing the wild type 
receptor. The C-tail mutants showed complete (T333A, T347A, T360A) or partial 
(T351A) escape from SST-induced cytostasis. The Gi/S ratios in untreated and 
treated CHO-Kl/hSSTR5 cells were 6.5 ± 0.86 and 15.6 ± 1.9 respectively (mean ± 
SE, n=4). 
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The existence of receptor dimers has been proposed 
for several G protein-coupled receptors. However, the 
question of whether G protein-coupled receptor dimers 
are necessary for activating or modulating normal re- 
ceptor function is unclear. We address this question 
with somatostatin receptors (SSTRs) of which there are 
five distinct subtypes. By using transfected mutant and 
wild type receptors, as well as endogenous receptors, we 
provide pharmacological, biochemical, and physical ev- 
idence, based on fluorescence resonance energy trans- 
fer analysis, that activation by ligand induces SSTR 
dimerization, both homo- and heterodimerization with 
other members of the SSTR family, and that dimeriza- 
tion alters the functional properties of the receptor such 
as ligand binding affinity and agonist-induced receptor 
internalization and up-regulation. Double label confocal 
fluorescence microscopy showed that when SSTR1 and 
SSTR5 subtypes were coexpressed in Chinese hamster 
ovary-Kl cells and treated with agonist they underwent 
internalization and were colocalized in cytoplasmic ves- 
icles. SSTR5 formed heterodimers with SSTR1 but not 
with SSTR4 suggesting that heterodimerization is a spe- 
cific process that is restricted to some but not all recep- 
tor subtype combinations. Direct protein interaction be- 
tween different members of the SSTR subfamily defines 
a new level of molecular cross-talk between subtypes of 
the SSTR and possibly related receptor families. 

Many membrane proteins such as ion channels, receptor 
tyrosine kinases, and receptors for growth hormone and cyto- 
kines associate as functional oligomeric complexes (1-4). Al- 
though G protein-coupled receptors (GPCRs)1 are generally 
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1 The abbreviations used are: GPCR, G protein-coupled receptor; 
SST, somatostatin; SMS, octapeptide SMS-(201-995); SCH275, des- 
AA1'2'5[D-Trp8,IAMP9]SRIF; LTT-SST-28, Leu8-D-Trp22, Tyr25, SST-28; 
SCH288, des-AA1'5[Tyr2-D-Trp8,IAMP9]SRIF; SSTR, somatostatin re- 
ceptor; wt hSSTRl, wild type human somatostatin receptor type 1; wt 

believed to operate as monomers, several recent lines of evi- 
dence based on thermodynamic, biochemical, and functional 
studies suggest that this class of membrane proteins may also 
associate as dimers (5-21). However, the question of whether 
dimerization is a general property of GPCRs and whether it is 
necessary for GPCR function remains controversial (9, 10, 15, 
16, 21). The GABA-B receptor associates as a heterodimer via 
the cytoplasmic C-tail in the endoplasmic reticulum and is 
targeted to the plasma membrane as a preformed dimer, inde- 
pendent of agonist regulation (11-14, 21). Whether other 
GPCR dimers are similarly preformed or whether they undergo 
dimerization at the plasma membrane in response to agonist 
activation is unclear (9, 10, 15, 16, 21). Dopamine and musca- 
rinic receptors have been postulated to exist on the membrane 
as preformed dimers that are stabilized by ligand binding (9, 
19). The ß-adrenergic receptor on the other hand undergoes 
ligand-dependent dimerization and activation, whereas ago- 
nists at the 8 opioid receptor have been suggested to favor 
monomer formation that is required for agonist-induced inter- 
nalization (10, 16). In the case of somatostatin (SST) receptors 
(SSTRs), there are five distinct subtypes that bind the two 
natural ligands, SST-14 and SST-28, with comparable low 
nanomolar affinity (22). The five subtypes also share common 
signaling pathways such as the ability to inhibit adenylyl cy- 
clase and to activate phosphotyrosine phosphatase (22-24). 
Furthermore, individual target cells typically express more 
than one SSTR subtype and often all five isofbrms (25-28) 
raising the question of whether multiple SSTRs in the same 
cell are redundant or whether they interact for greater func- 
tional diversity. By using pharmacological, biochemical, and 
physical methods, here we show that SSTRs associate as 
dimers, both as homodimers or heterodimers with other mem- 
bers of the SSTR family, and that dimerization alters the 
functional properties of the receptor such as ligand binding 
affinity, signaling, and agonist-induced regulation. We provide 
the first direct evidence based on the sensitive fluorescence 
resonance energy transfer (FRET) analysis that hSSTR5 exists 
as a monomer in the basal state and undergoes dose-dependent 
increase in dimerization when treated with SST-14 suggesting 
that dimerization is induced by agonist binding. 

EXPERIMENTAL PROCEDURES 

Peptides and Antisera—Peptides and antisera were obtained as fol- 
lows: SST-14, SST-28 (Bachern); Leu8-D-Trp22, Tyr25, SST-28 (LTT-SST- 
28) (Peninsula); SMS-(201-995) and Tyr3 SMS (Sandoz, Basel, Switzer- 

hSSTR4, wild type human somatostatin receptor type 4; HA-SSTR5, 
hemagglutinin-tagged somatostatin receptor type 5; ECL2, second ex- 
tracellular loop segment; ECL3, third extracellular loop segment; C- 
tail, cytoplasmic carboxyl-terminal segment; CHO, Chinese hamster 
ovary; mAb, monoclonal antibody; pbFRET, photobleaching fluores- 
cence resonance energy transfer. 

7862 This paper is available on line at http://www.jbc.org 
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land); des-AA1-2'5[D-Trp8,IAMP9]SRIF (SCH275) and des-AA1-5[Tyr2-D- 
Trp8,IAMP9]SRIF (SCH288) (J. Rivier, Salk Institute); anti-HA 
mouse monoclonal antibody (12CA5) and fluorescein- and rhodamine- 
conjugated monoclonal antibodies against HA (Roche Molecular 
Biochemicals). 

SSTR Constructs and Transfections—The A318 hSSTR5 C-tail dele- 
tion mutant and the second extracellular loop (ECL2) hSSTR5 mutant 
in which 7 of the 10 COOH-terminal residues of the second ECL were 
conservatively altered have been described previously (29, 30). Stable 
CHO-K1 cells overexpressing full-length HA-tagged hSSTR5 were ob- 
tained from K. Koller (31). Stable CHO-K1 cotransfectants expressing 
wt hSSTRl-pCDNA (32), wt hSSTR4-pRC/CMV (32), HA-hSSTR5 in a 
+ 12CA5-KH (31), A318 hSSTR5-pTEJ8 or ECL2/A318 hSSTR5 mu- 
tants in pTEJ8 were prepared by Lipofectin transfection (Life Technol- 
ogies, Inc.). Neomycin-resistant clones were selected and maintained in 
F12 medium with 10% fetal bovine serum and 700 /ng/ml G418. 

Binding Assays, Internalization, and Up-regulation Experiments— 
Binding studies were carried out for 30 min at 37 °C with cell mem- 
brane protein or whole cells with 125I-labeled LTT-SST-28 radioligand 
or subtype-selective ligands as previously reported (29, 30, 32, 33). 
Receptor coupling to adenylyl cyclase was tested by incubating cells for 
30 min with 1 IHM forskolin with or without SST (10"lo-10-6 M) at 37 °C 
as described previously (30). Cells were then scraped in 0.1 N HC1 and 
assayed for cAMP by radioimmunoassay (30, 33). Internalization ex- 
periments were carried out by incubating cells overnight at 4 °C with 
radioligand with or without SST (0.1 mil) (30, 32, 33). After washing, 
cells were warmed to 37 °C for 15, 30, and 60 min to initiate internal- 
ization. At the end of each incubation, surface-bound radioligand was 
removed by acid wash, and internalized radioligand was measured as 
acid-resistant counts in 0.1 N NaOH extracts of acid-washed cells (30, 
32, 33). The ability of long term treatment with SST to up-regulate 
surface SSTR binding was studied in cells cultured with 1 /AM SST or 
SMS for 22 h as described previously (32, 33). After acid wash to remove 
surface-bound SST, whole cell binding assays were performed to deter- 
mine total and nonspecific binding. Residual surface binding was cal- 
culated as the difference between control and experimental groups 
(32, 33). 

Western Blots—CHO-K1 cells expressing HA-SSTR5 were analyzed 
for receptor protein by Western blots as reported previously (27). Mem- 
branes were incubated with or without SST-14 (10~6 M) for 30 min at 
37 °C and then solubilized in sample buffer containing 62.5 mmol/liter 
Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 50 mmoVliter dithiothre- 
itol. 50-jxg samples of membrane protein were fractionated by electro- 
phoresis on 10% SDS-polyacrylamide gels as described by Laemmli 
(34). The fractionated proteins were transferred by electrophoresis to 
nitrocellulose membranes in a transfer buffer containing 0.025 mol/liter 
Tris, 0.192 mol/liter glycine, and 15% methanol. The membranes were 
then probed for HA-SSTR5 using the mouse monoclonal antibody and 
the lumilight+ Western blotting Kit (Roche Molecular Biochemicals) 
(27). Blots were analyzed semi-quantitatively using the computer scan- 
ning software Masterscan. 

Photobleaching (pb) FRET Microscopy—Generally, FRET efficiencies 
are determined indirectly by measuring changes in the quantum yield 
of any competitive donor deactivation process upon introduction of an 
acceptor molecule (35-39). Donor photobleaching represents such a 
competitive process that can be exploited in pbFRET microscopy. The 
effective FRET efficiency E is calculated from the photobleaching time 
constants of the donor (D) obtained in the absence (TD_A) and presence 
(TD+A) of acceptor (A) according to Equation 1. 

E = l 
TP-A 

TD+A 
(Eq. 1) 

In a two-state model, the minimal amount of receptor dimerization 
(amin) is related to the fraction of acceptor labeled receptor (fA) and E as 
shown in Equation 2, 

8£ 
fA(2+EY 

(Eq. 2) 

where fA is determined from the relative affinities of fluorescein- and 
rhodamine-conjugated mAbs and the concentration ratio used for incu- 
bation (39). pbFRET experiments were performed on CHO-K1 cells 
stably expressing HA-hSSTR5 using a Leica DMBL fluorescence micro- 
scope equipped with epi-illumination. An OSRAM HBO 100-watt mer- 
cury lamp was used as excitation light source. In order to separate 
fluorescein excitation from emission as well as to optimize fluorescein 
excitation while simultaneously blocking rhodamine excitation, the fol- 

ECL2-hSSTR5 A318-hSSTR5 

FIG. 1. Schematic depiction of binding-deficient second extra- 
cellular loop (ECL2-hSSTR5) and signaling-deficient C-tail de- 
letion (A318-hSSTR5) mutants of hSSTR5. 

lowing filters were used: Leitz BP 450-490 (excitation), RKP510 (dich- 
roic mirror), and BP 515-535 (emission). Digital images (8-bit) were 
generated with an Electrim-lOOOU CCD camera with a spatial resolu- 
tion of 1134 x 486 pixels of size 7.8 x 13.6 ;u,m. Exposure as well as time 
delays were software controlled. IGOR Pro 3.13 (Wavemetrics, OR) was 
used for image analysis. Images were corrected for dark current, back- 
ground, and flatness. 

Immunocytochemistry—Expression of SSTRs in transfected CHO-K1 
cells was determined by immunocytochemistry. Rabbit polyclonal anti- 
peptide antibodies directed against sequences in the amino-terminal 
segment of hSSTRl (diluted 1:300) or mouse monoclonal anti-HA anti- 
bodies (diluted 1:300) were used as primary antibodies followed by 
reaction with rhodamine or fluorescein-conjugated secondary antibody 
as described previously (33). To demonstrate colocalization of hSSTRl 
with hSSTR5, CHO cells stably cotransfected with wt hSSTRl and 
HA-hSSTR5 were treated with 1 /AM SMS for 12 h at 4 °C. For receptor 
localization on the plasma membrane, cells were fixed at 4 °C in 3.7% 
formalin for 15 min. For receptor localization in vesicles, cells were 
incubated for an additional 60 min at 37 °C to allow internalization, 
fixed, and permeabilized in methanol/acetone at -10 °C for 15 min. The 
fixed cells in both instances were processed for double label confocal 
fluorescence immunocytochemistry. Cells were mounted with 
immunofluor and viewed under a Zeiss LSM 410 confocal microscope. 
Images were obtained as single optical sections taken through the 
middle of cells and averaged over 32 scans/frame. 

Statistical Analysis—Results are presented as mean ± S.E. 

RESULTS 

Agonist-dependent Homodimerization of hSSTR5—We first 
demonstrated SSTR homodimerization by functional comple- 
mentation of two partially active mutants of human SSTR5 
(hSSTR5) that we have previously described (29, 30) (Fig. 1). 
One is a conservative segment exchange mutant of the second 
extracellular loop, ECL2 hSSTR5 which fails to bind SST-14/ 
SST-28 but which is correctly targeted to the plasma mem- 
brane as shown by immunocytochemistry (29). The other is a 
cytoplasmic tail (C-tail) deletion mutant A318 hSSTR5 that 
displays complete loss of adenylyl cyclase coupling while re- 
taining full agonist binding potency and the ability to undergo 
agonist-dependent internalization (30). We wondered whether 
loss of adenylyl cyclase coupling by the C-tail deletion mutant 
could be rescued by cotransfection, whereby the binding com- 
petent mutant would associate and signal through the C-tail of 
the binding-deficient mutant. The two mutants were stably 
cotransfected in CHO-K1 cells (Bmax 119 ± 36 fmoymg protein) 
and compared with individual A318 hSSTR5 (Bmax 126 ± 43 
fmol/mg protein) or ECL2 hSSTR5 (no binding) stable mono- 
transfectants. Coupling to adenylyl cyclase was determined by 
the ability of SST-28 to inhibit forskolin-stimulated cAMP. In 
the cotransfectant, SST-28 produced dose-dependent inhibition 
of forskolin-stimulated cAMP (31 ± 2.5% at 1 UM agonist) 
which was completely abolished by pertussis toxin treatment 
(Fig. 2B). This suggests that the two mutant receptors assem- 
ble as homodimers to constitute a functional G protein-linked 
effector complex. Competition analysis showed a significant 
4-fold increase in the binding affinity of SST-14 for the putative 
A318-hSSTR5/ECL2-hSSTR5 dimeric receptors {Kt 3.1 ± 1.9 
nit) compared with A318 hSSTR5 alone {Kt 12.1 ± 2.5 nM) 
suggesting physical association leading to a change in receptor 
conformation (Fig. 2A). We next investigated the effect of coex- 
pression of the mutant receptors on receptor internalization 
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FIG. 2. Homodimerization of hSSTR5. Effect of cotransfecting ECL2-hSSTR5 and A318-hSSTR5 mutants on ligand binding affinity, adenylyl 
cyclase coupling, and intemalization. A, displacement analysis of A318-hSSTR5 alone (O) (Kt, 12.1 ± 2.5 nM) compared with that of cotransfectants 
(•) (if;, 3.1 ± 1.9 nM). B, SST-28 produces dose-dependent inhibition of forskolin-stimulated cAMP (A) that is abolished by 100 ng/ml pertussis toxin 
pretreatment (•). C, percent intemalization of 125I-LTT-SST-28 by cells expressing A318- hSSTR5 alone (A) compared with A318-hSSTR5/ECL2 
hSSTR5 cotransfectants (•). For comparative purposes, wt hSSTR5 monotransfected in CHO-K1 cells displayed Smnx 180 ± 28 fmol/mg protein 
and Kd 0.31 ± 0.03 nM, 70 ± 6% maximum inhibition of forskolin-stimulated cAMP at 1 /xM SST-14 and maximum 66 ± 7% intemalization of 
125I-LTT-SST-28 at 60 min (33). Mean ± S.E. of 3 experiments. 

FIG. 3. Representative Western blot 
of HA-hSSTR5 showing ligand-in- 
duced homodimerization. Membranes 
from nontransfected (control) or HA- 
hSSTR5 transfected CHO-K1 cells were 
incubated with different amounts of 
SST-14 for 30 min and analyzed by West- 
ern blots using HA monoclonal antibody. 
A, hSSTR5 exists as a mixture of broad 
monomeric 55-65-kDa and dimeric 105- 
115-kDa bands. Treatment with SST-14 
results in a dose-dependent increase in 
the proportion of dimers. A sharp nonspe- 
cific band at 77 kDa is observed in control 
and transfected cells. B, semiquantitative 
analysis of the percent of monomer and 
dimer species using computer scanning 
software MasterScan. The nonspecific 
band was used as an internal standard for 
protein estimation. Mean ± S.E. of 3 in- 
dependent experiments. 
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(Fig. 2C). CHO-K1 cells expressing either A318 hSSTR5 or 
A318 hSSTR5 and ECL2 hSSTR5 mutants were incubated at 
37 °C for different times with 125I-labeled LTT-SST-28 (a non- 
selective radioligand for all five SSTR subtypes) with or with- 
out 0.1 tiM SST-28 (30, 32). The A318 hSSTR5 mutant dis- 
played time-dependent intemalization with a maximum of 
41 ± 2.8% at 60 min (Fig. 2C). Coexpression of the ECL2 
mutant markedly inhibited intemalization of the putative di- 
meric complex to only 13 ± 3.9% at 60 min. This suggests that 
the association of the ECL2 hSSTR5 mutant with the binding 
competent A318 hSSTR mutant, although promoting ligand 
binding affinity, impairs intemalization of the dimeric receptor 
complex perhaps because only one of the receptor subunits is in 
a ligand-bound state. Physical association of SSTRs was inves- 
tigated by Western blot analysis of CHO-K1 cell membranes 
expressing full-length hSSTR5 tagged at the amino terminus 
with a nonapeptide of the hemagglutinin (HA) sequence (31). 
These cells expressed a high level of membrane hSSTR5 (BmBX 

800 ± 90 fmol/mg protein) that existed in the basal state as a 
mixture of broad monomeric 55-65-kDa and dimeric 105-115- 
kDa bands (ratio 73 ± 3%: 27 ± 3%) (Fig. 3). Treatment with 
SST-14 resulted in a dose-dependent saturating increase in the 
proportion of dimers (monomer:dimer ratio 54 ± 1%:46 ± 1% 
with 1 JUM ligand). The dose-response curve for hSSTR5 dimer- 
ization paralleled that for ligand-induced receptor signaling 
(Fig. 2B). 

Agonist-dependent Homodimerization of hSSTR5 in Intact 
Cells by Photobleaching FRET Analysis—To obtain direct evi- 
dence for the association of SSTRs in intact cells, we probed for 
receptor homodimerization by pbFRET microscopy (35-39). HA 
hSSTR5 was visualized in CHO-K1 cells using fluorescein (do- 
nor)- and rhodamine (acceptor)-conjugated monoclonal anti- 
body (mAb) against HA. Both fluorophore-tagged antibodies 
exhibited clear plasma membrane staining (Fig. AI, a-c) as well 
as competitive antigen binding (Fig. AI, d), from which their 
relative affinities could be determined. The decrease in donor 
fluorescence intensity due to photobleaching during prolonged 
exposure to excitation light was monitored in the absence (Fig. 
All, a) or presence (Fig. AIII, a) of acceptor, i.e. in the potential 
presence of an additional donor deactivation process, FRET. 
The photobleaching decay was analyzed for the plasma mem- 
brane regions, both on a pixel-by-pixel basis (Fig. 4, lib and 
Illb) as well as averaged over each image (Fig. All, c and d). We 
observed a significant slow down of the photobleaching process 
(as described by an increase in the photobleaching time con- 
stant) upon addition of rhodamine-labeled antibody to the cells 
suggesting that a large proportion of rhodamine molecules are 
in close enough proximity to fluorescein to act as acceptors for 
energy transfer. Given that the two fluorophores are associated 
with different receptor molecules, this finding suggests recep- 
tor association. In the basal state, we found effective FRET 
efficiencies of approximately 11 and 15% for dononacceptor 
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FIG. 4. /, confocal microscope images showing fluorescently labeled monoclonal anti-HA-antibody bound to the plasma membrane of CHO-cells 
transfected with HA-hSSTR5. a, fluorescein-conjugated rnAb; b, rhodamine-conjugated mAb; c, «»localization of fluorescein- and rhodamine- 
conjugated mAb (yellow); d, competitive binding of native-, fluorescein-, and rhodamine-conjugated mAb. Cells were incubated with 2.5 (xg/ml mAb 
(total concentration) in various ratios of fluorescein/unlabeled (O) and rhodamine/unlabeled (•) mAb. The relative fluorescence intensity (averaged 
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TABLE I 
The symbols used are as follows: D:A, concentration ratio donor/acceptor; D - A and D + A, corresponding to donor in absence and presence of 

acceptor, respectively; Tave, mean of n photobleaching time constants (each being the pixel-based average of a cell membrane), ± S.E.; n, number 
of cells analyzed (with an average number of-1500 pixels per cell); a„_it standard deviation of Tavg; E, average effective FRET efficiency; amin, 
corresponding minimal amount of receptor dimerization. Absolute photobleaching time constants are not comparable between different data sets 
as they were measured on different days and were therefore affected by the decrease in excitation intensity of the UV lamp. 

sst-14 D:A 
concentration ratio TavB 

n ",,-i E «min 

S 

Low expression cell line 
s % 

0 (basal state) 1:1 D -A, 35.6 ± 1.1 33 6.1 
D+A, 36.0 ± 1.0 32 5.5 1 ±4 3 ± 11 

1:2 D -A, 36.0 ± 1.2 31 6.4 
D+A, 35.6 ± 0.8 25 4.0 =0± 4 0± 10 

10"10 M 1:1 D - A, 14.4 + 0.2 40 1.2 
D+A, 15.2 ± 0.4 27 2.2 5 ± 3 14 + 8 

10"9M 1:1 D -A, 31.6 ± 0.5 46 3.7 
D+A, 36.4 ± 1.0 33 5.8 13 ±3 33 ± 7 

5 X 10"8 M 1:1 D - A, 30.4 ± 1.2 27 6.2 
D+A, 36.4 ± 0.8 21 3.6 16 ± 4 40 ±8 

10"6M 1:1 D-A, 26.8 + 0.8 27 4.3 
D+A, 33.6 ± 0.8 36 4.8 20 ± 3 48 ±6 

1:2 D-A, 28.8 ± 1.0 30 5.6 
D+A, 37.6 ± 1.9 

High expression 

22 

cell line 

8.9 23 ± 5 45 ±8 

0 (basal state) 1:2 D-A, 21.0 + 0.7 37 4.5 
D+A, 23.5 ± 0.4 40 2.3 11 ± 3 24 + 6 

1:3 D-A, 22.4 ± 0.5 46 3.7 
D+A, 26.3 ± 0.8 34 4.5 15 + 3 30 ± 5 

10~6M 1:2 D-A, 19.9 ± 0.6 22 2.7 
D+A, 25.3 + 0.5 29 2.8 21 + 3 42 ± 5 

1:3 D-A, 20.1 ± 0.4 54 3.1 
D+A, 27.4 ± 0.6 48 3.9 27 + 2 48 ± 3 

ratios of 1:2 and 1:3, respectively (Table I). For a two-state 
model, i.e. for receptors existing either in a monomeric or 
dimeric state, as suggested by the Western blot data (Fig. 3), 
these FRET efficiencies relate to a minimal amount of receptor 
dimerization of 24 and 30%, respectively (39). Treatment with 
agonist resulted in increased FRET efficiencies of 21 and 27%, 
corresponding to higher levels of dimerization of at least 42 and 
48% under saturation conditions (Table I), in good agreement 
with values obtained by Western blot. 

To determine whether the high level of basal dimerization 
was caused by receptor overexpression, and to explain the 
relationship between monomers and dimers, we took advan- 
tage of the high sensitivity of FRET analysis for detecting 
dimerization to investigate a second CHO-K1 cell line express- 
ing a 5-fold lower concentration of HA-hSSTR5 receptors (Bmax 

160 ± 30 fmol/mg protein). In contrast to cells overexpressing 
HA-hSSTR5, these cells displayed insignificant effective FRET 
efficiencies of 0-1% in the basal state suggesting that mono- 
mers predominate in the absence of agonist when the receptor 
is expressed at levels in the range of endogenous SSTR concen- 
trations (Table I) (40). Treatment with SST resulted in a dose- 
dependent increase in FRET efficiencies (Fig. 5) suggesting 
that dimerization is induced by agonist binding. 

Agonist-dependent   Heterodimerization   of  hSSTR5   with 

Et 

0       10"10     10"9    5x10"8    10"6 

SST-14 [M] 

FIG. 5. Dose-dependent increase in effective FRET efficiency 
by SST-14 in CHO-K1 cells expressing relatively low density of 
HA-hSSTR5 (see Table I for D.A = 1:1). 

hSSTRl—We next investigated SSTR heterodimerization and 
selected hSSTRl and hSSTR5 to take advantage of their dif- 
ferent pharmacological properties. Both receptors bind SST-14 
and SST-28, but only SSTR5 and not SSTR1 binds the octapep- 
tide SMS-(201-995) (SMS, Octreotide) (22). SSTR5 is internal- 
ized by acute agonist exposure, whereas hSSTRl is resistant to 
internalization and is instead up-regulated at the membrane 
by prolonged agonist treatment (30, 32, 33). As previously 

over 25 cells) was plotted against the proportion of fluorescently labeled mAb. Binding affinity of the rhodamine-labeled mAb was identical to that 
of the unlabeled mAb (solid line), whereas it was reduced by a factor of 0.44 for the fluorescein-labeled mAb (dotted line). This relative affinity was 
used for determining the minimum level of receptor dimerization as function of FRET efficiency (Equation 2). //, photobleaching of fluorescein 
(donor) in absence of rhodamine (acceptor). In this example, cells were treated with 1 /xM SST-14, and the ratio of donor labeled to unlabeled mAb 
was 1:2. a, during donor photobleaching, a sequence of 20 images was acquired, one image every 4 s with exposure time 3 s (only selection shown). 
For analysis of the photobleaching decay, only the high intensity membrane region was considered; the low intensity background and intracellular 
regions were masked (black). Leftmost, unmasked image of initial donor fluorescence, b, the decrease of fluorescence intensity was analyzed for 
each pixel of the unmasked region and fitted to a single exponential decay. The resulting time constants were plotted in the histogram shown. The 
average time constant of 18.0 s (black bar) was taken as TD_A (see Equation 1). c, histograms of fluorescence intensities for the selection of images 
in a. d, average fluorescence intensity of each image versus exposure time to excitation light. The monoexponential fit (red) as well as the residue 
(green) demonstrate the good approximation of the photobleaching decay by a single exponential. ///, a, photobleaching of fluorescein presence of 
rhodamine. The protocol was the same as in B, except that rhodamine-conjugated mAb was used in place of unlabeled mAb. 6, the presence of 
rhodamine led to larger donor photobleaching time constants, with an average, TD+A, of 27.6 s, reflecting FRET between fluorescein and rhodamine. 
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FIG. 6. Heterodimerization of SSTR5 and SSTR1. Effect of cotransfecting A318-hSSTR5 mutant with wt hSSTRl on ligand binding affinity, 
adenyiyl cyclase coupling, and internalization. A, displacement analysis of A318-hSSTR5 alone (O) CfQ, 15.6 ± 2 nM) compared with that of 
A318-hSSTR5/wt hSSTRl cotransfectants (•) (Kt, 8.6 ± 0.2 nM). B, effect of SST agonists on forskolin-stimulated cAMP levels. Cotransfected cells 
were treated with SMS (♦), SST-14 (*), or SCH-275 (A) and compared with A318-hSSTR5 monotransfectants treated with SST-14 (O). C, percent 
internalization of 125I-Tyr3 SMS by cells expressing A318-hSSTR5 alone (O) compared with A318-hSSTR5/wt hSSTRl cotransfectants (•). For 
comparative purposes, wt hSSTRl monotransfected in CHO-K1 cells displayed Bmax 229 ± 10 fmoVmg protein and Kd 0.62 ± 0.13 nM, 68 + 4% 
maximum inhibition of forskolin stimulated cAMP at 1 juM SST-14 and no internalization of 125I-LTT-SST-28 radioligand (33). Mean ± S.E. of at 
least 3 experiments. 

reported, up-regulation of SSTR1 is time- and temperature-de- 
pendent, reaches saturation at 22 h, and is dependent on mo- 
lecular signals in the cytoplasmic C-tail of the receptor (33). To 
test for heterodimerization, the A318 hSSTR5 mutant which 
binds SMS was cotransfected with wt hSSTRl, which does not 
bind SMS (A318 hSSTR5, Bmax 112 ± 12 fmol/mg protein; wt 
hSSTRl, Bmax 96 ± 17 fmol/mg protein). We wondered whether 
the C-tail of hSSTRl in this case would confer adenyiyl cyclase 
responsiveness to the C-tail deletion mutant. Immunocyto- 
chemistry with antipeptide antibodies directed against the 
amino-terminal segment of hSSTRl and hSSTR5 confirmed 
the expression of both receptor proteins in the plasma mem- 
brane of the majority of transfected cells (data not shown). 
Binding analysis showed a small but significant increase in the 
binding affinity of SST-14 for the cotransfectants (Fig. 6A). In 
contrast to the A318 hSSTR5 mutant that shows no adenyiyl 
cyclase coupling, the hSSTRl/A318 hSSTR5 cotransfectants 
displayed significant dose-dependent maximum 17 ± 1.6% in- 
hibition of forskolin-stimulated cAMP with 1 /AM SMS (Fig. 6B). 
A slightly greater 23 ± 2.4% maximum inhibition was seen 
when SST-14, a common agonist, was applied. The reduced 
effect of SMS compared with SST-14 may be explained by 
putative A318 hSSTR5 dimers that would be expected to bind 
but not inhibit adenyiyl cyclase. The SSTRl-selective agonist 
SCH275 (41) inhibited adenyiyl cyclase to a similar extent to 
SST-14 suggesting that the C-tail of hSSTRl is the limiting 
factor in effecting maximum forskolin-stimulated cAMP re- 
sponse. In contrast to the ability of hSSTRl to rescue adenyiyl 
cyclase coupling of the A318 hSSTR5 mutant, the related SSTR 
subtype hSSTR4, which is also SMS-insensitive (22), failed to 
heterodimerize with A318 hSSTR5 in similar cotransfection 
experiments. This suggests that heterodimerization of SSTRs 
is a specific process that is restricted to some but not all 
receptor subtype combinations. 

Agonist-dependent Internalization of hSSTRl through Het- 
erodimerization with hSSTR5—We next looked at the internal- 
ization of hSSTRl/A318 hSSTR5 cotransfectants using as li- 
gands 125I-Tyr3 SMS, which binds A318 hSSTR5 but not 
hSSTRl, and 125I-SCH288, which is selective for SSTR1 (41). 
Compared with 55 ± 5.6% internalization of 125I-Tyr3 SMS at 
60 min by the A318 hSSTR5 mutant alone, the cotransfectants 
showed 11 ± 3.8% internalization of this ligand (Fig. 6C). 
hSSTRl when expressed alone showed no internalization of its 
selective ligand 125I-SCH288 consistent with the known inabil- 

ity of this receptor to undergo agonist-induced internalization 
as a monotransfectant (32, 33). hSSTRl cotransfected with 
A318 hSSTR5, however, displayed 15 ± 5% internalization of 
125I-SCH288 at 60 min. Since hSSTRl alone cannot internalize 
125I-SCH288, the presence of this radioligand intracellularly 
must reflect internalization of hSSTRl/A318 hSSTR5 het- 
erodimers. This was further demonstrated by confocal fluores- 
cence immunocytochernistry using CHO-K1 cells cotransfected 
with wt hSSTRl and HA-hSSTR5. Both receptors were colocal- 
ized on the plasma membrane of nonpermeabilized cotrans- 
fected cells (Fig. 7, a-c). As previously reported, hSSTRl was 
predominantly localized over the cell surface when expressed 
alone in CHO-K1 cells (Fig. Ig) (33). The hSSTRl cells perme- 
abilized after 60 min treatment at 37 °C with agonist SST-14 (1 
UM) showed very poor labeling of cytoplasmic vesicular struc- 
tures (Fig. Ih) (33). In contrast, when hSSTRl was cotrans- 
fected with HA-hSSTR5, it underwent internalization in the 
presence of agonist and was indeed colocalized with hSSTR5 in 
cytoplasmic vesicles of permeabilized cells (Fig. 7, d-f). These 
results suggest that although hSSTRl does not internalize 
when expressed alone, it does so when coexpressed with an 
appropriate partner, in this case hSSTR5. 

Agonist-dependent Up-regulation of hSSTRl through Het- 
erodimerization with hSSTR5—We further investigated ago- 
nist-induced up-regulation of hSSTRl through heterodimeriza- 
tion with A318 hSSTR5. hSSTRl is up-regulated at the 
membrane by prolonged (22 h) exposure to SST-14 (33). SMS 
does not bind and therefore does not up-regulate this receptor 
(Fig. 8A). The A318 hSSTR5 mutant bound both SST-14 and 
SMS, but neither induced up-regulation. Treatment of the co- 
expressed receptors with SMS 1 JU,M for 22 h induced 110 ± 16% 
up-regulation of cell surface binding comparable with that ob- 
tained with 1 /J,M SST-14 (113 ± 23%). Pharmacological anal- 
ysis of the up-regulated receptors with radioligand selective for 
SSTR1 (12SI-SCH288) or SSTR5 (125I-Tyr3 SMS) showed 92 ± 
12.5% increase in 125I-SCH288 binding without any change in 
125I-Tyr3 SMS binding, thereby identifying hSSTRl as the 
receptor subtype that was up-regulated at the cell surface by 
chronic SMS treatment (Fig. 8B). Since SMS does not bind 
SSTR1, its ability to up-regulate this receptor must be through 
binding to A318 hSSTR5 and association with hSSTRl. Al- 
though cross-talk between the receptors at the level of signal- 
ing cannot be entirely excluded, this appears unlikely since 
deletion of the C-tail of hSSTR5 blocks signaling, at least via 



7868 Homo- and Heterodimerization of Somatostatin Receptors 

FIG. 7. Confocal immunofluorescence analysis of wt hSSTRl and HA-hSSTR5 stably cotransfected in CHO-K1 cells demonstrating 
receptor distribution on plasma membrane of nonpermeabilized cells (a-c) and in cytoplasmic vesicles in permeabilized cells after 
treatment with SMS 1 f*M (d-f). a, fluorescein immunofluorescent images showing HA-hSSTR5 localized on the plasma membrane (green), b, 
rhodamine immunofluorescent images of wt hSSTRl localized on the plasma membrane (red), c, merged image to show colocalization of the two 
receptors on the plasma membrane (yellow), d-f, in permeabilized cells, hSSTR5 (d, green label) and hSSTRl (e, red label) are colocalized (f, yellow 
image) in cytoplasmic vesicular structures, g and h, rhodamine fluorescence of hSSTRl expressed alone in CHO-K1 cells. hSSTRl is distributed 
on the plasma membrane (g) but does not appear in cytoplasmic vesicles in agonist-treated permeabilized cells (h). hSSTRl is therefore localized 
intracellularly with hSSTR5 when coexpressed but not alone. 

A B C 

O   CO 
n CM 
>- £ 
8  «? 

« _ 

200 

100 

200. 

Z   5> 

100- 

I 
wt hSSTRl      A318-hSSTR5 wt hSSTRl& 

A318-hSSTR5 

125l-SCH-288 125l-Tyr-SMS 125l-LTT-SST-28      125l-SCH-288 

FIG. 8. Agonist-induced up-regulation of hSSTRl through heterodimerization. Cells expressing either wt hSSTRl, A318 hSSTR5, or 
both receptors together were incubated with control medium (open bars) or medium containing 1 JUM SMS (black bars) or SST-14 (hatched bars) 
for 22 h and subjected to acid wash followed by whole cell binding with different radioligands. A, binding of ,25I-LTT-SST-28 to mono- and 
cotransfected cells. B, binding of 125I-SCH288 and 125I-Tyr3 SMS to cotransfectants. C, up-regulation of endogenous hSSTRl in MCF7 cells by 
treatment with SMS assessed by 12rT-LTT-SST-28 and 12rT-SCH-288 radioligands. Mean ± S.E. of 3 experiments. 

adenylyl cyclase (30). The ability of a ligand that interacts 
selectively with one SSTR subtype to induce up-regulation of 
another, noninteractive subtype was also demonstrated in the 
case of endogenous SSTRs (Fig. 8C). MCF-7 human breast 
cancer cells were found (by RT-PCR) (28) to express mRNA for 
several SSTRs with the following relative abundance (com- 
pared with actin mRNA): SSTR1 (+ + + ), SSTR2 (+), SSTR3 
(±), SSTR4 (-), and SSTR5 (+ + +). Confocal fluorescence im- 
munocytochemistry (26, 27) confirmed the protein expression 
of SSTR1,2,3,5 (but not SSTR4) in these cells. Treatment of 
MCF-7 cells with 1 /XM SMS for 22 h induced a significant 109 ± 
15% increase in membrane SSTRs assessed by whole cell bind- 
ing with 125I-LTT-SST-28. Analysis of the up-regulation re- 
sponse with 125I-SCH288 indicated surface recruitment of 
hSSTRl (118 ± 22% increase in binding) (Fig. 8C). Since SMS 
binds only to SSTR2,3,5, these results, taken together with 
those from the hSSTRl/A318 hSSTR5 cotransfection experi- 
ments, suggest functional cross-talk in MCF7 cells between 
SSTR1 and SSTR5 (and likely between SSTR1 and SSTR2) 
through receptor dimerization. 

DISCUSSION 

The existence of receptor dimers has been proposed for sev- 
eral GPCRs, based on studies of cross-linked or solubilized 
receptors or on functional complementation of mutant and 
chimeric receptors (5-10, 19-21). However, the question of 

whether GPCR dimers are necessary for activating or modu- 
lating normal receptor function has remained unclear (16, 21). 
By using FRET to monitor dimerization directly, as well as 
pharmacological and biochemical studies of both mutant and 
wild type receptors, here we provide strong evidence that mem- 
bers of the SSTR family, undergo agonist-dependent homo- and 
heterodimerization and that dimeric association alters SSTR 
functions such as ligand binding affinity, internalization, and 
up-regulation. We show that hSSTR5 forms heterodimers with 
hSSTRl but not with hSSTR4 suggesting that heterodimeriza- 
tion of SSTRs is a specific process that is restricted to some but 
not all receptor subtype combinations. 

The density of endogenous SSTR expression in receptor-rich 
tissues such as the brain, pituitary, pancreas, and adrenals in 
the rat measured with a nonspecific radioligand such as 12rT- 
LTT-SST-28 (which detects all five SSTR subtypes) ranges 
between 220 and 360 fmol/mg protein (40). In addition, because 
these tissues express all five SSTR isoforms, the concentration 
of individual subtypes is likely to be a fraction of this amount. 
To determine whether the level of receptor expression influ- 
ences dimerization, we initially studied recombinant hSSTR5 
overexpressed in CHO-K1 cells and found significant dimeriza- 
tion of this receptor in the basal state, both by Western blots 
and FRET analysis. At lower levels of transfection correspond- 
ing to endogenous SSTR concentrations, however, hSSTR5 oc- 
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curred only as a monomer in the basal state as determined by 
FRET. Activation by ligand induced receptor homodimeriza- 
tion in a dose-dependent manner. The parallel dose-response 
curves for ligand-induced dimerization and signaling by 
hSSTR5 suggest that dimerization is obligatory for receptor 
activation. Furthermore, hSSTR5 formed heterodimers with 
hSSTRl. This means that a given SSTR exists in different 
states as a monomer (probably inactive), a homodimer, or a 
heterodimer with one or more SSTR subtypes. Our results 
suggest that the use of high density receptor expression sys- 
tems for detecting dimers by Western blots in several earlier 
studies may account for the high level of basal dimerization as 
an artifact of receptor overexpression and may help to explain 
some of the difficulties in interpreting the functional relation- 
ship between monomers and dimers (9, 10, 19, 20). The struc- 
tural requirements for GPCR dimerization are unknown al- 
though several dimerization interfaces have been proposed 
such as the extracellular amino-terminal domain for the glu- 
tamate and calcium-sensing receptors (42, 43), the intracellu- 
lar third loop and the Vlth transmembrane domain for the 
ß-adrenergic and dopamine receptors (9, 15,16), and the C-tail 
for the GABA-B receptor (11-14, 21). In the case of SSTRs, the 
C-tail is clearly not required given the ability of SSTR1 and 
SSTR5 to form homo- and heterodimers with the C-tail deletion 
mutant of hSSTR5. 

There are a number of functional consequences of dimeriza- 
tion by SSTR and other GPCRs. A given agonist may bind with 
different affinities to a given SSTR depending on its oligomeric 
configuration. A receptor may undergo regulatory responses in 
the absence of ligand, for instance by an agonist that binds 
selectively to one subtype and that modulates the internaliza- 
tion or up-regulation responses of another subtype(s) through 
heterodimerization. hSSTRl internalized only as a het- 
erodimer but not when expressed alone suggesting that coex- 
pression of this receptor with hSSTR5 or possibly another 
subtype(s), as occurs endogenously, is a crucial determinant of 
its agonist-dependent regulatory responses. The ability of SMS 
to up-regulate endogenous hSSTRl by binding to hSSTR5 as 
shown here may explain the clinical observation of why pro- 
longed treatment of individuals with SMS leads to an escape 
from the acute effects of the drug (44). This is because up- 
regulation of receptors such as hSSTRl may compensate for 
the desensitized responses of other subtypes interacting with 
SMS to maintain normal SST responsiveness in target cells 
such as those in the pituitary and islets that coexpress all of 
these subtypes (26, 27). Such direct protein interaction be- 
tween different members of the SSTR subfamily, and possibly 
between SSTR and related receptor families, defines a new 
level of molecular cross-talk between GPCRs for greater func- 
tional diversity. 
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Activation of initiator and effector caspases, mito- 
chondrial changes involving a reduction in its mem- 
brane potential and release of cytochrome c (cyt c) into 
the cytosol, are characteristic features of apoptosis. 
These changes are associated with cell acidification in 
some models of apoptosis. The hierarchical relationship 
between these events has, however, not been deci- 
phered. We have shown that somatostatin (SST), acting 
via the Src homology 2 bearing tyrosine phosphatase 
SHP-1, exerts cytotoxic action in MCF-7 cells, and trig- 
gers cell acidification and apoptosis. We investigated 
the temporal sequence of apoptotic events linking 
caspase activation, acidification, and mitochondrial 
dysfunction in this system and report here that (i) SHP- 
1-mediated caspase-8 activation is required for SST-in- 
duced decrease in pHj. (ii) Effector caspases are induced 
only when there is concomitant acidification, (iii) De- 
crease in pH,- is necessary to induce reduction in mito- 
chondrial membrane potential, cyt c release and 
caspase-9 activation and (iv) depletion of ATP ablates 
SST-induced cyt c release and caspase-9 activation, but 
not its ability to induce effector caspases and apoptosis. 
These data reveal that SHP-l-/caspase-8-mediated acid- 
ification occurs at a site other than the mitochondrion 
and that SST-induced apoptosis is not dependent on 
disruption of mitochondrial function and caspase-9 
activation. 

Apoptosis is a physiological process of cell death indispensa- 
ble for the maintenance of multicellular organisms. This proc- 
ess drives the cell into self-destruction via a common execution 
pathway. The cellular machinery utilized for this process cre- 
ates distinct apoptotic features of cell shrinkage, cytoplasmic 
and nuclear condensation, membrane blebbing, chromatin 
compaction, and fragmentation of chromosomal DNA into 180- 
base pair multimers. A central event in the process of apoptosis 
is the activation of cysteine aspartate proteases (caspases) (1). 
Active caspases consist of dimeric complexes of —20- and 10- 
kDa fragments derived from the procaspases that exist as 
inactive zymogens by internal proteolytic cleavage at cysteine- 
aspartate sites (2). Mammalian caspases can be divided into 
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initiator (e.g. caspases 2, 8, 9, 10) and effector (caspases 3, 4, 5, 
6, 7, 11, 12, and 13) enzymes. A feature of apoptosis that 
impinges on caspases is altered mitochondrial function charac- 
terized by a reduction in the electrochemical gradient across 
the mitochondrial membrane (Ai/^)1 and release of mitochon- 
drial cyt c into the cytoplasm (3-15). Cyt c is necessary for 
caspase-9 activation (16, 17). Caspase-9 can function as an 
initiator caspase when mitochondrial dysfunction is the pri- 
mary event in apoptosis, whereas it serves to amplify the 
apoptotic signaling of other initiator caspases under conditions 
in which disruption of mitochondria is a late event (16-19). 

In some models of apoptosis activation of caspases is associ- 
ated with intracellular acidification (20-23). The question of 
whether intracellular acidification is necessary for inducing 
caspases or occurs merely as a consequence of caspase activa- 
tion has remained an issue of debate (24-32). For instance, 
contradictory reports suggest that the pan-caspase inhibitor 
z-VAD-fmk prevents decrease in pHi( whereas acidification per 
se was found to activate z-VAD-fmk-sensitive caspases (27, 32). 
Since z-VAD-fmk inhibits both initiator and effector caspases, 
its use does not allow differentiation between caspases that 
may be activated in a pHrsensitive and -insensitive manner 
during apoptosis associated with acidification. The temporal 
relationship between mitochondrial dysfunction and acidifica- 
tion has not been definitively established, although it was 
reported recently that loss of At//m may trigger a decrease in 
intracellular pH (pH;) in hematopoietic cells (27, 32). 

Somatostatin (SST) receptor (SSTR)-mediated cytotoxic sig- 
naling triggers acidification and apoptosis in MCF-7 and T47D 
breast cancer cells: prevention of acidification by pH clamping 
inhibited its ability to induce apoptosis (33-35). Translocation 
of the tyrosine phosphatase SHP-1 from the cytosol to the 
membrane is an early and essential event in SST-induced cell 
acidification and apoptosis (34-36). When ectopically ex- 
pressed, SHP-1 lowered the resting pH; of MCF-7 cells (pH; = 
7.07 versus 7.25 in cells transfected with the empty vector), and 
amplified not only the cytotoxic action of SST, but also acidifi- 
cation-induced apoptosis. Moreover, agonist-induced acidifica- 
tion and acidification-induced apoptosis were both inhibited by 
the dominant negative suppressive effect SHP-1C455S (35). In 
the present study we undertook to delineate the temporal se- 
quence of activation of different caspases in relation to cellular 
acidification and mitochondrial dysfunction during SST-in- 
duced apoptosis in MCF-7 cells. We present evidence demon- 
strating that caspase 8 activation is necessary for intracellular 
acidification to occur during SST-induced apoptosis and that 
the effector caspases are induced only as a consequence of the 

1 The abbreviations used are: Ai//„, mitochondrial membrane poten- 
tial; cyt c, cytochrome c; DiOC6(3), 3,3'-dihexyloxacarbocyanine iodide; 
NHE, Na+/H+ exchanger; pHi; intracellular pH; SST, somatostatin. 

9244 This paper is available on line at http://www.jbc.org 



Caspase-8-mediated Acidification Precedes Mitochondrial Dysfunction 9245 

decrease in pH;. Moreover, the reduction in At//m and the re- 
lease of cyt c into the cytosol from the mitochondria also occur 
distal to acidification. Depletion of ATP prevented the activa- 
tion of caspase-9 but only partially inhibited its ability to acti- 
vate the terminal caspases and induce apoptosis. These data 
suggest that SST-induced, acidification-dependent, apoptosis is 
not dependent on mitochondrial dysfunction. 

MATERIALS AND METHODS 

The MCF-7 cell line (clone HTB22) was obtained from ATCC. Special 
reagents were obtained from the following sources: [D-Trp8]SST-14 
(Bachern, Torrance, CA); annexin-V labeling kit (Roche Diagnostics, 
Montreal, CA); nigericin (ICN, Costa Mesa, CA). Carboxy-SNARF-1 
acetoxymethyl ester and 3,3'-dihexyloxacarbocyanine iodide (DiOC6(3)) 
(Molecular Probes, Eugene, OR). Aminomethylcoumarin derivatives 
(caspase substrates) and aldehyde derivatives (caspase inhibitors) of 
tetrapeptide sequences that are recognized by distinct caspases: IETD 
(caspase-8), LEHD (caspase-9), and DEVD (caspases-3/-7) (BioMol Re- 
search Laboratories, Plymouth Meeting, PA). Antibodies against the 
different caspases and cyt c were purchased from Pharmingen (San 
Diego, CA). All other reagents used were of analytical grade and were 
obtained from regular commercial sources. 

Cell Culture and Incubation Conditions—Cells were plated in 75-cm2 

culture flasks and grown in minimal essential medium containing non- 
essential amino acids and supplemented with 10% fetal bovine serum. 
Cells were incubated in the presence or absence of 100 nM [D-Trp8]SST- 
14 for different time periods as indicated. To examine the effect of direct 
acidification, cells were incubated in medium supplemented with 140 
mM K+ and 10 nM nigericin. Caspase inhibitors were dissolved in 
dimethyl sulfoxide and used at 1:1000 dilution to yield a final concen- 
tration of 50 mg/ml. Depletion of intracellular ATP was achieved in 
glucose-deprived cells by inhibiting Fo/F^ATPase with oligomycin (37). 
Briefly, cells were incubated with 10 mM oligomycin in glucose-free 
Dulbecco's modified Eagle's medium (Canadian Life Technologies, 
Guelph, Ontario) supplemented with 50 mM malic acid, 2 mM gluta- 
mate, 1 mM sodium pyruvate, 10 mM HEPES/Na+ (pH 7.4), 0.05 mM 
j3-mercaptoethanol, and 10% dialyzed fetal bovine serum as described 
by Eguchi et al. (38) prior to peptide treatment. Cellular ATP was 
measured using a commercial luciferase luminescence assay kit (Sig- 
ma). The ATP concentration decreased by >83 ± 6% (n = 4) following 
oligomycin treatment (data not shown). 

Detection of Apoptosis—Apoptosis was determined by annexin-V pos- 
itivity using the annexin-V-FLUOS kit (Roche Diagnostics, Montreal, 
Canada) or by the presence of oligonucleosomal DNA fragments as 
described previously (34, 35, 39). Cells labeled with fluorescein isothio- 
cyanate-conjugated annexin-V and propidium iodide were analyzed by 
flow cytometry in a Becton Dickinson Vantage Plus flow cytometer. A 
5-watt argon laser generating light at 351-363 nm was used as the 
excitation source and fluorescein isothiocyanate fluorescence was de- 
tected with a 560-nm short pass dichroic filter while propidium iodide 
fluorescence was detected using a 610-nm long pass filter. At least 
10,000 gated events were recorded for each sample and the data ana- 
lyzed by Winlist software (Verity Software House, ME). To assess DNA 
fragmentation, DNA was extracted twice with phenol/chloroform and 
once with chloroform from cells incubated in lysis buffer (500 mM 
Tris-HCl (pH 9) containing 2 mM EDTA, 10 mM NaCl, 1% SDS, and 1 
mg/ml proteinase K) at 48 °C for 30 h. DNA extracts were incubated 
with 300 /ng/ml bovine pancreatic RNase A at 37 °C for 1 h and 10-/xg 
aliquots of DNA samples containing 10 /xg/ml ethidium bromide were 
subjected to electrophoresis on 1.2% (w/v) agarose gels using the Hoefer 
Switchback™ pulse controller and visualized under UV light. 

Measurement of Intracellular pH—For measuring intracellular pH, 
cells were loaded with 10 JAM acetoxymethylester derivative of SNARF-1 
for the final hour of incubation in the absence or presence of 100 nM 
[D-Trp8]SST-14 at 37 °C (39). The cells were then scraped, washed, and 
maintained at 37 °C. Intracellular carboxy SNARF-1 was excited at 488 
nm and emission was recorded at both 580 and 640 nm with 5-nm band 
pass filters with linear amplifiers in a Becton-Dickinson FACStar Van- 
tage cytometer. The ratio of the emissions at these wavelengths was 
electronically calculated and used as a parameter indicative of pH,. The 
intracellular pH values were estimated by comparison of the mean 
ratios of the samples to a calibration curve of intracellular pH gener- 
ated by incubation of carboxy-SNARF-1 loaded cells in buffers ranging 
in pH from 8.0 to 6.25 and containing the proton ionophore nigericin 
(33). Cells with fluorescence of <50 units were excluded in the calcula- 
tion of the ratio of the emissions at 580 and 640 nm. 

Measurement of Mitochondrial Membrane Potential—DiOC6(3) (50 

nM final concentration) was added to the cells 15 min prior to the 
completion of incubation. The cells were then washed to remove excess 
fluorochrome, scraped, and maintained at 37 °C. DiOCG(3) fluorescence 
was measured in a EPICS 750 series Flow Cytometer (Coulter Elec- 
tronics, Hialeah, FL) with the excitation and emission wavelengths set 
at 488 and 520 nm, respectively. At least 10,000 events were recorded 
for each sample and the data analyzed by WinList Program (Verity 
Software House, Topsham, ME). 

Subcellular Fractionation and Western Blotting—Cells were washed 
in phosphate-buffered saline and resuspended in 500 ml of a buffer 
containing 25 mM Hepes-KOH buffer (pH 7.4) containing 10 mM KC1, 
1.5 mM MgCl2, 5 mM EDTA, 1 m M EGTA, 2 mM dithiothreitol, 250 mM 
sucrose, 0.2% Triton X-100, and protease inhibitor mixture (Roche 
Diagnostics, Montreal, CA). The cells were homogenized in a Pyrex 
homogenizer using a type B pestle. Cell debris and nuclei were removed 
by centrifugation at 1,000 x g for 10 min at 4 °C. Mitochondrial fraction 
was then pelleted by centrifugation at 10,000 x g for 20 min. The 
supernatant obtained at this stage was re-centrifuged at 40,000 X g for 
1 h to obtain cytosolic fraction. 

Thirty micrograms of cytosolic fractions prepared from cells incu- 
bated under different experimental conditions were subjected to SDS- 
polyacrylamide gel electrophoresis. The separated proteins were blotted 
onto nitrocellulose membranes and subjected to immunoblot analysis 
for cyt c, or caspases-8, -9, -3, and -7. 

Measurement of Caspase Activity—Activities of caspases were meas- 
ured in the lysates measuring the in vitro hydrolysis of DEVD-AMC 
(caspases-3 and -7), IETD-AMC (caspase-8), and LEHD-AMC 
(caspase-9) (40, 41). The fluorescence of the aminomethylcoumarin re- 
leased from the substrates was measured in a Perkin-Elmer spec- 
trofluorimeter with the excitation and emission wavelengths set at 380 
and 460 nm, respectively. Enzyme activity was quantitated against a 
standard fluorescence curve generated using aminomethylcoumarin 
over a concentration range of 0-1000 nM. 

RESULTS 

In order to determine the hierarchy of caspase activation 
during acidification-dependent apoptosis we measured the 
time course of [p-Trp8]SST-14-induced changes in enzyme ac- 
tivities using substrates that display specificity for initiator 
and effector caspases in vitro: IETD-AMC (caspase-8) and 
DEVD-AMC (caspases-3/-7) respectively. In cells incubated 
with 100 nM [D-Trp8]SST-14 a concentration which induced 
maximal apoptosis (35, 39), the IETD-AMC hydrolyzing activ- 
ity was maximal by 3 h (6-fold increase over the basal value of 
0.5 nmol/mg protein, Fig. 1), but had fallen to basal levels by 
24 h. By contrast, DEVD-specific caspase activity increased by 
<3-fold during SST treatment but continued to increase and 
remained elevated even at 24 h (1.21 ± 0.14 and 3.61 ± 0.7, 
respectively, compared with 0.45 ± 0.05 nmol/mg protein in 
untreated control cells). When acidification was prevented by 
pH clamping by the inclusion of nigericin, SST-induced in- 
crease in IETDase was unaffected whereas its ability to induce 
DEVDase activity was completely inhibited (Fig. 2). We next 
examined the effect of selective inhibitors of these caspases on 
SST-induced acidification and apoptosis. IETD-CHO (the tet- 
rapeptide aldehyde inhibitor of caspase-8) prevented the de- 
crease pH, in SST-treated cells whereas DEVD-CHO (the 
caspase-3/-7 inhibitor) was without effect (Fig. 3A). By con- 
trast, the ability of SST to induce apoptosis was suppressed by 
both inhibitors as confirmed by DNA fragmentation analysis 
(Fig. 3B) and by annexin-V positivity (not shown). The tempo- 
ral sequence of activation of the different caspases during 
[D-Trp8]SST-14-induced apoptosis was confirmed by measuring 
the effect of each of the caspase inhibitors on the activities of 
other caspases (Fig. 4). IETD-specific caspase activation by 
SST was unaffected by DEVD-CHO (Fig. 4A) but the inductive 
effect of SST on DEVD-specific caspase activity was totally 
inhibited by IETD-CHO (Fig. AB). 

Mitochondrial dysfunction characterized by a reduction in its 
transmembrane potential (Atym) and release of cyt c into the 
cytosol, are characteristic features of apoptosis (6, 9,10, 42, 43). 
An important arm of apoptotic signaling involves cyt c-depend- 
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FIG. 1. [D-Trp8]SST-14-induced activation of caspase-8 (IETD- 
ase) precedes that of caspases-3/-7 (DEVDase) in MCF-7 cells. 
Enzyme activities were measured using the aminomethylcoumarin de- 
rivatives of the tetrapeptide substrates in extracts of cells incubated 
with 100 nM peptide at the indicated times. IETDase activity was 
maximal at 3 h, and declined to basal level by 24 h (top panel). By 
contrast, DEVDase activity was maximal at 24 h (bottom panel). 
Values represent nanomole of aminomethylcoumarin liberated from 
the substrates during 30 min incubation with cell extracts in vitro 
and was quantitated against the fluorescence readings of serially 
diluted aminomethylcoumarin as described under "Materials and 
Methods" (mean ± S.E., n = 6). 
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FIG. 2.    Effect   of   pH   clamping   on    caspase   activation. 
[D-Trp8]SST-14 induced increase in caspase-8 (IETDase) activity was 
not affected by the prevention of acidification by nigericin (top panel) 
whereas pH clamping prevented the increase in caspase-3/-7 (DEV- 
Dase) activity (bottom panel). Enzyme activities were measured after 
4 h (IETDase) or 24 h (DEVDase) treatment (mean ± S.E., re = 6). 

ent activation of caspase-9. Cyt c released from the mitochon- 
dria complexes with APAF-1 (the mammalian homolog of the 
pro-apoptotic protein CED-4 of Caenorhabditis elegans) and 
procaspase-9. Such activation of caspase-9 has been reported to 
be necessary for the full expression of nuclear apoptotic events 
(44). To determine whether mitochondrial dysfunction precedes 
or follows acidification, we compared the effects of pH clamping 

S 7.0 
3 

8 6.5 u ± 6.0i 

D-TrpBSST-14 - + +■+• 
IETD-CHO - - + - 
DEVD-CHO    -    -    -   + 

FIG. 3. Differential effects of caspase-inhibitors on 
[D-Trp8]SST-14-induced acidification, but not on apoptosis in 
MCF-7 cells. A, the decrease in pH; in cells incubated with 100 nM 
peptide for 24 h was prevented by the caspase-8 inhibitor IETD-CHO, 
but not by the caspase-3/-7 inhibitor, DEVD-CHO (mean ± S.E., n = 6). 
B, oligonucleosomal DNA fragmentation in peptide-treated cells was 
completely inhibited by both IETD-CHO and DEVD-CHO (figure rep- 
resentative of four different experiments). 
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FIG. 4. Inhibition of DEVDase does not prevent [D-Trp8]SST- 
14-induced activation of IETDase, whereas inhibition of IETD- 
ase abrogates induction of DEVDase. A, extracts of cells incubated 
with 100 nM peptide ± DEVD-CHO for 4 h were assayed for IETDase 
activity or for 24 h ± IETD-CHO for DEVDase assay (mean ± S.E., 
n = 6). 

and different caspase inhibitors on Ai//m, cyt c release, and 
caspase-9 activation in SST-treated cells. SST induced a de- 
crease in Ai//m in MCF-7 cells (Fig. 5A). Inhibition of acidifica- 
tion by pH clamping totally abrogated the ability of SST to 
decrease Ai//m. Maximal effect was seen at 6 h when 48 ± 7% of 
SST-treated cells displayed a significant reduction in Ai/fm com- 
pared with the untreated control (Fig. 5B). Additionally, loss of 
Ai|/m during SST treatment was prevented almost completely 
by IETD-CHO but was decreased only by 23 ± 3% by DEVD- 
CHO (Fig. 5B). A marked increase in cytosolic cyt c content was 
seen in SST-treated cells (Fig. 6). Such an increase did not 
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FIG. 5. [D-Trp8]SST-14-induced reduction in Ai/»m is acidifica- 
tion-dependent. A, cells were incubated for 6 h in the absence (panel 
1) or presence of 100 nM peptide (panel 2) in regular medium or with the 
peptide in nigericin containing medium (panel 3), labeled with DiOC6(3) 
and analyzed by flow cytometry. Representative recordings of six sep- 
arate measurements are shown. The reduction in Ai/;„, in peptide- 
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FIG. 6. [D-Trp8]SST-14-induced increase in cytosolic cyt c pre- 
cedes the activation of DEVDase. 30-mg protein aliquots from cy- 
tosolic extracts of cells incubated in the absence and presence of 100 nM 
[D-Trps]SST-14 alone or with the indicated inhibitors were subjected to 
immunoblot analysis following electrophoresis and membrane transfer. 
Nigericin and IETD-CHO, but not DEVD-CHO, prevented [D-Trp8] SST- 
14-induced increase in cyt c. 

occur when acidification was prevented by pH clamping. SST- 
induced increase in cytosolic cyt c was completely suppressed 
by IETD-CHO but was not inhibited by inhibition of effector 
caspases by DEVD-CHO. We measured the caspase-9 activity 
in extracts of cells incubated with SST using the tetrapeptide 
substrate LEHD-AMC, a substrate with reported caspase-9 
selectivity (41). LEHD-specific caspase activity was induced by 
SST in MCF-7 cells in an acidification-dependent manner (Fig. 
7). Inhibition of caspase-9 activity with LEHD-CHO did not 
affect SST-induced loss of Ai/>,„ or the release of cyt c into the 
cytosol (not shown). 

Cyt c- and APAF-1-mediated activation of caspase-9 is an 
energy-dependent process requiring ATP (45, 46). In order to 
establish the extent to which SST-signaled apoptosis is medi- 
ated via ATP-dependent caspase-9 activation, we tested the 
effect of depleting intracellular ATP on the cytotoxic signaling 
of SST. In ATP-depleted cells, SST failed to activate LEHDase 
(Fig. M). ATP depletion also inhibited SST-induced increase in 
cytosolic cyt c (Fig. 8B). By contrast, ATP depletion decreased 
the inductive effect of SST on DEVDase activity only by 9 ± 1% 
(Fig. 8C). Likewise ATP depletion had minimal effect on the 
extent of apoptosis. Following 4 h treatment with SST, the 
number of annexin-V positive cells was 8.8 ± 1.5% in ATP- 
depleted and 12.1 ± 1.1% in ATP-replete MCF-7 cells. Precise 
quantitation of the long term effect of ATP depletion on SST- 
induced apoptosis was not possible because of significant ne- 
crosis (as determined by the presence of cells labeled with both 
propidium iodide and annexin V (data not shown)). 

Immunoblot analysis confirmed the pH-independent gener- 
ation of active caspase-8 (IETD-AMC-specific) by the formation 
of the 20-kDa caspase-8 fragment from the 50-kDa pro- 
caspase-8 in [D-Trp8]SST-14-treated cells. Inhibition of acidifi- 
cation by pH clamping did not prevent activation of caspase-8 
(Fig. 9). By contrast, generation of the 20-kDa fragments of 
caspase-3 and caspase-7 (DEVD-AMC-specific proteases) from 
procaspase-3 (32 kDa) and procaspase-7 (35 kDa) and of 
caspase-9 (LEHD-AMC-specific) from procaspase-9 (48 kDa) 
occurred only if acidification was present. 

The present finding that caspase-8 precedes the onset of 
acidification prompted us to assess the importance of SHP-1 in 
the activation of IETDase and DEVDase by [D-Trp8] SST-14 and 
by direct acidification. IETDase activity was higher in 
[D-Trp8]SST-14 SST-treated cells expressing SHP-1 compared 
with the empty vector (3.75 ± 0.5 ± 3.1 ± 0.4 nmol/mg protein, 
Fig. 10, top panel). Likewise, agonist-induced increase in DEV- 

treated cells is evident from the decrease in the number of cells with the 
resting potential as well as from the appearance of the distinct peak of 
cells with lower DiOC6(3) fluorescence (panel 2). Inhibition of acidifica- 
tion prevented the ability of |D-Trp8]SST-14 to decrease Ai//„, (compare 
panels 3 and 1). B, quantitation of the effect of pH clamping, IETD-CHO 
and DEVD-CHO on D-Trp8-induced reduction in Ai/;„, (mean ± S.E., n = 
6). The effect of the peptide was only partially inhibited by DEVD-CHO, 
whereas it was completely abolished in the presence of IETD-CHO 
similar to that seen in cells clamped at physiological pH in the presence 
of nigericin. *, p < 0.001; **,p < 0.01. 
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FIG. 7. Activation of caspase-9 (LEHDase) by [D-Trp8]SST-14 is 
attenuated by inhibition of acidification. Cells were incubated as 
described in the legend for Fig. 2B (mean ± S.E., n = 6). 
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FIG. 8. Effect of ATP depletion on [D-Trp8]SST-14-induced cy- 
totoxic signaling. ATP-depleted cells were prepared by incubating 
with oligomycin in glucose-free medium for 1 h. Control and ATP- 
depleted cells were incubated for 4 h in the absence (lanes 1 and 3) or 
presence of 100 nM peptide {lanes 2 and 4). A, LEHDase activation by 
the peptide seen in control cells was completely abolished by ATP- 
depletion (compare lanes 2 and 4). B, [D-Trp8]SST-14-induced increase 
in cytosolic cyt c was also inhibited by ATP depletion. 

Dase activity was also higher in cells expressing SHP-1 (3.72 ± 
0.43 versus 2.45 ± 0.36 nmol/mg protein in control vector- 
transfected cells, Fig. 10, bottom panel). As shown in this fig- 
ure, SHP-1C455S suppressed the ability of [D-Trp8]SST-14 SST 
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FIG. 9. Immunoblot analysis demonstrating differential pH 
sensitivity of caspase activation. Formation of the 20-kDa active 
caspase from the inactive procaspase-8 induced by [D-Trp8] SST-14- 
mediated cytotoxic signaling was pH-independent. By contrast, the 
formation of the 20-kDa fragments from procaspases-9, -7, and -3 in 
peptide-treated cells was prevented by inhibition of acidification by 
nigericin (data representative of four independent experiments). 
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FIG. 10. SHP-1 dependence of caspase activation by 

[D-Trp8]SST-14 in MCF-7 cells. The ability of the peptide to induce 
both IETDase (top panel) and DEVDase (bottom panel) during the 4-h 
incubation was higher in SHP-1 expressing cells compared with the 
empty vector control (VC) cells, and was abolished by the dominant 
negative effect of SHP-1C455S. Mean ± S.E., n = 3). 

to activate both enzymes. Interestingly, basal activities of IET- 
Dase and DEVDase (0.85 ± 0.07 and 0.93 ±0.1 nmol/mg 
protein, respectively) were slightly higher in cells overexpress- 
ing the wild type SHP-1. When subjected to direct acidification, 
IETDase activity was minimal in all three cell types (Fig. 11). 
In SHP-1 expressing cells, IETDase activity was lower than 
that seen under basal conditions at pH 7.2 (0.63 ± 0.07 versus 
1.12 ± 0.14 nmol/mg of protein, respectively, compare Figs. 10 
and 11). By contrast, DEVDase activity was higher in both 
vector control and SHP-1-transfected cells (2.45 ± 0.3 and 3.57 
± 0.5 nmol/mg of protein, respectively). The dominant negative 
effect of SHP-1C455S completely abolished the acidification- 
induced increase in DEVDase activity. Finally we assessed the 
role of SHP-1 in |p-Trp8]SST-14-induced reduction in Ai/fm. 
While the maximum number of cells that displayed decreased 
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FIG. 11. Acidification-induced activation of DEVDase (speck- 
led bars) in SHP-1-expressing MCF-7 cells was higher than that 
in control vector (VC)-transfected cells. SHP-1C455S suppressed 
acidification-induced increase in DEVDase activity. Acidification had 
no effect on IETDase activity (solid bars) in all three cell types. 

At/»m was the same in both control vector and SHP-1 transfected 
cells following incubation with [D-Trp8]SST-14, the rate of re- 
duction in Ai// was increased by ectopically expressed SHP-1 
reaching maximal level by 90 min, a time point at which only 
12% of the control vector-transfected cells displayed decrease in 
Ai//„, (Fig. 12). In SHP-lC455S-transfected cells no decrease in 
Ai|/m occurred even after 24 h treatment with [D-Trp8]SST-14. 

DISCUSSION 

In this study we demonstrated that the cytotoxic signaling of 
SST in MCF-7 cells activates multiple caspases and that SHP- 
1-dependent activation of caspase-8 precedes the decrease in 
pH; whereas acidification is necessary for the induction of the 
effector caspases. In accordance with this was the finding that 
inhibition of SST-induced acidification by pH clamping with 
nigericin did not affect SST-induced activation of caspase-8 
while it completely abrogated the induction of the other 
caspases. Likewise, inhibition of caspase-8 by IETD-CHO pre- 
vented SST-induced acidification and activation of terminal 
caspases. By contrast, LEHD-CHO and DEVD-CHO did not 
prevent a SST-induced increase in caspase-8 activity and the 
decrease in pH;. Moreover, SST-induced increase in caspase-8 
activity peaked by 3 h and declined thereafter paralleling the 
previously reported time course of acidification (35). The distal 
caspases, in contrast, displayed sustained increase in activity. 
These data demonstrate that caspase-8 activation is required 
for SST-induced acidification and, additionally, that its activity 
is pH; sensitive. This is supported by the finding that the 
20-kDa fragment derived from procaspase-8 was present in 
cells with acidic pH; during SST treatment. By contrast, the 
generation of caspases-9, -3, and -7 from the respective pro- 
caspases occurred only when there was acidification. The de- 
tection of caspase-3 in the HTB22 clone of MCF-7 cells used in 
the present study contrasts with its reported absence in other 
clones of this cell line due to a 47-base pair deletion within the 
exon 3 of the caspase-3 gene (47, 48).2 We found that acidifica- 
tion per se was sufficient to activate the effector caspases in the 
absence of a detectable increase in caspase-8 activity. While 
this suggests that acidification may trigger the activation of the 
effector caspases directly, the possibility that transient activa- 
tion of caspase-8 during rapid acidification may suffice to in- 
duce these caspases cannot be ruled out. The finding that 
SHP-1 is required not only for the induction of IETDase by SST 
but also of DEVDase by cell acidification reinforces the idea 
that SHP-1 modulates the apoptotic events both before and 
after cell acidification (34). The phosphatase-dependent pro- 
cesses that lead to caspase activation remain to be delineated. 

' R. U. Janicke, personal communication. 
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FIG. 12. SHP-1 dependence of [D-Trp8]SST-14-induced reduc- 
tion in Ai/»,,,. Cells were incubated with 100 nM peptide for 90 min prior 
to measurement of Ai/',„. [u-Trp8]SST induced reduction in in Ai//„, was 
seen in 53 ± 4% of SHP-1 expressing cells whereas only 12.8 ± 1% of 
vector control (VC) cells displayed a reduction mitochondrial membrane 
potential. In cells expressing SHP-1C455S, the peptide failed to trigger 
the loss of mitochondrial membrane potential (mean ± S.E., n = 4). 

Caspase-8 can activate caspases-3 and -7 directly and/or 
through induction of caspase-9 (17, 18, 45, 49). In order to 
assess the relative importance of caspase-9 in the cytotoxic 
signaling of SST, we compared the effect of SST in control and 
ATP-depleted MCF-7 cells. SST was unable to activate 
caspase-9 in ATP-depleted cells, but was still capable of acti- 
vating DEVDase and inducing apoptosis. Thus, SST-induced 
apoptosis in MCF-7 cells involves caspase-8-mediated direct 
activation of terminal caspases as well as an amplifying effect 
mediated through mitochondrial dysfunction and consequent 
activation of caspase-9. These data support the concept that 
caspase-8 can activate apoptotic pathways involving effector 
caspases through both mitochondria-dependent and -independ- 
ent pathways (17, 44, 50-54). The extent of SST-induced ap- 
optosis was 34 ± 5% lower in ATP-depleted cells, an effect that 
could be accounted for by the loss of caspase-9-mediated acti- 
vation of the terminal caspases and/or the loss of effector 
caspase-mediated activation of caspase-9. We found that 
DEVD-CHO only partially suppressed the effect of SST on Ai|;„, 
and cyt c release suggesting that mitchondrial dysfunction may 
be caused to some extent by the action of the effector caspases 
as demonstrated previously in an in vitro model (10). 

We showed that intracellular acidification precedes the onset 
of reduction in Ai/;„, in MCF-7 cells exposed to the cytotoxic 
action of SST. Likewise, release of cyt c from the mitochondria 
and LEHDase activation was observed in cells subjected to 
direct acidification (details not shown). This is in contrast to 
the report that mitochondrial permeability transition causes 
acidification during valinomycin-induced apoptosis in hemato- 
poetic cells (55). It is possible that the cause and effect rela- 
tionship between mitochondrial dysfunction and cell acidifica- 
tion may be cell type-dependent. Indeed the existence of two 
cell types in which caspase-8 can trigger apoptosis without 
invoking mitochondrial dysfunction (type I cells) and those in 
which apoptosis is induced predominantly in a mitochondria- 
dependent manner (type II cells) has been described (51). The 
fact that mitochondrial dysfunction occurs late and is inconse- 
quential in SST-signaled apoptosis adds credence to this idea. 
This is supported by the recently reported finding that ATP- 
dependent steps in Fas-mediated apoptosis in Type I cells are 
located downstream of caspase-3 (56). 

The mechanism of SHP-l-/caspase-8-mediated inhibition of 
pH homeostasis remains to be elucidated. We have previously 
shown that amiloride and bafilomycin-1, which inhibit Na+/H+ 

exchanger (NHE) and H+-ATPase, respectively, trigger acidi- 
fication and apoptosis in MCF-7 cells. Inhibition of NHE low- 
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ered the pH£ to a greater extent than inhibition of H+-ATPase. 
(34). This raises the possibility that SHP-1 and caspase-8 me- 
diated signaling may generate or unmask molecule(s) that may 
disrupt proton extrusion pathways involving these channels. 
The finding that SST-induced acidification does not occur at 
the mitochondria suggests that it inhibits the regulation of 
proton transport through NHE and H+-ATPase either at the 
cell membrane or some other subcellular locus. The existence of 
multiple NHE isoforms and their differential localization at the 
cell membrane (e.g. NHE-1 and NHE-2) or at the endoplasmic 
reticulum-nuclear envelope and endosomes {e.g. NHE-3) (57) 
raises the possibility that SST may inhibit some or all of the 
NHEs. Our present findings suggest that SHP-1- and caspase- 
8-mediated disruption of pH homeostasis may target these 
proton extrusion pathway(s). Studies are currently in progress 
to identify the subcellular site(s) and the underlying mecha- 
nism involved in SST-indüced acidification. 

In summary, these findings help define the temporal se- 
quence of events that link the initiator and effector caspases 
with inhibition of pH homeostasis and mitochondrial dysfunc- 
tion in acidification-dependent apoptosis. We demonstrated 
that (i) SHP-1-dependent activation of caspase-8 is required for 
SST-induced decrease in pH; while SHP-1-dependent activa- 
tion of effector caspases is necessary for acidification-induced 
apoptosis. (ii) Mitochondrial dysfunction and activation of ef- 
fector caspases occur distal to acidification and (iii) caspase-9 is 
not essential for SST-induced apoptosis to occur but, when 
induced, can amplify the cytotoxic signaling of SST. 
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Sdmatdstätin (SST) was first found in the mammalian hypothal- 
amus'^as a tetradecapeptide (SST-14),vwhich-inhibited the 
release of growth hormone (GH). It has since come to be known 

'äs'ä multifunctional hormonethat is'also produced throughout 
•-■ the^cenjhral;^ organs. 

}. ^matostatin^acts bn''asdiverle array'Iof endocrine)' exbcrine, .; 
-!^ neuro^,^d irr^ime^cell targets to inhibit secfetiöri7to rnodü-^- 
sf latV \^ne^otra^rrussiön^'and.;tq;regüate';cell?growm:^These^£ 
; actions' 'are'm'e^atedby^fa'mily of G^protein^oupled recep-■'. 
II'tofs'wim'fiye^dStmd'subtypes (term~edSSTOltebughSSTR5).-'i; 

SST is bot: regarded as an' endogenous inhibitory regulator of ./. 
:   Üie^sjecretory and proliferative responses of many different tar-' 
: get cells.; hi"äddition;^thepeptide' may be of importance in the 
i.pathophysiologyof several diseases suchäs'heoplasia,' inflam-; 

mation^Alzhem'er'jand^Hühtingtori diseases)*andfacquired :" 
'■ immimodefidency'synclro^ has found Vnumber " 

of clinical applications in the diagnosis and treatment'öf neu- 

■■- 3'UT- 
...:;SST-14- 

aw.,*-> SST-28- x^u-r 

SOMATOSTATIN GENES AND ^^-'^5 
GENE PRODUCTS'«1rr™~?™ ■■-.:.  i:-v  , 

Luce other protein hormones, somatostatin is synthesized as 
part of a large precursor protein (proSST) that is processed to 
generate two bioactive forms, .SST-14 and SST-28 (Fig. 169-1). In 
humans only one soma'tostatin gene is found, located on the 
long arm of chromosome 3, which encodes for both SST-14 and 
SST-28, whe?eas"löwer vertebrates' (e.g:; fish) have twd'soma- 
*„,.*». ii._i !_,../ J _ ,    r.^».      SST-28.2-4-8 

238 bp 621 367 bp* 3'/ 

FIGURE 169-2. Schematic depiction of the rat somatostatin genV'and its 
regulatory domains. The messenger RNA coding" region «msists of two 
exons of 238 and 367 base pairs (bp) separated by an intron'of 621 bp. 
Located upstream (i.e., 5' end) from the start site of mRNA transcription 
(arrow) are the regulatory elements TATA. [AU: Q4] cyclic adenosine 
monophospha^e^response^elernent (CRE), y atypical ;glucocorticoid 
response element (flGR£),'ancinsömatostatin promotersilence element 
(SMS-PS). Tissue-specific "elements (TSE) consisting'of TÄAT motifs that' 
operate in concert with'CRE to provide high-level constitutive activity'' 

, are shown, f3'"7" f*"-nn.ccr« 'ILSJL-I -. ^^,»   - •-..,■'.: 

The franTcriptionä umt of "the rat SSTgeneconsis'ts^bf exons'oif'; 
238 and 367 base parrs'Jbp) separated by äiii mtrbrT'of 62rbp; 
(Fig. 169-2):The S'-üpstfeamregion contains'a" number of regu-1 
latory"elerneriti*r for; tissue^specific * arid ^extracellular^ signals,''. 
mcludmgV'cyclic'adenbsirie monophosphafe (cAMP) response: 

element (CRE) arid two nön'cönsensüs'glucoco'rticbiidI response' 
elements (GREsJ.^The SST-14 sequence has been totaDy cort-l 
served throughout*ve'rtebrate'evplutiori,"-"whereas the' amind-'^ 
acid stmcturejsf_SST-28 has"changed ^-30%"during~evblutidri' 
from fish to humäris.2'4'8 A novel second SST-like gene, cortista-} 
tin |CST),"which" has" been~described 'm"~hÜmare~y^elds"~two' 
cleavage products, CST-17 and CST-29, which äre'compa'rable ; 
to SST-14 and SST-28 (see Fig".' 169-1).9 The CST pepfides interact 
with all five SSTRs, but unlike vjjJtJi sdmatdsta'tiri, expression of 
cortistatin is restricted to the cerebral cortex and its biofunc- 
tion(s) remains unknown.?^;.;^;^;}rt^ßt3i hxk ■ v-f-.r^i":':i:£'"-. 

;btxx4 ii; bs'^ri ■ •.>";<.• 

MfefST:28,^Ser-Ala:Asn-SerrAsn-Pro-Ala^ .-:;•/-.-:: 

f^^P^GIu^rg^s^lä^Ly^-Lys^sn-Phe-Phe^ 

, Sil^^s^-g'kKÄ&^ri^:^.^ 

/* fSST-14;^^Bfi;^^ 
äl'i ifiim^s:^ 9gOiT«3 :faas. vo«c I vm^ss-'iTi U?in «SOP- .™-;fi:' 
y#täkii&&4^^fSaltv^Ssfttva:Cys-Ser:Thr-Phe-Thr.^-^Lys ,.7 : 

ii'A ißK-AitfcTMÄ V%2Haib«i^;. IZiitl fi'r 

; ■ .V CSJ-17 ;, • Asp-^^et-Pro-Cys-Arg-Asn-Phe-Phe---Trp     - 

.B;^BIM23014^,^^Äijc:,i>H, ..,;.,, DßNal-Cys-Tyr— DTrp- 

FIGURE 169-1. Structure of naturally occurring somatostatin peptides. 
(SST-2S, somatostatin-28; SST-14, somatosta"tin-14; CST-17, human cor- 

■ tistatin-17.) Amino acid residues necessary for biöactivity are shown in 
bold. Octreotide "and lanreotide are synthetic somatostatin analogs. ■-■ v 

ANATOMIC DISTRIBUTION•M&cw&^rttäi 
OF SOMATOSTATJN CELLS ***&■*> ,<**}üii ?; c* 

Somatdstatin:prodücing cells "occur in high'derisities through- 
out the' central 'and peripheral nervous systems,rarid in the 

; endocrine päncreas'and. gut. They oDcur^in^'smaller numbers in',-; 
the thyroid,'"adrenal medulla", testes/prbstäte/Vubmaridibülar 
"gland, kidneys;'arid placenta"-8'10 (Table 169-l).:The typicalmör- 
phologic appearance of an SST cell is that of ä rieürori witfrnu"-' .';■ 
tiple branchmg'"pröcess~es,'br'bf ä"sVcretdly'ceU/öfteKwimvshbrt T 
cytoplasmic^extensions (D cells).' In the brauC'the highest con-";. 

'^centrations öf SST-iare'found m'the^hypbmälamus^neocortex^v 
arid basal ganglia,' throughout the^imbic'syltem/and at "all lev-/' 
els of the major sensory systems.1;8-1.0:1.1, The^approxirriatelfela'- '•; 

;tiye"" amounts "of SST _m*the~'majbr~regioris of the brairi'Iärev''as 
follows: cerebral corte^49%; spinal cord/ 3Ö%;%raii^tem,t;120/o;   ' 

. hypothälamüs/7%^olräctöry lobe,'i%/ariH cerebeUüm/r/o." «;;. 
SST cells in the pancreas are almost exclusively islet Dfcells • 

and account for 2% to 3% of the total'adult islet cell pbpula-"t> 
- Hon.12 Gut SST cells are of two types: D cells in the mucosa 'arid :'; 

. neurons that are intrinsic-to the submucousjand :myentenc •.; 
plexuses.H m'me^m'jTOid/SST^cdSdstswim^alcitc^^ 
population of C cells.1 In addition to mese typical SST-prcdudng'"' 

; neuroendocrineicells,which secrete largeambuntspf the per> ;■':'. 
.tide from.storage pools/inflammatory.arid.immune"cells also;-, 
produce SST, usually in small.amounts bri^activatibri.1*:1? In the 
rat, the gut accounts for .^65% of total body SST, whereas lesser 
amounts, occur in .the brain (25%), the pancreas (5%), and the ; 
remaining organs (5%).HO) ^cnbn^f«^^^^^j&ü;S;r;V 

i-iiThe relative proportions of SST-14^'and SST-28 "synthesized 
' and secreted vary considerably in different tissues.4 SST-14 is^the 
predominant form in the brain, pancreas/upper gut, arid enteric 
neurons, whereas SST-28 is an important constituent of brain 
and is the predominant molecular form in the intestinal mucosa: 
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TABLE 169-1. • ■    ......-    ,. 
Localization of Somatostatin 

.":;!■'.    _  _ '.'\ ;' "'Type '-■- 
Body Region \k tf v;',     of Cells Locale 

MAJOR sms.r...v;...v 
Nervous system :?.,.u .... 

.■.:' }.'..(- k- .iv-;/!-: .:."■■ '■;.'-.''■ 

-- ., .••oxijsi.';   \rxrr\f 
I'r-.iViU iwvte- ir.iiv/nuv 
iiA cÄir&n ,TAfvT,io;n.w 

..'.-.Uixr^svftaAi^i^'Sü'fJij*. 

. Pancreas • '■'•'£.. - .j... ;;';- 
; Gut     ^ .■,.,• 

_MINOR SITES ^j'^j".^' 
Adrenal^ -^^j; .;. v^^. 
Placenta >;4t«*;iv:>5?."N':> 

. Reproductiveorgans jj-J; 
Submandibular gland -,\ 

Thyroid j;;i-;i' ;.-•«.";'' '<£:r[ 

-srur.ir. %:"i '?.i%--:-äJ' ■?■■' . 
Urinary system ^.."^ .^;-;: 

Neurons ... Hypothalamus . ,_. . 

>•■..;:;--.■-: - -.-; Cerebral cortex . 
.;■>-.•- ;.:v; Limbicsystem .-'.^^r? 
"■' .. .U'_V. - Basal ganglia .'-'.'; " ''•'■■: 

..:.—•' -f Major sensory "systems' 

''   r!"-'~. Spinal cord ' "' '   "'".' 
,. Dorsal root ganglia 

; Autonomie ganglia . L'> j ._>■_•. .<:,■■■■.,-:.> 

islets.*'~r~" . '   ,_.   ,.,(.&•••;[ 
Mucosal glands        : " 
Submucous and myenteric plexuses 

ii'i :ibi 

D cells . 
D ceils"" 
Neurons 

d i"3;^u:t;;:: ip;:. nrr-rr ^a'.-j %^-.- -.-;,-. ,;... 
,— ,   ,,.,.". Scattered medullary cells   ■. 
—....   ..-.. .'.'...Cytotrophoblasts in chorionic villi 
— -:-v.;r..:. Testis, epididymis, prostate j rj: -.-..• 

Dcells y■>((;Scatteredductalcells'^''. :?:.::.•/. 
C cells .£v: ; Scattered parafollicular cells (coex- 
,',..;.. ..•.,-„, ,.i.istingwithcalcitonin) .. :._.v.-..,. 
—,-..-,..! ,i~ Scattered cells in renal glomerulus 
 '._.._ , and collecting ducts ..... ■„..._., 

SOMATOSTATIN IN THE PLASMA 
AND OTHER BODY FLUIDS :,••:.r~."-.:*■•:,: 

Both SST-14 and SST-28 are released readily from tissues' and 
" are detected in blood.1-4*16 The main source of circulating SST is 

the gastrointestinal tract.17 Circulating SST is inactivated rap- 
idly by the liver and kidneys. The plasma half-life of SST-14 is 2 

-    to 3 minutes, whereas that of SST-28 is slightly longer.4 Fasting 
>    ;- plasma concentrations of SST-like immunoreactivity [AU: Ql] 
*■''}*■   (SST-LI) range from 5 to 18 pmol/L. These levels.double in 

"      response to the ingestion of a mixed meal.4 The bioactive circu- 
lating forms consist of SST-14, des:Ala". SST-14 (a postsecretory 
conversion product of SST-14), and SST:28.16. .With few, excep- 
tions, fluctuations in peripheral plasma levels of .SST-LI are 
small. .The main clinical utility of plasma measurements is in 
the diagnosis,of SST-producing rumors, which are associated 
.wim marked hypersoma'tostarmemia.-;; .^„-..-...„.'.l,,, L:;TV#..;,,.!,.... 
_v^SST is''secreted into the cerebrpspinal fluid (CSF), probably 
fromall parts "prthe brain.1^^ It js stable in this medium and 
attains a concentration that is_ approximately twice that in the 
general circulation. Significant amounts are also excreted in the 

..uriite (4^6 pmbl/L). Semen contains high levels of SST:LI, 200- 
fold greaterthanthose in plasma. Amniotic fluidjs rich in SST- 
Uorigmatmgfromjhe fetus.'^',a.t iUw-^r f..t.'.,. fj;.,.. --,v: 

REGULATION OF. SOMATOSTATIN^•w«-;' 
SECRETION AND GENE EXPRESSIONS ^ 

■ :i'r[:^5!^^T^U3tqWW^}4il>»'r}}Jib&r.; 'i-iv~ ?i;'M!»i''T: 
Because SSTjceIls''are so'widely distributed and interact with 

•many'different body systems,"the'fact that the secretion of SST 
can be influenced by a broad array of secretagogiies,' ranging 
from* ions' and "nutrients'tö'neuropeptides/ neurotransmitters, 
classic hormones;'and growth" factors, is not surprising.1-2'4'8 

Glucagon, GH-releasihg hormone (GHRH), neurotensin, corti- 
cotropin-releasing horrriöhe"(CRH),~'calcitonin gene-related 
peptide (CGRP),-and bofnbesin are potent stimulators of SST 
release, whereas opioids and y-aminobutyric acid (GABA) gen- 
erally inhibit SST secretion.1-4-8 Of the "various hormones stud- 
ied/--thyroid ? hormones''enhance   SST   secretion   from   the 

hypothalamus; their effect on secretion from other tissues.has 
not been adequately investigated.4-8 Glucocorticoids' exert a 
dos^dependent biphäsic effect oh SST secretion;"ldvTdoses'afe 
stimulatory and high doses are inhibitory.4 Insulin stimulates 
hypothalamic SST release but has" an'inhibitory"effect on the 
release of SST from islet and gut.4 Finally, members of. the 
growth factor-cytokine family such as GH, insülin-like growth .. 
factor-I (IGF-I), interleukin-1 (IL-1), tumor'necrosis factor a 
(TNFa), and interleukin-6 (IL-6) are capable of stimulating SST 
secretion from brain cells.2 ii'v  -^.uv'^coscc;}^ V-s '■". üii -:;^. i "rr j IJ' ., • 
:v Many of the agents that influence SST secretion also regulate'.'. 

SST: gene'expressioa2-4-8. Steady-state SST;<messenger>.RNA"-' 
(mRNA) levels are stimulated by growth factors'and cytbkines';; 
(e.g.;GH, IGF-I, IGF-II, IL-1/TNFcc, IL-6;inJerferon-^and inter- ^ ;t._. 
leukin-10),"Vglucocorticoids,- testosterohe,Testra'diol,^änd^N-5:;':;''' 

/methyl-D-aspartate-receptor agonists; and are inhibited by'glü-S'-r.;'v.;- 
cc>corhcoids/insulin,-leptin, and tr'ansforrrunggTdwth'factor-ß ■ ' ■ 
(TGF-ß). Among theintracellular mediators known', to modu-.'V;'.; i\ 
late SST; gehe: expression are. Ca2+,; cAMP,'; cyclic • guähosine' . • 
monophosphate (cGMP), and nitric oxide (NO).2-4;8.Activation ,.. 
of the adenylate'cyclase-cAMF| pathway plays'an'important"' "'.•' 
role in the stimulation of SST secretion and gene rfaris'cription.2.0. ~;r • 
Cyclic AMPr-dependent transcriptional enhancement is medi-';   ' 
ated by the nuclear protein cAMP response'element^binding pro- - ;';'.' 
tein (CREB), which binds to the cAMP response element on the   •   " ' 
SST gene.2?. Ca2_+-dependent induction of the SST gene occurs ". ■'"-;;' 
through phosphorylation of CREB by the Ca2+-dependent pn> .' 
tein kinase I and protein kinase II. GH, IGF-I, IGF-II, and gluco-   . 
cortkoids have all been shown to induce the SST gene by direct 
interaction with its promoter.4 The molecular mechanisms . 
underlying the effects of estrogens, testosterone^ cGMP, "and NO 
on SST mRNA levels remain to be determined.4 .' .- -; • ■■' 

ACTIONS OF SO^TOSTATIN ;:.;.; ,;; I:. 
SST not only has wide anatomic distribution, but it acts on mul- 
tiple targets, including the brain, pituitary, endocrine and exo- 
crine pancreas, gut, kidney, adrenal, thyroid, and immune 
cells1-2-7'8 (Fig. 169-3). Its actions include inhibition of virtually 
every known endocrine and exocrine secretion, and of various 
neurotransmitters; behavioral and autonomic effects if centrally 
administered; and effects on gastrointestinal and biliary motil- 
ity, vascular smooth muscle tone, and intestinal absorption of 
nutrients and ions. SST also blocks the release of growth factors 
(e.g., IGF-I, epidermal growth factor [EGF], ■ and ■ platelet- 
derived growth factor [PDGF]) and cytokines (e.g., IL-6, inter- 
feron-y), .and inhibits the proliferation of lymphocytes and of 
inflammatory, intestinal mucosal, and cartilage and bone pre- 
cursor cells.2 AÜ of these diverse effects of SST can be explained 
by its inhibition of two key cellular processes, secretion and cell 
proliferation. ' „• '.':    .".• ';..•"':: v.- ■■■       '; <V 

.. .._.SH3.Jf^^n.;-^^-..:.vO-vl"-/?^'0,ti-w"V' "-  K^-XiD": 

SOMATOSTATIN RECEPTORS, RECEPTOR 
SUBTYPES/AND SIGNAL TRANSpyCTIpN^; 

Somatostatin 'acts''through high-affinity plasma .membrane 
receptors that are pharmacologically heterogeneous and feature 
several different isoforms.2^-5'6-21 Molecular cloning has revealed 
a family of five structurally related SSTR subtype genes that 
encode for seven transmembrane domain, G protein-coupled 
receptor proteins that display distinct agomst-binding" profiles 
for natural and.synthetic SST peptides^3-21 (Table 169-2). Recep- 
tor types 1 through 4 bind SST-14 and SST-28 approximately 
equally, whereas the type 5 receptor displays relative selectivity 
for binding of SST-28.2-3'21. Four of the genes (the exception is 
SSTR2) appear to have jio infrons. Each of the receptor genes is 
located on a separate chromosome. The mRNA for individual 
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■ Excitation of many neurons r— '-; 

. General arousal ik's'^.n 
f Hyperkinesia ijfc ■/'K.^lj'.-. 
. Rigidity .".'.."" "'•-•."•'/     j. > 

Catalepsy , "'-,'-• ."■''".   " 
T Autonomie effects T?nt ;! 

TRH»      ...-,,,_-... 
CRH» ':,.:;.. 
Norepinephrine 1 
Somatostatin f 

TABLE 169-2. .'. ^ 
Characteristics of Cloned Human Somatostatin Receptor (hSSTR), 

Types 1-5     ■; -'-<■ :~""rT. Z. ■K,\ "-■ 
!        hSST  hSST t hSST  hSST  hSST 

._—---:_-.:-Ri :r" R2 "n~ R3 ;~--R4 "V.,. RS : 

'"■   Insulin) •'- - -y;■'- 
'sis Glucagonl :&0: [_ ^ 

S£-">rN- ri^«        " SOMATOSTATIN lV ► • 1«'^^ 

Renin I ^jrfrr*>~:: '' 
Water absorption < ;,;,, 

Secretinl 
CCK» 
vipi :.■-';••-■. 
Motilinl ^>!'SV 'i('> 
Neurotensint "V .'J, v 
Gastric aeidl 7rf '-;.. 
Pepsin I • 
BlOOd tlOWj   ....... :,.;:f. 
Motility»'^ *-•■"■--'!V' 
Nutrient, ion absorption» 
Mucosal proliferation! 

Amino adds ClCH^-I^- 391 '~v36?.-—41822^ 388^.- 363 
Chromosomal location V -^ 14 
Agonist binding* \     ""-' 

SST-14 ";?"".. i-c" X _^ .'!_++„ 
ssT-28 r'^^^itrS'^r-tt: 
Jiiliii "iilirV Oofye«, J-i<«e>- 

^r«H 4-«-g^<—  r\'TTl'-.j.' i ■ -j 

G-protein coupling       : J Yes 
: Effectorcoupling""^'^<'y;''7':,;-     I%   \Kc»z$*>.ii.v\-.",- 
'-■.-?' Adenvlate cyclase •:v~f*<-rv-.l~?"-""'l '^.T'-^T'l' * ^^ '.^.>. 

acbwty V C'"^:"/''!" '  : '^~*;'\" 
Tyrosme pnosphatase^\£t_-^        T J»'*,-    T. 

MAPK activity >'-. T -l-..     . -IT 
Tissue distribution _;_;^.___;. __; „.'.:' "• J* 

Brain '■''•:-'X-^5-iw----—■ Yes-----Yes ---Yes 
Pituitary^ V:i|HW3H^; 
Islet       ^'^'^■■>^V Yes''"     Yes Yes"'" 

Stomach'"'.""' '^"'^^ji„X^L-j^-X^- S,   Yes . 
Liver    ; ;;-'.-^"Hf-";v:-     Xes -:  ■;      •   *- -..' .y;.- 
Lungs      , 
Kidneys . 
Placenta  , 

Yes' 

Yes "Yes' 

Yes 
Yes 

Yes 

Yes 

is.: 

i 

Yes 

Yes"; 

Yes 
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, FIGURE 169-3. Principal actions of somatostatin. Somatostatin inhibits 
the release of dopamine from the midbrain and of norepinephrine, thy- 
rotropih-releasing hormone (TRH), corticotropin-releasing hormone 
(CRH), and endogenous somatostatin from the hypothalamus.' It also 

'   inhibits both the basal and the stimulated secretion of growth hormone 
(GH), thyroid-stimulating hormone (TSH), and islet-hormones. It has no 
effect on luteinizing hormone (LH), follicle-stimulating hormone (FSH), 
prolactin, or adrenpeorticbtropic hormone (ACTH) in normal subjects. It 

, does; however, suppress elevated ACTH levels in Addison disease and 
. ' in ACTH-produdng tumors. In addition, it inhibits the basal "and the 

. - TRH-stimulated release of "prolactin in vitro and diminishes elevated 
prolactin levels in acromegaly. In the gastrointestinal tract, somatostatin 

" ■' inhibits" the release of virtually every gut hormone that has been tested. 
..; It has a generalized inhibitory effect on gut exocrine secretion (gastric 

add, pepsin, bile, colonic fluid) and suppresses motor activity generally 
as weU as through inhibition.of gastric emptying, gallbladder contrac- 
tion, arid small intestine segmentation. Somatostatin, however, stimu- 
lates iiugrating motor^complex^activiry.'The effects of somatostatin,on 

• the thyroid mdude'inlübitidnof me TSH^timulated release^of thyrox- 
me(T^andModö^yrorune'(T3).* The adrenal effects consist ofthe inhi- 
bition "of angidtensin": n-itimulated"JaldosteroneJsecretiön'*and the 
inhibition of acerylcholinMtirnulated medullary catecholarnine secre- 

.' tion.' In the kidneyv somatostatin inhibits the release of renin stimü- 
lated;by.hypovolemia,"and{inhibits antidiuretic;hormone (ADH)- 
mediated. waterXabs'orpti6ru^(CCK,^diolecystokinin; VIP, vasoactive 
intestinal.pepride.)^ (Modified from Patel YC. General aspects of the 
biology and Junction of somaloslatin. Jm Weil C, Müller EE, Thorner 

T, increased; A, decreased; SST-14, somatostaün-14; SST-28, somatostaün-28; MAPK, 
mitogen-activated protein kinase. _'' 

"Binding potency shown is based ö'n ]£^ [AU: Q7] value^or each agonist -, 1 
"~     "      , ICJJ, 1-10 nM; +++, ICs„ ■«' nM.     ..     — 150-1000 nM;+, IC;, 10-20 nM;++,: 

Not all tissues have been tested simultaneously;, 
Pata from Patel YC Somatostatin and its receptor family, frontiers Neuroendo- - -. 

crinol 1999; 20:157; Patel YC. Molecular pharmacology of somatostatin receptor sub- 
types. J Endocrinol Invest 1997; 20-348; Lamberts SWJ, Van Der Uly A-J, de Herder WW. 
Drug therapy: octreoüde. N Engl J Med 1996; 334246; and Reisine T, BeU GL Molecular  * 
biology of somatostatin receptors. Endocr Rev 1995; 16:427.) 

*"" ;.'fliWugh G {We SST receptors elicit their cellular responses through G pio- 
tein-linked modulation of multiple secondmessenger systems 
(Fig! 1694),; including: (a) receptor ^coupling; to^adenylate 
cyclase, (b) receptor coupling to K+ channels, (c) receptor cou- 
pling to Ca2„+ channels, (d) receptor coupling to «ocytotic vesicles, 
(e) receptor couplmgto'phosphotyrosyl protein phosphatase 
(FTP), and (f) receptor coupling to the mitogen-activated pro- 
tein kinase (MAPIQ pathway.2^VThe five receptors share com- 
mon signaling pathways, such as" the''inhibition of adenylate 
cyclase, activation of FTP, and mbdulationof MAPK2 (see Table 
169-2). SSTR2,'SSTR3, SSTR4, and SSTR5 Jire^cöupled to ^K* 
channels;"SSTRi"and SSTR2;tö völtage^dependent.Ca^chan: 

**ö~**.\n^ 

tJXX. 

1 
•>i^ 

human SSTR subtypes ^..widely^expressedin brain/pituitary, 
psmcTOÜc"islefe7Ato'm^-jejmüni,"!colori,'lung, kidney/and 
liver/witK a charart^mHc'tissue^^ pstteP for".each re'eep- 
tor.2^i£TypicaUy"more than one subtype occurs in a given tar- 

; get" tissue (e.g.^SSTRl ^through".SSTR5 in the brain, stomach, 
pancreaticislets/and.aorta; SSTR1, SSTR2, SSTR3,' and SSTR5 in 
the pituitary). SSTR2 is thVmost abundantly expressed subtype, 
in 'terms' of both the^nümberpf tissues that express this receptor 
and the level of expression. It is preferentially expressed by islet 
Acells'and immune'cells?SSTR1 and SSTR5 are the main sub- 
typ^xpressed by islet B cells.23 SSTR2 and SSTR5 are the prin- 
cipal subtypes found in sbrnatotropes'. ....,;. : ,. . 

SOMäTOSTATINRECEPTOR-MEDIATED3#^: 

INHIBITIQN;öIISECRETIO^^^ 
CELL PROLIFERATION ^^^A^^^^^f^^: 

The pronounced ability of SST.to block regulated secretion from 
many different 'cells is due in part to receptor-induced inhibition 
of two key* mrracellulärlmediators;cAMP and Ca2+; because of 
receptor-linked effectsbn ädenylate'cyclase arid on K* and Ca2* ■ 
ion channels2 (see Fi'g.169-4). In addition, SST inhibit, secretion 
stimulated by cAMP, Ca2+ ions, or any other known second mes- 
senger through "a'distal effect, which is'targeted directly to secre- 
tory granules"and.is^dependent of activation .of the protein 
phosphatase calcineurin.2:3'7. The ahtiproliferatiye effects of SST 
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able tumor shrinkage through an additional antiproliferative 
effect. The antiproliferative effects of SST have since been dem- ' 
onstrated in normal dividing cells (e.g., intestinal muc'osal cells), 
in activated lymphocytes, and in inflammatory cells as well as in • 
vivo in solid tumbrsjärid various 'cultured tumor .'cell lines.2 

These effects involve cytostatic'(growth arrest) and cytotoxic 
(apoptotic) actions. SST acts directly (via SSTRs present on tumor 
cells) and indirectly (via SSTRs presenTön nbnrurnor cell targets) "v 

to inhibit the secretion of hormones and growth .factors that 
support angioge'nesis.and promote tumor growth'. Several   ; 
SSTR subtypes and signal-transduction pathways" have been' 
implicated^,1 (see Fig-169-4). Most interestjs'foaised Jon 'pro-' 
tein:: phosphatases   that   dephosphorylate .^receptor£tyr6si'ne 
kinases' or modulate the MAPK-signaling cascade, thereby"atten- 

Exocytosisf 
dependent' modulation'of N1ÄPK associated with'm^ucHarf of '.": 
the retinoblastoma' rumor-suppressor'protem^and p21.2 In Voh-" 
trast, SSTR3 uniquely triggers r^Hdependenfapoptosisaccömi- 

K 

~—-—:—;—— 7 . rrast, ssi IO uniquely tnggers rir-aepenaent^apoptosis accom-  •--. • 
'''■'-   ■ S~~\    ■ ■   '        ,■•<••.*;»■"-•■.•■".■-' panied by activation of p53 and the p'roapbptotic protein Bax.26 -' 

IHIBITION OF SECRETION | ' PHYSIOLOGIC^i^^ 

in 
PROTEIN TYROSINE^ 

PHOSPHATASE 

■■■■  p53t "•■ 

■: ■ - V" 
Baxt 

p-21t,RbP 

AS; 
:M GROWTH ARREST APOPTOSIS 

FIGURE 169-4.'' Schematic'depictio'rTbf somatostatin-receptor (SSTR)- 
sighaling "pathways leading to inhibition of secretion (A) and to cell pro- 
liferation and indu'ctioh'of a'pbptqsis (B). Receptor activation leads to a 
fall in intraceUular cydic adenosine monophosphate(cAMP) (due to inhi- 
bition of adenylate cyclase), a fall in Ca2+ influx (due to activation of K* 

•    '.^d Cation channeb),iand<stimulation of phosphatases such as cal- 
.     ; dneurin, whichirihjbit^exocytosis, and^serinethreonine (Ser/Thr) phos- 

phatases,\whidh[dephösphorylate^and J"activate.'Ca2*-.*arid.K+
r channel 

-.   : proteins. Blockade of secretion by somatostatin (SST) is in part mediated 
. through inhibition of.Ca2+ 'and cAMP (proximal effectfand through a 

more potent distant effect involving direct inhibition of ex'ocytosis via 
, SST-der^ndent activation^of calcineurin. Induction of protein tyrosine 

;■   ■■■: phosphatase by SST plays"a key role in mediating cell growth arrest (via 
. >,.;' SSTRi;SSTR 2, SSTR 4, SSTR 5),"pr äpopfösis: (via'SSTR3). Cell growth '. 

; ::':;i arrest is dependent on activation of the mitogeh-activated protein kinase 
-' ;r (MAPK) pathway and induction of Rb'(ittinobhslomatumor-süpprzssbr prö- 
:: .•■' l^' an^ ?21 (qjclin-dependenl kiriäse inhMiw)~C*rc'\iiud\ associates 

.,•,;•:.;; with both the activated receptor and phosphotyrosyl protein phosphatase 
'.   . (UV), may provide the link between the receptor, FTP, and the mitogenic 

signaling complex: Induction ofapoptosis is associated with dephospho- 
0    .   .^^on^ependentjictivation of the tumor-suppressor protein p53 and 
wv~- *? prbä'poptotic'prote'in Bax'. [AU: Ö61 (From Patel YC. Somatostatin and 

(f  its'receptorfamily. FrontiersNeuroendocrinol 1999; 20:157.)'*''-'"' "I"'"" ' 

■ ^.re ^og™2«*:.Üwugn'the'üsebflong-ac^g'a}i'älogs'(i.e.;'bct- 
.reotide) for'the'treatment of hbrmbhe hypersecretion from p'an- 

■. creätic, intestinal,'arid'pituitary' rumors. SST "not* only blocked 
hormone hypersecretibn from these tumors but also caused vari- 

PHYSIOLOGIC SIGNIFICANCE 
OF SOMATOSTATIN    l^X- 

-■.'-is 

it; i 
Evidence is' growing, both direct and indirect, that SST modu-/..; 
lates the physiologic function of various target cells.1:2,4-5-8. It   ''' 
subserves mainly' local regulatory functions, acting as either a' 
neurotransmitter or neuromodulatorV^a neurosecretory sub-. 
stance (i.e., one released directly from nerve axons into,the 
bloodstream as in the median eminence), or a paracrine-auto-. 
crine regulator (local cell-to-cell interaction or self-regulation).   -V 
In addition, SST may act via the circulation as a true endocrine ... 
substance to influence distant targets.'1- ~~-> -;'"--:; .•;- ^--''/^yjr!^ 

■ Direct evidence exists of a physiologic role for hypothalamic- 
SST in the regulation "of GH and thyroid-stimulating hormone - 
(TSH) secretion by the pituitary.1.'8'2: A variety of physiologic.- 
GH responses are orchestrated by SST, acting'either alone or in •• ;: 
concert with GHRH.1^2? SST participates'in the genesis of the 
normal pulsatile pattern of GH secretion and in GH regulatory 
responses to physiologic stimuli such as stress, glucose adminis- 
tration, or food deprivation. GHRH and SST neuroris in the 
hypothalamus are anatomically coupled ahd influence each 
other reciprocally.8-27 SST inhibits GH secretion both by a'direct" 
action on the pituitary, and indirectly through "suppressionof 
GHRH release (Fig. 169:5).The'seäetioh of SST m turn is stimu- 
lated by GHRH and is subject to'positive feedback regulation by   ■ 
GH (short loop) and by IGFT prqducedbyGH action on the liver    ." 
(long loop). Because of..the extensiye^extahypbthalamic„b'rairi 
distribution of SST, its effects oh the"^spontaneous electrical 
activity of neurons, its release from nerve endings' in response to   ; 

depolarization/and its behavioral effects,"this peptide has bien''. 
postulated to serve as a central neurotransmitter or rieurbmodu;.   ' '■ 
lator.1-3 Given the high concentration'öf both SST neuronal ele-    ,... 
ments and SSTRs in limbic,'ne6cbrtical,' stnatal,'"khd_sensory, . ' 
areas, SST appears to be particÜarly'impbrtant irf modulating - T; 
functions in these regions. Within the pancreatic islets,' tine close '.,.-. 
anatomic proximity of SST cells to the A and B_cells,' the demon-  • _ 
stration that insulin "'and gluckg'dn are'exquisitely sensitive to   ' 
inhibition by low cohcentrations^bf SSXfafidjthe finding" that 
iriactivatibn of islet Ck:ell function"augmehte'msuliri and gluca-   . 
gon output, all proyideevidence for the 'pbssible'modülatibn'of 
pancreatic islet A- and B-cell function by SST4-8 (Fig.'169^). The 
suggestion has been made that islet D cells, which produce pre-   ' 
dominantly SST-14 and only negligible amounts of SST-28, reg-   .. 
ulate A cells' by local action, whereas SST;28 released in the 
circulation from the gut in response to food mgestibri'mbdulates 
nutrient-stimulated insulin release by a'hemocrine" mecha- 
nism.28 The diffuse distribution of SST throughout the:gut, 
together with its pleiotropic effects and the complex regulation 



16 PARTV: THE ADRENAL GLANDS 

:-.;j,Py.N..SS 
7"? neuron:: 

Arcuate 
GHRH.. 
neuron 

ML'-' 

Somatostatin --■>■■■ ■• ■"■"• 

■ * y 
■.- ■'..f <.• 
■'■■  •:•'. 

i-- 

v.;:'-5 5' ,t- 
c-i :.+ :,+ 

"ti^ 

•35 O'J fl: 

■-■£&*:& Ji.v^; 

inte l&rAKyji'jj - r; 

Insulin * Glucagonj>^v;  ; 

FIGURE 169-5. Schematic representation of the interaction between 
somatostatin* (SST), growth hormone-releasing hormone (GHRH), 
growth hormone {GH), and insulin-like" growth factor I (IGF-I) in regu- • 
lating GH secretion. GH release is "stimulated by GHRH (produced by 
GHRH neurons in the "arcuate nucleus) and inhibited by SST (produced 
by somatostatinergic neurons in the anterior hypothalamic perivenrric- 
ular nucleus [PVN]). SST inhibits GH secretion both by direct action at 
the pituitary level and indirectly through suppression of GHRH release. 
GHRH, in turn, stimulates SST secretion. GH exerts "negative feedback 
on its own secretion by inhibiting GHRH release, stimulating SST 
release," and potentiating the release of IGF-I from the liven IGF-I, in • 
tunC stimulates SST release'and inhibits GH secretion by a direct action 
on the pituitary. (Modified from Patel YC. General aspects of the biology 
and function of somatostatin. In: Weil C, Müller EE, Thorner MO, eds. 
Somatostatin.' Basic and clinical aspects of neuroscience series) vol 4. 
Berlin:Springer-Verlag, 1992:1.) ?;>.v;:-rti.--:T'.Ä.i-:-.:' &nf..i ««.irno'.. 

.W3CS7"Xiii arifr^tflj/Äs-;:f..<ü. TÄ- 'sstJvW'V: 'sn-tci^vüryn::: 'j;:?; *■'■■',-::: 
of its secretion/suggests that SST exerts control over many dis- 
crete cell systems involved in gastrointestinal, pancreatic, and 

.biliary functions. SST;regulates"acid secretion both directly 
through the circulation'to inhibit parietal cells'and through a 
paracrine mechanism to suppress gastrin release.29 Circulating 
SST is also a physiologic regulator of pancreatic exocrine secre- 
tion.?? Elsewhere'in the^gut; evidence exists tö'süggest that SST 
controls the rate'pf absorption" of nutrients jand participates in 
the regulation of gut hormone secretion, gastrointestinal motor 
.tone,^blood^flow,^and^mucpsal,cell proliferation.3^ Although . 
acute changesjn.tissue or^drculating levels pf SST are accompa- . 
ruedrby iterations in: (the .function of, target organs (e.g., the - 
pituitary^ orgut^^^interestmg^fmding is, that SST. deficiency . 
from birth (as'in the SST. knock-out mouse) does not produce . 

■ any developmental defect or growth abnormality in young ani- 
mak^;Tjiis^e^^eith*er"imatJhe-S^T gene. is_ redundant, or, 
more,likely,^that^adaptiye responses occur Trom other genes 
(e.g., cortistatin), which compensate for the loss of the SST gene. 

\;l-^lA^^'ÄX^,^!E^«J-V^;>'v-riiv,"0'i;i -IO^ü.:  V-.  .-: ■..■•;•••• -"■]   ;■,.■:■■-■ 

SUBTYPE-SELECTIVE liöÄCrnÖNS ! ; /; 
OF;SÖMAfÖSTÄTIN;RECEPTORS   . 
Tf-'V?"..''--''. '-^i?''.'.i>S>?2~2X-'ixx'i(; yj-dc-i'"''-     '• "-"■ "'■: '."'■ '"' '• •' 
Because SST exerts its numerous bioeffects through five recep- 
tors, the question arises whether a given response is selective 

"a i y,\t; + to 2.3?* 

FIGURE ; 169-6. .-Effects of^ endogenous ^or exogenous;.somatostatin ; 
(SST), insulin, and glucagononthe_function of pancreatic islet cells.' SST / 
inhibits insulin and glucagon release," glucagon'stimulatesinsiilinand " 
SST release, and insulin inhibits me'release'of glucagön and possibly of y. 
SST. In addition,1 all three islet hormones inhibit their'öwn secretion by ... 
an autocrine mechanism. Physiologically^ intraislet insulin and glüca- . 
gon regulate ' the secretion of SST, and intraislet insulinregulates gluca- .'■ 

' gon release.' The'precise'physiologicrfole'*of intraislet SST remains V 
unclear (see text for details). (Modified from Patel YG General aspects 
of the biology and function of somatostatinü Li: Weil C, Muller EE, Thor- '• 
ner MO, eds. Somatostatin. Basic and clinical aspects of neuroscience ' • 
series, vol 4. Berlin: Springer-Verlag, 1992:1.) , v.ta 

for one subtype or whether multiple subtypes are involved. The ■ 
■ marked overlap in the cellular pattenvof expression of the'dif- ' 

ferent SSTR pathways,1 coupled with the finding that individual . 
target cells typically express multiple SSTR subtypes and often ' 
all five isoforms in the same cell, "suggests'that SSTRs may bper- ' 
ate in concert "rather than' as individual members. Nonetheless,.' 
evidence exists'fof relative:'subtype"selectivity:_fof some SSTR ... 
effects. At the level of cell secretion' and cell proliferation,' the .. 
two general cellular'effects modulated by SST, four" of the'sub- 
types (SSTR1, SSTR2, SSTR4, SSTR5) 'are'capable'of arresting 
cell growth, whereas SSTR3 is uniquely'cytotoxic. In contrast to " 

' the case for cell proliferation,'surprisingly little is known "about - 
subtype selectivity, if any, for cell secretion. Irruriühe/infla'mmä-.;.. 
tory,  and  neoplasticrcelkväfe'"important'■'targets''?for?SST-'~ 

:action.2^14'15 Unlike'the classic SST-prcHducingJneuroehdocTine;'. 
'cells (e.g.", in the hypothälamus'ör islets), which'release large ' 
quantities of the'p'eptide^acutely from storage pools', SST and : 

SST receptors mirulammatbry^ cells (elg^macrpphages arid lym- 
phocytes) are cöiriduced, probably by growth' factors' and cytq-.: 

^kines, as"' part" of "a"" general '^mechär^m^forjäctiväting'the.- 
endogenous' SST system for paracrme^äütCKxme'modulation'bf 

■ the proliferabve ,-and, hormonal resportsesTassoaated^with 
■■• inflammatory and iiruriüne'feäctiönsV SSTR2^ me main'isotype; 

expressed in lymphocytes and inflammatory"cells,'appears to be. 
the functional SSTR responsible for modulating the proliferative V' 
and secretory responses'of these cells.15 Based on the pattern of ■'.- ■ 

.  SSTR subtype expression as well as the effects of selective non- .■• 
peptide agonists, SSTR2 and SSTR5 are the subtypesinvolyed .;: 

■ in regulating' GH: and TSH secretion'' from ;,the_ human pitu- "• 
itary.2-33- Similar studies in the case of islet hormones suggest a 
preferential effect of SSTR2 on glucagon release and of SSTR5 
and possibly SSTR1 on insulin secretion.23-34, Despite the phar- 
macologic evidence for the involvement of SSTR2 in pituitary ■ 
GH secretion/an SSTR2-deficient mouse shows only subtle 
abnormalities of neuroendocrine GH feedback control. The ani- 
mals grow normally both in utero and postnatally, a finding that 
suggests maintenance of overall GH secretion.35 These animals 
display high basal gastric acid secretion in the face of normal 



' . gastrin levels, which indicates that SSTR2 is the subtype respon- 
sible for SST suppression of endogenous gastric acid. 

'•■■'" • ''(-'"; 

SOMATOSTATIN IN DISEASE 
"y- '.'■ ■ •    .fv-^-o '■. 

Given the wide distribution of SST cells in the body, the fact that 
"' "'"'" only a single disease^-the"sbmafostefmoma syndrome—has been 

attributed directly to SST dysfunction is surprising (see Chap. 
220). No functional mutations of either SST or its receptor genes 

.■' have been identified. Even in'this'syndrome, the associated pro- 
found hypersomatostatin'emia^is accompanied by relatively 

'minor symptoms (cholelithiasis, stealorrhea,'and mild diabetes)?6 

•.   ■ This probably is due to'tachyphylaxis and to the fact that many 
^y.'lpj the 'target ceUs'on'which SST normally acts^locally are'not 
$^^^'acces'sibl^to^&c^ahng^ SST.^Most/somatostatinomas'^are 
,'■,.■''. • •'.", actively secreting, maMgnarif isletcell tumors that'are associated 
■■;";'■ with HgrTptesmaJJyels ofSST:LI (600^15,000 pmol/L).^ lesser 

•    degrees of hypersomatostatinemia have been observed inn'on- 
; : pancreatic SST-producihg tumors," such as duodenal somatosta- 
■,.; ttinoma7^medullary f ^yröidj^rcmöma7'rpheochromö^toma', 

■'•'.\.; exträadrenäl päraganglioma/änd small-cell cancer" of the lung.' 
;   .The serial measi^emenfof plasma' SST-LI values haVprbved 

-.     useful as ä.nimorn^^ ; 
-<;iu??" severaljdisea'ses^ dis^ordered SST function occurs"probably 

.-..: ■■„'.as a secondary feature. Foremost'among these is Alzheimer dis- 
ease, in which a decrease in the levels of SST in the cerebral cor- 
tex~and CSF is'seehA1? The reduction in cortical SST correlates 

"with the number of senile plaques and neurofibrillary tangles, 
and although its pathophysiologic significance is unclear, it has 
become an important biochemical marker for the disease. Cere- 
brocortical SST, CSF SST, or both are also decreased inotlierneu- 
ropsychiatricjlisorders[such.a's(depression, Parkinson disease, 
and multiple sclerosis.1?. Whereas.the reduction in brain or CSF 
SST.in Alzheimer disease appears to^be secondary to neurode- 
generatiqn, the SST changes that occur in depression and multi- 
ple _ sclerosis,: fluctuate^ with -.disease; activity , and   reflect 
functional alterations in peptide production. In contrast to the 
loss of SST in Alzheimer disease, SST neurons in the striatum in 
Huntington disease axe selectively. resistant to neurodegenera- 

'   ,tiort_and ^show.fup-regulated^function. Selective survival and 
, ür>regulation of SST gene expression in response to neuronal 
.injury has also;_been' demonstrated in the striatum in animal 
^9^f:]s

K$.JW°™rßf$™ü spdI in the'cortex of monkeys and 
-'; human patients~withAIDSmc'eplmlopathy^-^^^ !-.>-,•'.'*■.,'■.<;: 

'•■v frn*;.?)^?1^ SSTJeyek are; elevated significantly in hepatic cirrhosis 
• an_d_ in.cftroniVrVraJ/fl^ that reflects impaired 

;' ^metabolism. In e^ermentalhyperinsulinemic diabetes and in 
""' -human type 2 diahetes, release of gut SST in'response to meal inges- 

:■:. tion is impaired. Patients with duodenal ulcers have reduced antral 
.^SST-LI levels,"which'impUcates locafdefi SST in the 

.'Vpa^pgenesis.of this'disorder. Despitethe large amounts of SST 
: PJ^Qyp.Jti.s gut/, primary ga?tiointestinal disease" generally is 

. .not associated with alterations indrculatine; SST concentrations. 

y;icLiNicAL APPLICATIONS Or5;;r;:rf^^^ 
SOMATOSTATIN AND, ITS ANALOGS^*]$?& 

:^^^ii^0^^0:yr^ ^0'^^q. ■&^C.&X'h$.ii- virs.'-y-?'. 'i 
;;VjtJ^e potent.pharrnäcblogicVproperties.'of SST have attracted 
:;: ^much^nterest in the'use of this substance as a therapeutic agent 
T tfdr the treatment of various'.disease's. The naturally occurring 
."   forms proved unsuitable, however, because' their short half- 
;; ■■ lives made'continuous intravenous administration necessary. 

.JThe specificity "of endogenous SST derives from the fact that it is 
produced mainly at local sites of action and is rapidly inacti- 

vated after release by peptidases in tissue and blood, so that 
• unwanted systemic effects "are minimized. Injections of syn- 
■■■ thetic SST, on the other hand, produce a wide array of effects 
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due to simultaneous activation of multiple target sites. Thus, for 
effective pharmacotherapy with SST, analogs must be designed 
that have more selective actions and greater metabolic stability than : 

the naturally occurring peptides.- Early observations "that the : 

SST-14 molecule, was amenable to'a wide range of chemical 
modifications allowed the synthesis of structural analogs with 
enhanced metabolic stability. One such analog developed in ' 
1982 is the long-acting cyclic octapeptide," octreotide Mcetate6^7 ■ 
(Sandostatin,'SMS201-995; see FigT169-l). Virtually 100% of this 
drug is absorbed after subcutaneous adrhinistration,"än'd it is 
eUminatedfrom plasma" with'a half-life of 70 to. 113 min.3? The 

' bioresponse is maintained,for 8 or.-more' hours, after'a'sihgle :: 
.    injection. Octreotide thus lias therapeutic efficacy with two to. 

three daily subcutaneous (SC) injections and has emerged'as the.. 
>'■:■■ first SST analog suitable for long-term treatment.3? Lbng*acting':i 
&£ slow-release formula tions^of both octreotide (Sandostatin" LAR v 

•   [longiacting relbase]) and a second cxrtapeptide'ahalog'Zanreoh'iie '•' 
:;'' (BIM23014,SimjÄ^AUrQlaJJhävebeccTrr^a^ilabie:^^I 

Sandostatin mcoipbrafes''6ctreotide.mto'microsphefes of a bicn ~ 
degradable   polymer   (polyDL^äctideTCÖ^glycolide" f glucose), - 

:  which allows slow release of the drug" by cleavage'of thepoly- >; 
■ mer ester linkage through hydrolysis in tissue's.3?3! It is admin- V 
istered as a once-a-month intramuscular (IM) depot' injection \ 
and, after a lag periodjrf 7 to 10 days7produc;es~stable blood ;' 
octreotide concentrations'comparable to that of ,'cbhtihuous . 
infusion.39 Lanreotide is available only as the slow-release for- ;■■ 
mulation, and because of its comparatively shorter duration of ■ 

.   action (10-14 days), it must be injected two'to three times per ; 
month.40-41 Both analogs are at least as effective .as SC octreotide .-. 
in blocking the excessive production of hormones" from'lieu- '" 
roendocrine tumors'of the gastrointestinal tract, 'pancreatic ■ 

. islets, and pituitary.37-4? Furthermore, they have a safety profile ■. 
similar to that of the SC injections, and, because of better patient 
compliance, are likely to become the drugs of choice for SST-'; 
pharmacotherapy. Both the subcutaneous and LAR forms bf " 
octreotide are approved by the Food and Drug Administration': 
for the treatment of carcinoid tumors, ^VlPomas,"and acromeV 
galy. Lanreotide should shortly be available in North'America^ 
Octreotide and lanreotide bind to only three of the five SSTRs 
(types 2, 3, and 5) (see TableT69-2),'displaying high affinity for'.: 
subtypes 2 and 5, moderate affinity for subtype 3, arid no bind- ; 
ing to types 1 and 4.^^J The binding affinity of these analogs 
for subtypes 2 and 5 is comparable to that of SST-14, which indi- 
cates that they are neither selective for these subtypes nor more . 
potent than endogenous SST. A series of high-affinity nonpeptide 

. agonists have been identified for several of the human SSTRs. • 
These should facilitate the development of orally active sub- .. 
type-selective therapeutic compounds.34^, jfrf;;--. v.r.: -:.^z-^jni':' 

ijx.»v;i??soi'r:!>: r.v:t-;^-J<-,- 

.TREATMENT OF NEUiROENDOCR\NE AND S 
NONNEUROENDOCRINE TUMORS itä&ahp 

Octreotide'pfovides potent palliative therapy for holrmorWprb^ 
during' neuroehdocrine" tumors'(Table'169-3).-If'ac'ts'in", two 
ways to combat the effects oj'hormone^j/pers'ecretfonf (a) directly on . 

' tumor'c'ells^"to'inhibit 'secreho«7yänd;(b)^.indirectly to'block the 
'action bf the hypefsecfeted hormone at'its'target'sitef In äHdi- 
tion^'octreotide may cäüse tumor''shrin}age~or''stäbilizätion'1öf 
tumor'growth in some instances by shrinkage'bf tumor-cell vol- 
ume through long-term inhibition bf s'ecretion(cornparable''to 
the shrinkage of prolactinbm'a's induced by dbp'amine agonists) 
and inhibition of tumor growth via cytostatic and cytotoxic ■ 
(apoptotic) effects (seeFig. 169-4),.j:'r.^^ ^^ ^£fcZ£& 

Binding studies have shown that neuroehdocrine^as well as :'. 
common solid nbhne'uroendocrin'e' tumors''are rich'in SSTRs 
(Table 169-4).3-33 Currently available binding analyses, however, 
cannot distinguish the individual SSTR subtypes because of the 
lack of subtype-selective radioligahds. Accordingly, investiga- 
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TABLE 169-3. 
Proven and Potential Clinical Applications of Somatostatin Analogs' 

Disorder"'"     '*  '■■"'" "."      •"■" IndicaKon 

HORMONE-PRODUCING TUMORS * 
'■■-'Castroenteropancreatic ''■ V'MMt: .v; 

-'•"''• Ca'rcin'oid '/'"' — ' —" ■'::•'.':r.i- 

\-:ä>'i'VIPoma'^^-"-^ •■•■■••::■."<-"•■ ■-.--■ 
C

;J- Glucagorioma ' '-"'' ri "" '"-""''*: T 

"'^'Insulinoma1*" •''""   —- — — l ^^ 
:   ^VG«triSom^?^'? 
■•-■■Cv"I,'X-,J-,»I-/'>-c-*'* .-«-"T^- ;: 

,.- = • Somatostabnoma 
. „-JÜ lx  

'. ''. '*i.';' GHRH-producing rumors* ''.' 

\;i>-.V--lVV-/Sf;^:..aiii*V.ii.S' ii 

*■ Definite"'- 

"" Definite """■■'' 

" Definite' •'■' 
:i'; Probable •■""' 

Possible""1'' 

"v--C.c?"\ Nelson syndrome 

j v';- Others |!^'Xv j"^ 

•:V -; ft   Paraneoplastic ACTH-produdng tumors 

;:-:.iVj. Medullary carcinoma of thyroid .., 

'=,' .: GASTROlNTESTINAl. APPUCATIONS "— 

:_<,VanceaI bleeding  '        .      , !     ^' 

. "Pancreatic fistula,  -j  ;*. -;,,„.■■;■■*■.,.. 
■-■ -t Secretory diarrhea. ,"■"..    - "■'.*    i   -;:     !- 

V?.tfc':-'V-: 
.1 AipS^related diarrhea 

it Postgastrectomy dumping ,^-y..-;'_-{' 

J.Sclerqderma'.-.4t -;. ;;.;..r >.'-..'T>, --77,1 

ORTHÖSTATICHYPOTENSION, ;.;1 J 

DIABETES "■" ~i-i-':-""-    -  '     ■ '^.-~:'- 

i'Mnit MhJ^P.^'^Jio-:^. 

Possible ,;.;„:~ ;=.-^ 

.■ Possible ._  .._..   ... 

.Probable^ ?4,_,.,,,, 

"^ Probable'' .^"{^l.' 

fe,V.ProbabIe_. ^■ifi7-.- 

:.-: Probable*, ^>Ä 

.-_ Possible.», -^ -,..,.. 

:.■_..Possible ,:;AV!.-^~ 

.;,.. Possible :j •■•r'-s-j:; 

■: Possible ,; .•;;, •.= '.:-.■■_. 

....   VIP, vasoacuVe intestinal peptide; GHRH, growth hormone-releasing hormone; .. 
TSH, thjT^d-stimulatmghonnone;/lCra,adrenocorticotropic hormone; AIDS, 
acquired immunodefidency syndrome. ... 
••-.- >.-.iii.^-l.-.,U-, r.,*i,;K.. ;-.-:;..,i!;Vi:-j-i-j ■.;'->     ,-'..   ..   -";,-.■.'  .-.:■■ :K^--   -•' 

tors have resorted to mRNA analysis and receptor immunocy- •' •-'■' 
tochemical ■ analysis'" with' ' subtyp^-seledive^ antibodies''f to ':rr 
characterize the pattern of expression of the five SSTR"surP;-^': 

types. Investigation of mRNA expression for'the five SSTRsm' '-J': 

more than IOO pituitary tumors, both secretory (producing GH,:V-.\:" V 
TSH,prolactin, or ACTH) and nonsecretory (i.e.; chrbmophobe '>■''■/• 
adenomas), and in 32 gastroenteropancreatic rumors (i.e.; card-    r 

.noid, insulinoma, glucagonorha) has revealed multiple SSTR Wv 
genes in most tumorsA4^ SSYRI and SSTR2 appear to be'the'*?-? 
predominant forms in all rumors. Pituitary adenomas are also ;;/>:. 
rich in the expression of SSTR5.';Many:lhonrieuroendociWv«£~ 
tumors (eTg.; breast and renal carcinomas) are also SSTR posi-'wS^ 
tive.^f. Thelexteht of malignant diseäsea's well as'differenfcaf - ?€c; 
tumor expression of SSTRs may account for the variable' clinical S^k 

^response observed with different tumor types. The presence of #^i> 
.octreotidfr-sehsitive 'subryp'^7such*as'SSTR2"and SSTR5/inÖie*^^ 
.'majority, of neürc^aocrme'jrt^ 
siveness of these tumors to treatment with me analogHliftfe^i^äj 
h-i. Treatment is indicated in patiente:wimsevere"symptoms':t'"S''"4 
and resultant "metabolic r derangements': that ^require*" control W&? 
before surgery or other therapy; in patients with residual tumOTV&wV 
or metastatic end-stage disease who'-haveihadirelapse^äfterl;'^ 
standard therapeutic modalities' {e-g^^g^^d^oÜ^^y^xMi 
and hepatic artery embolization); and_as prophylaxis against iJMV 
acute crises resulting from sudden discharge of tumor prod-" '7 \ 
ucts, such "as in carcinoid crisis, m'm'ese" instäncesT'octreotide .;:^0" 
administration has produced extended and useful symptomatic ;"^' 
remissions. The initial dosage may be 50 to 100 ug "of SCoct- .:■'.£■"' 
reotide twice daily or 10 mg EM of octreotide LAR per month: ■   • • 
The dosage may be increased gradually "over 6 to 12 months'(or   '. ";" 
as required) to 500 pg three times daily of SC octreotide and 30   ■<"... 
mg per month of the LAR preparation;-Generally, clinical 
improvement parallels a reduction in the plasma level of the "'■;* - 
hormone being hypersecreted by the tumor. :'•« "!-■">•>r-: ^(fi-cß ..-■:■: '■ 

TABLE l6M:-;«^'*^-W"^-:"'Vi.*--t'--'.-"^"--.-  "..■■•.■- ■¥.-. r:.i:;n=:h        J/CJrll 
Expression of Somatostatin Receptors (SSTRs) in Tumors in Vitro and in Vivo -a , - 

-*.£7;J*5J**^*   t^ 

; !.^.'J!i£,'lbfiV'fii:^^t&:i>-f'ji 

.. INCIDENCE OF SOMATOSTATIN RECEPTORS 

Bfr'-'-i.i'-Jf Via A" '■ In Vitro In Vivo' 

% Positive for SSTR mRNA ' 

Tumor SSTR1 SSTR2 SSTR3 SSTR4 SSTR5 

GASTROENTEROPANCREATIC TUMORS ^>.r;. -.:, ,v 
• fs.Carcinoid J u-s-<l Lisfi ~''-'*:*?'~*'~*:i-:\-.'.- 26 :M~ 

■"Tnsulinomas ' £.iti~^'.-jS.-M~.-^:il $ -.'■''.- -'-i^: 4 4 '..: 

;": Glucagohomas» .ö/i'in-i ü*teiiS?M;--'\~i£r>.X' 2-.i " 
*." Gastrinömas^f;.";?-"= -'■> '^'-^:^ äv?-* ?--i-~* ^;-* *■■:;■ ■.■"., .-.-.- 

PITUITARYADENOMAS '-oJ-ivÄ SivVjiÄ^--.-.<-uv 

Number Positive' 
by Receptor Scan 

.-• vr-77 "■■■■•''• -;. 

'-'-••.^■100 ■'■ '-■ 
:"■':•"- 100 •--■'•'■?'■■ 

■""TCc TSHi . . . 

17-19 

"'-. 53 ■ 
r,;v5'> * 

81' 

ioo'' 

90. 

:--_J'"35 

':.■" 100 
^lOOJ 
"'100"' 

45 '37/39'(95%)" 

'5/8(63%)" . 

."/«^^Ä 
63 v>, 

6lW"s 
.";'-J^:25 

-,'35"'. 

'.46-"i 

;>;:ACTir ^ (%^J«^ XV«--^. V»'t>»*.Sv ^Q :i^ «r-^-ViÄW 

MOTHER'TUMORS^ ^h^^ -»."V J!». -: T.*.-J-'.^..«a <wrw 
r   :i,Theochromocytoma •%; LV--. "■'.      <'j\ - i    11    ,-~:.     100 

-^^Ä^^Ä^^ÄB.^^^ -3 ■, 29^.^— 
-.: ^Bre^äf^30^:

trf6SWc:-wsfc vy^(ioo^^/;A '■:>.'.;,.>4 
r Ä?l=nai,c?rcin?m? .«i.f.'t^£, ^^wa^^-^lSj^. <•%.; 85.,;«^..^.' 

'■    '-:'-Me-™."^*"i>^4^"4'V;?^ '■;'86'   :-::^- 
• ^Gliomairjji^Ji 5v,; i>^v/.-j;"it>V,'ii3Vr:..; -.[VJ-.J.UJ -i.n;.;'l00 (i  ■>;:. 

: 'ii-VJ»^"pC~;^^*r"^ >4 i--:'T'vT --;'''* ji-^t,' ■*»-,}\ *.< 1'. - •■ - =',■/.- .-_• ';:'';-,..••■ j  ,.-—9/• I »ss^"l K "' *-**   -n~" . ■- 
"•1& rif--'f1!^nf!.':?hiA:.G"' S™^* hormone; TSH, thyroid-stimulating hormone; PRL, [AU: QS}/ACTH, adrenocorocotropic horrnoTe-"^, not'tested.--*-■ ""— >'- y 

Ihenumber of tumors analyzed /or each of the different subtypes varied slightly in the pooled data shown.'' '-' '■■■ '■-■■'■ -.^tni:i.v, :-. :Sf;.a -'.^Kira^a 
'and San^in3^ Mol?^1"Pna™<:°loS'ofs°m

tf'«tatin receptor subtypes. J Endocrinol Invest 1997; 20348; Lamberts SWJ, Krenning EP, Reubi JC The role of somatostatin 
WeScteSÄS" "'^''"^T! ° tum.ore- Bi« R=v. ]m'Ii4S0-' Vikic-Topic S, Raisch KP, Kvols LK, Vuk-Pavlovic S. Expression of somatostatin receptor subtypes in 
ssT^n^T-- ^ • i * ' *?■ renaI ttU caranoma- J CUn Endocrinol Metab 1995; 802974; Schaer J-C, Waser B, Mengod G, Reubi JC. Somatostatin receptorsubtypes ssr^ssC 
TnH Tvif. i A^TT f c?vf ^' 8f troe"t«°-P^^«<: "d mammary tumors: comparison of mRNA analysis with receptor autoradiography. Int J Cancer 1997; 70530; 
and Evans AA, Cook XLaws SAM, et al. Analysis of somatostatin receptor subtype mRNA expression in human breast cancer^BrJ Cancer 1997-75798)       •   •     ;,.,,.,-.:■....-, 

100 

79 

lOo'.-.^o 

100..^.' 

100 j,!'. 

73 

36 

..- 40, ,,: 

iif'-54.v.-:- 
,-  ,66-vr, 

,V Z ZS~, ;^4K<_ ivl-S 10/io (100%) ^;1^''." 

,"^>:5     .^-„j   85^,.    s 12/15(80%)    'orV ' 

-:.-.r"S ^ .•"■■■;.; 4BLV..7I j»;,i'.ir; I-T-'.'i'ft''^ i'^v-ve; si;; 

- - ".' - ■^-'"-'ji!'":_0,^- ^;_r. - :'.^fl ^i-;?i ^"^rii-C? 

VS^: 13 >:; .-rf fe5;49.^s; rrirf 6/8 (75%) ^:-irv>frrP 

'73 73 '. '". v   '2/3(67%)""-'-■ ■-■'-"■."-; 

0 64. '■"■■- .';■ iiVi7"(65%rAGV,-}^';': 

r;rr»..24 x.;^. ;i;;-35rrb!:m. 39/52 (75%).(v-.^^ 

.';-;v/.46 -.^i :^-irf NT..{vf-0'.;>.*7ß<iv!5h:' ";a}iv:i"- 

-■:-:5 50-',- i.-r.-:7i:SV:-: r-nll/H (100%) -i,.;-*t " 

;::. :i 71 ;s: :[i,--,   57is.n'.--y.:u!\mA: Itrr^ii. ;:;r-HCi 
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GASTROENTEROPANCREATIC TUMORS 

CARCINOID TUMORS 
>-A<:-.V.'- 

.i  >..»% *.'-* 

SST analogs play a central role in the management of symptoms 
of metastatic carcinoid disease. More than 200 cases of metastatic 
carcinoid tumors and carcinoid syndrome treated with octreotide 

■' ■- have now been reported.6-??'42'4^?.. The drug is highly effective in 
this condition and produces a'marked clinical and biochemical 
improvement.- Hushing and diarrhea; the two most prominent 
symptoms, are rapidly relieved in>90% of patients. The clinical 
improvement is paralleled by a reduction in urinary 5-hydroxy- 
indoleacetic acid (5-HIAA) levels, which drop by >50% in 70% of 

:' . treatedp'aüeniswithout,hcrwever,being completely normalized in any ■ 
,;;.;■. patient.':AsmaU proportion 'of patients^ (-14%) show measurable 
.;•'. regressiorTof hepatifphd'Jymph node metastases.46.^ In 80 patients 
"-■ treated with octreotide/ median^survival from the'diagnosis of 
•'•''• metastatic disease was 8.8 years'compared with 1.8 years in his- 
■'■'• torical controls.The'average dose required for symptomatic and 

biochemical control ranges from 100 to 150 ug SC every 8 hours. 
Because of the dual actions pf SST in blocking both the secretion 
and the action of hormones overproduced by tumors, the dose 
required to control symptoms such'as diarrhea may be lower 

.    than that necessary, for reducing urine 5-HIAA levels. Resistance 
to therapy.eventually.occurs'with an increase in tumor bulk. 
Such resistance may be due to down-regulation of SST receptors 
or/more likelyTto the emergence of receptor-negative or more 
virulent clones. Recurrence of disease on therapy may be con- 
trolled in some but not all patients by increasing the dose. Doses 
as high as 1 to 2 mg SC every 8 hours have been administered 
in this disease and appear to be well tolerated. A study compar- 
ing SC and long-acting formulations of octreotide found that 
monthly injections of octreotide LAR were as effective as SC oct- 
reotide in controlling the symptoms and in suppressing urinary 

" 5-HIAA levels in 79 patients.42 The recommended average dose 
is 20 mg octreotide LAR, increasing to 30 to 60 mg in some 
patients with resistant or advanced disease. Lanreotide 30 mg IM 
every 10 to 14 days is also effective.41 In addition to its applica-;; 

- tion in long-term treatment of metastatic carcinoid disease, oct- - 
.   reotide _ is^very._us\ful jnj preventing ^carcinoid 'crisis'.'when _. 

. administered intravenously in susceptible patients immediately 
before and for 7 to 10 days after surgery, chemotherapy, or" 
hepatic artery embolization.___ rJ^rJillVJJJL'll.iiL'.'.1\'V_. 

iH-.ii -i'i»».-'j '«         ..* cATci             !.-.":'fr:-i,'            ~'X::'-'             '.'-'■. 
VIPOMAS ~- —~~• ;— —  

Like carcinoid tumors, VIPomas tend to be malignant, witiV 
extensive'metastatic disea'se from the outset. Octreotide has" 
become the first-line drug for the symptomatic control of this' 
disease. Of 25 patients with VIPoma treated with octreotide for' 
15 months, 85%'showed improvement in or resolution of diar- 
rhea, which was associated with a reduction in plasma levels of 
vasoactivVintestinal peptide in 60%.47"49 The effect of octreotide" 
is usually rapid and occurs with relatively low doses, 50 to 100 
pg every 8 to 12 hours.: With time,' efficacy is lost in some4 

patients and high-dose regimens are required. Reduction in' 
tumor size has been reported in as many as 40% of patients' 
treated with octreotide for 2 months or longer.49 

" '^"vv'..5^5Äfi"-.v'"'■ -<:~ '■'.■'■•'■■ :~::zzr •••.     "' -   ■;,-:,• 
GLUCAGONOMAS   ■   ;.    «•. ;...:    'X ': •'. 

Approximately 10 patients with glucägonomas who have been' 
treated with octreotide have been described.47"^9 Glucägonomas"'; 

are slowly'growing, malignant tumors associated with severe- 
constitutional symptoms "as well as a" characteristic rash (see" 
Chap. 220). Therapy with octreotide resolves the rash in ä few 
days and improves other symptoms such as weight loss, anör- . 
exia, abdominal pain/and diarrhea. Because no other form of- 
therapy exists' for the'systemic manifestations of glucagonoma,' 
especially its dermablogic'compHcation^'octreotide has assumed . 
a primary role in the medical treatment of this disorder. Usually 
little effect is seen on the size of the tumor.    

INSULINOMAS.   ......       ^   .:.,\~n„r feJ.,-i .-•   . ■ A\ -V, , \i\'3. -   ■ 

Unlike non^B.cell tumors, 90% of insulinomas are benign "and 
can be cured by surgical resection. Octreotide suppresses insu- 
lin levels by >50%, elevates blood glucose levels/and prevents -.' 
hypoglycemic attacks in many patients/'^lThus; it is effective ' 
in the preoperative treatment of patients with benign .insulinoma. .. 
Diazoxide, however, also lowers insulin levels effectively in this ';'•:'■ 
setting. It remains to be determined whether octreotide offers   . 
any specific advantage. In most patients with malignant insuli-   ■ 
noma, octreotide is effective in preventing hypoglycemic'aii'acks.  :'•. 
Loss of efficacy is common, however, and it may be overcome -.•■ 
by increasing the dosage. Of greater concern is the worsening of '.. 
hypoglycemia in some patients as aresult öf the 'greafersup-;-- 

. pression by octreotide of the counterregulatory hormones^GH /<•. 
and glucagon).than of. insulm^Jri^view'"of. tlüs<vpossibility, ;y.\ 
plasma glucose levels should be"monitofed carefully aVtrte ini-^'.;'. 
tiation of octreotide therapy. ""'-,•<»-;:.•■?• ■■}■■:■. -. ■ •i^'^'^^^^i-'-'-'•<'■:■ 

■ '.-'■-     ■       -   ■'..I.'.;".;..-{_. .;  . .•  .;,.;.--■''.■vf'p-\\&\%i&.-'-j''.:, 

GASTRINOMAS t ->«sKSrtw^^Ki;^i^:4^ '"■ 

Gastnnomas are commonly malignant islet cell tumors that have 
metastasized atthe time of diagnosis^ In the'>50 reported cases ■'■ . 
treated with octreotide, the response has been variable'wfthr6nly ' 
modest reductions'in gastrin levels.47"49 Furme'rm6re,;rtumor'•"' 
growth may progress during octreotide treatment.'Because"the '■'■ 
clinical manifestations of gastrinoma result from the hypersecre- ' 
tion of gastric'acid, which can be controlled effectively byoral  ' 
medications such as H2-receptor antagonists or the Na+/H+ ad&- 
nosine triphosphatase inhibitor omep'razble,'"octreotide" serves' 
only an adjunctive role in treatment of this disorder/   ;;"- ■ r '•/•l"! 

TUMORS PRODUCING GROWTH HORMONE-RELEASING HORMONE 

Several patients with GHRH-producing tumors (bronchial car- , 
cinoid tumors or metastatic islet"c'ell tumors) who receiyed 
treatment with octreotide showed good symptomatic and bio- 
chemical response.49 Octreotide reduced plasma concentrations 
of GHRH and GH, probably through a dual effect on tumor 

. cells and pituitary somatotropes. ~... _....-:...;.. <.:..•._..., 

TREATMENT OF PITUITARY TUMORS 

. ACROMEGALY .-.'" _ . 

SST analogs significantly reduce GH secretion and IGF-I levels 
in patients with acromegaly and have become effective agents in 
the treatment of this disorder.6^7-*0'47'49-52 Their use is indicated in ' 
the treatment of patients with a macroadenoma who have per- 
sistent disease after transsphenoidal surgery, as interim treat- 
ment in patients awaiting the full effects of external irradiation, 
and as preoperative treatment for 2 to 3 months to improve the 
medical condition of patients with severe disease. They can also 
be offered as primary therapy to patients who refuse surgery or 
those with severe medical problems that preclude surgery.'Oct-' 
reotide has been proposed as primary therapy for patients with 
invasive macroadenomas not causing chiasmatic compression,. 
who are unlikelyto be cured surgically.51 This is'an^at'tractive 
idea, especially with the availability of slow-release* prepara- 
tions; it heeds to be further assessed m'prospective studies 
comparing the relative efficacy and "cost 'effectiveness of pri- 
mary SST analog"therapy versus surgery for "treatment'of • 
acromegaly.51 With'SC injections of 100 pg octreotide' three 
times daily (mean optimal efficacious dosage), a prompt reduc- 
tion in plasma GH levels occurs, followed by a decline in circu- 
lating IGF-I levels during the first week.5?'52 This is accompanied . 
by immediate relief of many of the', clinical symptoms of 
acromegaly, including fatigue, headache; excessive perspira- 
tion, arthralgia,'and soft-tissue'swelling.50.-52 Relief of headache 
is often seen immediately after the injections are started and 
before serum GH levelsxhave declined, probably as a result of a 
vascular or analgesic action of the drug. Improvement in facial 
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coarsening and acral enlargement occurs after longer periods of 
treatment. Sustained improvement with minimal side effects 
has been noted with treatment for 10 or more years. Drug resis- 
tance may develop during long-term'treatment, necessitating 
increased dosages. In a double-blind, randomized, rriulticenter 
study of 115 patients with'acfomegaly,52 administration of oct- 
reotide at a dosagVof 100 pg three' timesa' day for 6 months was 
effective in reducing GH levels iri 71%'of patientsand IGF-I lev- 
els in 93%. Mean integrated GHleyels were' reduced 70% from 
40 ± 13 pg/Lto 12 ±"4 pg/C and mean integrated IGF-I levels 
were suppress^' 60% from 4800 ±354 U/L to 1900 ± 200 U/L. 
NormalizatibnjofGH ^cretion,'defmed'as^a'reduch^n of inte- • 
grated mean GH levels'to" <5 ug'/L/bccurred in 53% of patients', 
whereas IGF-I levels normalized in 68%. A decrease in pituitary 

>. tümbr^sizeJr(25-50%y has" been ^observed" .m'20%i' to"47%*of 
pahents with acromegaly receiving lone-term octreohde ther-, 
apy- J .rJumor shririkage^may^e^dose^dependent, as. it is 

; greater with larger doses'of octreotide.^Preoperative treatment 
: for8.to 12.weeks[shrinksmyasivesomatotrbpe'maoroädehornas 
by ^0%) but: whether such'shrinkageaffects thesurgical outcome 
remains controversial.5^ Early resultswith the slow-release SST 
prepärarionsrsuggest' that' administration 'of'octreotide LAR 
(20-30 mg per"month) and la^eotide (30-^60 mg two to.three 
times per month) is"as.effectiveäs multiple "daily SC injections 
of octreotide ^.controlling'GH.hypersecfetion.3?:40..In.most 
patients "with äcrbiriegaly,' SST analogs'' are' 'more'' effective in 
lowering GH levels than the dopamme agonists bromocnphne 
or ^'cabergbline.5^, Occasionally, however,''patients'.(typically 
those^wi^n^ed^GH/prolactin-producing .tumors) exhibit 
greater sensitivity to dopamine'receptor agonists. In addition, 
use of a combination of SST analogs"and dopamine-receptor 
agonists is of value in some patients who do not respond to 
either drug alone."." .'...'?'r"'S',^"/'J^ „.".!'.*. T\ . "> 
C'Thyrotropin-Se'creting Pituitary Adenomas. /'Most TSH- 
secretin'g'tumop are sensitive to octreotide treatment.6;47*9?? In 73 
such rumor cases,' octreotide (50^-750 pg SC two to three times 
daily) reduced TSH secretion in 92% of cases and cc-subunit 
secretion and?3°<i; with normalization of TSH in 79% and resto- 
ration of the^euthyroid "state in the' majority.54 In 52% 'of 
patients," clear'evidehceof tumor shrinkage was found. Treat- 
ment is'ihdicateci for'residual tumor "after'.surgery'and/or 
radiomerapy." The place of SST analogs as primary therapy for 
these tumors remains to be established.": "'■ "■''' ""''' "' ~.'.'".'"" 

ADRENOCORTICOTROPIC HORMONE-SECRETING^''"%'''""" '""'"' 
PITUITARY ADENOMAS   ;;«;,, i-.. 

Although;SST;receptörs.häve^been'identified in'cörticötrope 
adenomas, these tumors generally show poor responsiveness to 
octreotide. A/ety'patients with invasive corticotrope adenomas 
associated with Nelson syndrome have responded to octreotide 
therapy wiÄa decrease in"ÄCTHsecretiön as'well äs a possible 
.reduction in tumor size.* Likewise^ some cases of päfaneoplastic 
ÄCTH secretion from bronchial'and thyme"carcirioids'cdk be'coh- 
trolled by octreohde. ^j ,..»i,.w- , J*.-,    •.':, ^,    •, 

NONFUNCTIONING PITUITARY ADENOMAS^ '.|-j-..   „„-,:...., 

Many norü^ctiö'r^g pitxiitary adenomas' express SST recep- 
tors,*' with' VIprepbnderänce''of the"octreotide-sensitive SSTR2 
and SSTR5 subtypes"(see Table 169-4). These tumors secrete low 
levels of gonadotrbpins," but '"generally show little change in 
tumor size witrfoctreotide therapy despite inhibition "of glyco- 
protein hormone and subunit release in some instances.6-49 -'•'' 
.^:^\Krx:räVL^'^^^S-f--) ^nn-^> ■£.•■•:-«:■ v>;-.-^. 
POSSIBLE ONCOLOGIC APPLICATIONS' ';"   --' ' ; 

Although for many years neuroendocrine tumors have been 
known to possess SSTRs and to be amenable to treatment with 
SST analogs,'the more recent realization that common solid 
tumors such as breast, colon, and prostate cancers are also rich 

in SSTRs has led to mounting interest in the more general onco- ' 
logic .usefulness, of SST analogs.^^.Any'effect of SST on .-• , 
these tumors appears to be quite variable,'however, probably 
due to patient selection (e.gv early vs." end-stage disease); the '•'.'•.■ 
absence of appropriate SSTRs in the tumors being treated (e.g., 
tumors expressing SSTR1 and SSTR4 do not respond to oct-. 
reotide; SSTR3 expression is required for inducing apopfo'sis); 
the presence of mutated p53 gene,'which abrogates the apop-  . 
totic effect "of SST; and the dose and duration of treatment! Most 
current interest is focused on breast cancer because (a) the'inci-   - 
'dence of SSTR expression is high,43-4? (b) SST änalögs~ihhibif the.' .   \ 
growth of breast cancer cells in'vivo and in vitro by inducine '■,''•':; 
cell growth arrest and apoptosis,^?? (c) octreotide potentiates.. ,::... 
the'''antinebplastic effects of tamöxifen mvexperlrnentäl*mä"m-."'■'<-Jb 

ft' mary^cär^omajn. thejrat,56, and (d) SC ocrf^tide^treafrnenf for.ii:^- 
6 weeks to~6 years m~combmähon^withnorprolac (a^doparninfr- ,•'.,'."' 

"receptor agonist to inhibit'prolactin secretion)'enhanced the^-v-ll 
"effectiveness'of tälnbxifen theräp'y in22patientswitnliclvanced • ■ -•': 
breast cancer.5^ These findings' haveTgenera tedinterest in SST as .'; '.- 
adjuvant'therapy for breastcancer*and have led to sev'erarmülti-.'. • 
center NorthAmericanclinicäl trials; my olvmg>3,000 "patients. ■: •:■'- 
The^,currehtly*öngomg^studies''will löok*at the^ffect of high-■■■'•'A 
dose octreotide given alohe"as a monthly injection for 2 years or   .">•": 
in combiriatibn with tambxiferTtb'women wimestrogen'recep- ■...■;' 
tbr-positive"sta"ge I and stage II breast cäncer.^',I'.j tff-i;&' I ir1* }. ■:. -,';». 

GASTROINTESTINAL APPLICATIONS ivi»w    "V- - •■•i k~ '"■■      '"V- 

■'       '■■--' _"*T    ' -  '     <--     ' -"•"    * ". "'.■'■ ' 

Short-or long-term octiibtide^administratibn is useful in treat-" • 
ing numerous gastrointestinal disorders' (see TableTl69-3). 
These conditions, are more common' than", neurbendbcrine 
tumors and "account for much of the hospital-based usageof 
"octreotide. SST is a potent constrictor of the'splahchmc circula- 
tion and is effective in controlling variceal bleeding. In a fan-. 

tdomized, dbuble-blind, placebo-controlled trial of 120 patients",',': 

infusion of SST-14 at a dosage of 250 pg per hour for 5 days'con- . 
trolled bleeding and reduced transfusion'requirements.58 In a 
study of 100 patients^ octreotide'given intravenously for 48 ■ 
hours was as effective as emergency sclerotherapy in the treat- ■ 
ment of acute variceal hemorrhage.* The antisecretory effects of 
SST on the pancreas have led to the successful use of qctreotide 
in the tieatmeht of pancreatic fistulas. More than 60 patients so" 
treated have been described.59 Most reports indicate a'closure 

' rate of pancreatic fistulas' approximating 70% within a week! In 
"addition'to" the diarrhea thatVccuis''with hbrmone-secreting 
tumors, other" forrhs'of secretory'diarrhea such as that assbci-' 

"ated with high^output ilebstomy/'diabetic'dia'rrhea'j' AIDS diar- 
rhea^ chemotherapy-induced diarrhea,' and diarrhea associated. . 
with amyloidbsis all have been^fepbrtedjtojje^yanably'cbri-' . 
trolled with'bctreotide.47 m"these dianheal^t^tes^octreotide 

' acts by blocking the normal pfbductibn'of gaVffi?and pancre- 
atic exbcrine secretion destined for^reäbsorption^m^me distal 
bowel, and bydirectly inhibiting"intestinal fluid and electrolyte 
secretion. In a randomized double-blind trial -involving 10 
patients with severe postgastrectomy dumping syndrome, the 
administratibn'Of octreotide 100 pg 30 minutes before eätiiig .. 
prevented the development of vasomotor symptoms (early 
dumping)'as well äs the hypoglycemiä and diarrhea character-7 

• istic of late-dumping.60 Fmally/m"pätients*with^sclerbde"rma 
and intestinal dysmbtility, the short-term adrnim^fratibn of oct- 
reotide" improved intestinal m'otility'^by"stimulating the fre- 
quencybf intestinal migrating motor complexes'1 and reducing 
bacterial overgrowth) which led tb'än improvement iri abdomi- 
nal symptoms such "as" nausea, bloating, and pain.61   -r;V-' ';i"~-"'-' 

-".:-:.- ■--.♦.-.;-;;rf;v^-L-.~-;r. r---;\.- £i.l^°~s a^«-:;^^j^;.v 

ORTHOSTATic HYPOTENSION y;;^;;^"" ';' \Jjr: 

Postprandial and orthostatic hypotension iri patients'with. auto- 
nomic'neuropathy is" abolished by low dosages'of octreotide 
(0.2-0.4 pg/kg). In these cases, the drug acts as a potent pressor 
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agenj and has emerged as'a new form of therapy for this condi- 
don^as^well'as for^other.types of postprandial hypotension, 
such as that which occurs in the elderly." '""' '      " " 

'_••;» -tfiXJ(>'&jis :**.■*.-: -..■-;, v .-■..•-.   ••. ■;..■„. •..:..:. J.-:\i\ -:';:::•.'■ •      ,-.,.. 

,.^.S>) hpiCA-X ffipH qrnrS; :"> -S'V .'.'; jiY'■'.■;.■ ■.^."H:';":;-- . •-     ---.■.-• 

smEJEFFEcts^^2^ rS;-^r:^';-' '-"'!: 

. Although,the"acute.administration of SST produces a large 
numberof: inhibitory effects, continued exposure results in an 
esap^fivmjKe acute[effects of]hepej)Üde?£jhis'may be due to 
.up^regdation of some of the receptor subtypes, which compen-. 

.   ■..'■ sates for the desensitized responsesof others and thereby main- 
...'' ,tains^nc£malpverall SST responsiveness. Sideeffects associated 

^..v^wi^jjhj^^ of octreotide 'for.'up to 2 

'•^^SFPlW^StPHs ?JJ!j^!PJ^°^sJ*?r^4J?"^9m^'^ cramps'; 
. ..V.^and mild steatorrHea^tqwhich" they become tolerant after 10 to 
:. ...14 daysVNonuMHonaJ deficiency has been reported with long-. 

Xermoctreotide therapyPatiente also^adapt'rapidlylo "some of 
.'•■;"   fre'jojherjsffecte^^ and JSH 

•,''.s^cretion).^^^^ 
',;..' conskting .of fa "mild ^increase Jn postprandial glucose levels' 

.y^oüy,",w^'3mamten^ce"öf normal fasting glucose levels. Nor- 
.-..'   mäÜhyröid funch^n'^s^"amtäined and hypothyroidism is rare. 
.'"' Some" effects,' however, do persist;' for'exarhple/ inhibition of 
" " gallbladder emptying causes a significant increase^ in the inci-' 

denceof biliary sludge and "cholesterol gallstones in 20% to 30% 
•of patients after 1 to 2 years of treatment.^Those receiving long- 
term' treatment Jwairaht''imdal'ultr'asonographic evaluation, 
and subsequently evaluation as'necessary, depending on symp- 
toms^The Jncidence of adverse effects with the slow-release 
preparations of SST is "comparable to that with the subcutane- 
ous m]ections?J^^jf Interestingly, the" persistent'steatorrhea 
and rnjW diabetes mellitus that are associated with the chronic 
hypersomatöstatine'miä'^rin - patients '"with"- SST-prödudrig 
rumors3! are not observed in patients during long-term treat- 

-'merit withjthe slow-release forms of the SST analogs; despite 
the'susjtained high blood levels of the" drugs. This ho doubt 

•' reflec^th^narrower binding'spVcificiry.of the synthetic SST 
..analogs, which binds' to only three "of the SSTR sub types, com- 
pared with" SSTrl 4 and SST-28J,.which are typically produced by 
somatostätinoma'i> and bind to'all^five SSTRs" (see Table 169-2). 

.;.Al fopugh normal^ tissues .adapt tö^melohg-term effects" of oct- 
reotide, Körmone-pröducing rumors'cohtinue'to'respond to'oct- 

" *5°!?^C.^Je-£?^-^h^P^ of hormone s5%^öni'freqüently'fo^TO 
tialjeg^atioltpfSST^jn^nörmal tissues'arid in tumbrs. Tumors 
.?XRres^ 
j?-^^.^%^JXayyiS?^^'?'.^u%)'^ behave differentlydue to 
-? JPSE^i^^Mi^P^PCf^S^^^y .ftmcHon,7due'to'an alte'r- 
äh^n.m'tte'pättern'sand"compbsitioh'of the various subtypes 

.expressed, or due to abnormal receptor signaling. ; • 

isrv-fJüj-T^V-'i :;> 
active material is rapidly degraded in'the liver and excreted in f7i77 
the bile,"or eliminated through me kidneys.'The techSqüVis ■%£'•- 
relatively simple and effective. Among 59 patients' with'meta-'.;' v?■•'■' 
static "carcinoid disease or. pancreatic endocrine tumofsTpri- :'-.'?.S' 
mary rumors and their metastases were successfully localized •'.   S 
in all but five'cases (see Table 169-4). Particularly impressive is'.7 :. • 
the ability of the'receptor-scanning techruque^to visualize many ;'■ ■ ■' 
unsuspected metastases that escape detection by clinical 'exami-'-'^^ 
nation and conventional imaging techriiques"sucrVas computed"'''. '■%:■ 
tomographic ^scanning arid .magnetic ^resonance^imaging'.3?;^,'": \;',; 
Overall, the specificity of the method is high" adjudged bvlhe'^S* :; 

.".the currently used stahdard imaging methodsf The'firstls 'its^'lh 

'andthe full jexten^of metästatic'Mise'ase^cüräte 
Third, this method provides a funrfi^rmdexjDf the SSTR sta^37f !£ 
tus of hmorcelk th'atcquld be useful j^tumor^manlagement ^^^ 

' For instance,' positivity for receptors can"predict tumor respon^Ä1.^' 
. 'siveness to SST^therapy and may serve as a^rogriostic mdex^'of -7S;^ 

a favorable outcome for some tumors. The technique lias some :J ■;';'•? 
limitations.Thei first^^isthat secretory fumoKthatdonorexpress wvf- 
SSTRs are riot amenable to analysis with this'method.'Secorid; T' y:':'-r 
because octreotide does not bind to'two"of the SSTR subtypes -... 
(types 1 and 4), those tumors that uniquely'express these recej>.',. o'-.:' 
tor isoforms'will escape'detection. SST-receptor scans'are'riow /.:J

:
7: 

available at most.major centers and^are widely'.'usedrin the .;■,,-..,■ 
assessment of carcinoid and islet cell tumörs, päragangliomaT,'pheo^--i.' 
chromocytomas, and medullary thyroid carcinoma ^.They afe of lit-,   .•'-- 
tie value in the'imaging' of pituitary tumors, "which are better'... 
defined by conventional techniques. Because of the rich expres7 - ':   * 
sion of the type 2 SSTR in immune and inflammatory.cells^, . 
lesions of several grdnulomatous, inflarnmatory,'a'nd immune disbf-   •.     - 
ders have been' successfully imaged by. SSTRscintigraphy,' for -:'( 
example, rheumatoid joints, sarcoid lesions;'Hodgkin's and ...:•. , 
non-Hodgkm's lymphorri'as, and thyroid eye disease. The value" 
of SST-receptor scan in the routine assessment of these disor-        , 
ders, however, remains to be determined. ;',v"_ , 

■--.• . :;.flA.'A-^.>r,;:i<(V(i-fvf^%Öj!i :i~.s:;~<-.>-i.- 

J ri-»; «fi-JNU^-v-—"».-^ ■» 

SOMATOSTATIN-RECEPTOR SCANSl':"~£ 

i^m^tbod^fOT the in.yjvpjmaging of SSTR:positive.tumors and 
;.their^metastases has,.been deyeToped using_as,radiönuclides 

.'. I^?]?J^L"c^treotideji.o_r.an .indium-labeled octreotide prepara- 
. .v^P.ni*?J^fe'^oWj^yailaHe;,cornmeraa^^ ^"in-diethylenetri- 

;: amine pentäacetic äcid[pTPA]-D-Phe^l-octreoHde).3Wf;
M..The 

k^KonaJe,fqivtfiV.method..lies in,the demonstration' that most 
endocjme rumörs^tKa^respond.to octreotide^therapy do so 
because.'they are rich in SSTRs. Direct binding studies of surgi- 
cally removed specimens have revealed a higher density of 
receptors in tumor tissue thariin the "surrounding healthy tis- 
sue.^ After intravenous administration, the radioligand binds 

. to SSTRs on primary and metastatic tumor cells, which then can 
• be.visualized by computerized y-scintigraphy Unbound radio- 

SOMATOSTATIN RECEPTOR-TARGETED ^: 

RADIOABLATION OF TUMORS ^^fi-H^^T 

The property*of rich^SSTR expression'by tumofs which allows 
.their_visuabization^by'theTrecepto'r-imäg^g'"a^ 
further "apphedTJo^achieyV receptor-targeted .'ablaripnfof, the 

' tumors. Binding of radiöligarid to SSTRs'on^the reirsürfacVtrig-; 
gers their internalization.2 Specifically, SSTR subtypes'2, 3,'and 
5, which bind octreotide, all undergo^agofust-dependent.inter-,.- 
nalization, "which suggests'1 that the' use 'of' ?6^reoHde-based 
ligands coupled to a-or ß-emitting radioisotopes could provide.; 
a method for delivering targeted radiationip thg mterior of the 4 

cell. Preliminary results with pin-PTPAI^ctreofTde [AU: Q2) 
in several patients.with, inoperable metas'tatic,islet^and,carci-;; 
noid rumors suggest partial tumor responses^asdetermiried by 
radiographic.tumor shrinkage.65 A second analog of octreotide 
labeled with yttrium-90 (^Y-DOTA-D-Phe^Tyr3 octreotide). 
[AU: Q3] which, is a more potent ß^emitting isotope that.has 
been reported to be highly effective in inducing radionecrosis 
of human small cell lung tumor .transplanted into nude mice, is 
undergoing clinical trials.37-Because SSTRs are expressed.in 
many normal cells that would undoubtedly take up the radioli- 
gands, the question ofwhether. significant damage to organs 
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(e.g>, the pituitary, islets, and gut) occurs with this type of 
treatment remains to be'determined. Nonetheless, this is a 
promising new approachtiiat could be applied not just to neu- 

• roendocrine rumors but also to all SSTO-rich tumors, and it 
awaits further study.      ..-''''     '■-•-..__ 
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THE KAm^iÄlNIN SYSTEM^"2 / 

CHEMISTRY^:^;; 

The kinins are potent vasodilator peptides that are contained in 
large precursors [kininogens), from which they are released into 
the blood and biologic fluids through the action of proteolytic 
enzymes.(kallikreins). In'contrast to rieuropeptides and many 
other endogenous hormonal agents that are synthesized and 
stored in neryeand endocrinecells, kinins are generated in the 
blood arid tissues.? The kallikreins,> which are responsible for 
Jhejormation .of, kinins, originate from the liver {plasma kal- 

.. likreins), from exocrine glands (glandular kallikreins),2 from the 
,.: kidney, and from other organs and tissues.3 The kallikreins exist 
-Ä ^^..^Jtesues a£pre 
..yäted.byiyäric^s^cherrdcär'^d physical^factors^ Among the 
endogenous : activators')' are   the ' Hageman r factor/-, several 

;   enzymes (trypsm/plasmip? factor XI), arid,'in vitfo,"glass sur- 
J*ce?'" ^^jp'^^S^J^S^i?^-^TS^ substances/such as 
cellulose Sulfate^5 Plä'smä'prekallikrein (withYmoleculaf mass 
of 130,000 daltons) is the precursor of kallikrein (95,000-100,000 

" daltons), which'interact's with the high-molecular-'m'ass kinino- 
gen (88,000T114,000/,,daltons);.'tq7.rele^^^ the'.*rioriäpeptide 
bradykinin5 (Fig."l70-l)"Glan"dular icallikrems a're'aadic"glyco- 
proteins (27,000^43,000 daltons) that release the' decapeptide 

, kallidin (see Fig. 170-1) from kminogeris of low* rnolecular mass 
; (48,p00^70,0TO;dal£onsJ.^K have 
. beeri'doried: tSequence"stractur^ ^tKe "sub- 
strates are known (see comprehensive review7-3).' ciO [xsr. 

:'■■':■■■:.■: ■';.;" T<-.:st&$t;&f£v&^ir3.<xxnx-™3ii=i:re 

--.     .'•'-■    :.;."'"s'; <■■''■'■'■ r- .f'K-Ä".■■'■•''* -.v:^*!5 <tr.i =i^i>Ta-> 

-^J^IfS^pi^j^^^vated^b"^ 
■ Pres.ent "J.plasmVand üssuesiharact'either'at the amirio or at 
the carboxyl end of the kinins (see Fig. 170-1). The metabolic 

'products of kinins are inactive exceptfor the bra'dykinin that is 
• re!^sed Jföm kallidin by thearriinopeptidase/arid "thedesArg9 

bradykiniri'or'desArg'^kallidiri' that is released.'from bradyki- 
nin and kallidin by kiriinasel?-™. The most efficient system for 
inactivating kinins and activating angiotensin I to angiotensin 
ms-*z'?!^??,^' a carboxydipeptidase that is widely distributed 
in plasma,'ehdothelial cells, and various organs, such'as the 
lung and the kidney.9 
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FIGURE 170-1.* Formation;and degradation^of^kinins. (LMIV, low 
molecular weight; HMVV, high molec^laj-l'weight.)"(From Regoli D. 
Polypeptides et antagonistes. Irü Giroud J-P/Mathö G, Meyriiel G, eds. 
Phaxmacologie clinique: bases de la therapeutique, 2nd ed. Paris: 
Expansion Scienüfique Francaise, 1988:691.) i^iv.^-j.-^1«--.;-'-;.-~! .' • 

Kininase II is particularly active in the pulmonary Vascular 
bed: 80% to 95% of kinins are eliminated during the few seconds 
in which the blood passes through the pulrnona'ry "circulation.11 

Because of their rapid iriactivation irithe lüng'arid iri'öther tis- 
sues, the biologic half-lives of bradykinin and kallidin in the dog 
are 0.27 and 0.32 minutes, respectively. Thus, as a result of the 
balance between the simultaneous processes of production and 
inactivation, kinins circulate at very low concentrations.'" "i 

MEASUREMENT IN BLOOD ^i.jwi■■■-^ 

BLOOD LEVELS IN HEALTHY SUBJECTS S ^?:%*:'•:■. 

Various investigators have jeported extreme variations' (from 
0.07-5.0 ng/mL) in circulating kjnrn'coricentrations*in healthy 
volunteers, ,,using either'^bioassays , or 'radioimmuhioassays.10 

One group has reported a concentration 'of 0.025 ng/mL, a 
value 100_to 200 times lower than" any "previously reported.12 

SuchMiscfep^ride'r'are^atrributable' largely 'to'the;fact that 
prekallikreins. in blood^are rapidly actiyated by "contact with 
glass surfaces and by numerous other physical and chemical 
factors.1. Therefore, most of the" data prithe blood concentration 
of kiniris^reported since^'the^ 

Jtoojrughjrqmpared tqmore receriFresults pbtained^witKsensi- 
.tiveradioimmunoassays.4,^^ *'l^^^v>>'ffer^«ä;J'g-^.;:"'"' 
^ When both types of assay's have been used for the same plas- 
mas,^ radioirrmürioässay_ has"yielded value's"Kro^tq'six^ times 
higher .than'[ those deriyed' frorii ^bioassay'probably ^because 
antibodies that are directed against the C-termirial part of the 
kinin molecules measure both the biologically active kinins and 
some" inactive metabolites.'4'10 L'' •':-? '■''".;'.'/iv'^c^Vf'f"/ . 

BLOOD LEVELS IN DISEASE 
'■.-..-KP- 

An increase of bradykinin-like material (measured by bioassay 
or radioimmunoassay^. has been' reported in. the_ blood of 
patients affected by the dumping syndrome, postgastrectomy 
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Summary 

BACKGROUND We have analysed the distribution of the five somatostatin receptors (sstl-5) by 

immunohistochemistry in a large retrospective series of 51 medullary carcinoma of the thyroid 

(MCT) specimens and correlated the pattern of sst expression with expression of somatostatin 

(SRIF) peptide, tumor pathology and clinical outcome. 

MEASUREMENTS Immunohistochemistry was performed with rabbit polyclonal antipeptide 

antibodies directed against the extracellular domains or cytoplasmic tail of human (h) sstl-5. SRIF 

immunoreactivity was investigated in parallel paraffin sections. 

RESULTS 85% of the tumors were positive for one or more sst, localized to both tumor cells as 

well as surrounding peritumoral structures, especially blood vessels. 49% of the tumors were 

positive for sstl, 43% for sst2, 47% for sst3, 4% for sst4, and 57% for sst5. 51% of tumors 

expressed one or two sst subtypes; 33% were positive for three or more sst isoforms. All five sst 

receptors were detected in only two cases. Tumors expressing octreotide sensitive subtypes 

(sst2,3,5) accounted for 75% of the series. 50% of the tumors coexpressed SRIF suggesting tumor 

cell regulation by endogenous SRIF via paracrine/autocrine circuits. There was no correlation 

between sstl-5 expression and age, sex, tumor size or stage, histological type or clinical outcome. 

Simultaneous analysis of primary tumor and lymph node metastases revealed a similar pattern of sst 

immunoreactivity indicating that sst expression is not modified in the course of disease progression. 

CONCLUSIONS     With the exception of sst4, MCT display a rich but heterogeneous expression of 



sst subtypes. Immunohistochemical typing of sst receptor expression using specific antireceptor 

antibodies represents an ideal approach for characterizing sst subtype expression in MCT for 

optimizing receptor targeted diagnosis and therapy with SRIF analogs. 

Medullary carcinoma of the thyroid (MCT) accounts for approximately 5% of all primary 

thyroid malignancies (Saad et al, 1984). The tumours arise from parafollicular calcitonin-producing 

cells (C-cells) and are related to carcinoid, pheochromocytoma and islet cell tumours whose 

progenitor cells form part of the diffuse neuroendocrine system. The peptide somatostatin (SRIF) 

is co-produced by a subset of normal human parafollicular cells whereas other C cells contain 

calcitonin alone (Van Noordan et al, 1977; Yamada et al, 1977). It is thus not surprising that many 

medullary thyroid carcinomas secrete SRIF which may be released directly into the circulation and 

which can serve as a circulating tumour marker. Furthermore, injections of SRIF inhibit calcitonin 

release suggesting that SRIF that is endogenously produced in the thyroid may act locally as a 

paracrine/autocrine regulator of C-cells (Linehan etal, 1979). Somatostatin-positive MCT are 

associated with a favourable prognosis. Other markers have also been identified in MCT and include 

Carcinoembryonic antigen (CEA), Chromogranin A and various other hormonal peptides which are 

focally expressed by tumour cells (Schroder et al, 1992; Papotti et al, 1996). 

Somatostatin blocks hormonal and exocrine secretion from many tissues and inhibits cell 

proliferation (Reichlin, 1983; Patel, 1999). These actions are mediated via a family of seven 

transmembrane domain G-protein coupled receptors with 5 molecular subtypes termed sstl-5 (Patel, 

1999; Patel, 1997). These receptors are widely distributed in normal human tissues, typically as a 

multiple subtypes that coexist in the same cell (Patel, 1999; Patel, 1997; Kumar et al, 1999; Patel 

et al, 1994). The majority of human tumours, either benign or malignant are also generally positive 

for sst receptors featuring more than one isotype (Patel, 1997). These include functioning and non- 

functioning pituitary tumours, carcinoid tumours, islet cell tumours, thyroid carcinoma, 

pheochromocytoma, breast carcinoma, renal carcinoma, prostate carcinoma, meningioma, and 



glioma (Patel, 1997). The general pattern of sst expression in these tumours suggests a very high 

frequency of sst 2mRNA in all tumours. mRNA for sstl is also very abundant followed by sst 3 and 

4. Expression of sst5 appears to be tumour specific. 

Expression of sst receptors in MCT has been investigated by several different techniques 

(Reubi et al, 1987; Reubi et al, 1991; Lamberts et al, 1991; Kwekkeboom et al, 1993; Kurtaran 

et al, 1996; Obyrne et al, 1996; Behr et al, 1997; Tisell et al, 1997; Mato et al, 1998). The earliest 

report was based on binding analysis and failed to identify sst receptors in the few cases tested 

(Reubi et al, 1987). A subsequent larger series showed a heterogenous distribution of SRIF binding 

sites in 8/19 cases as revealed by autoradiography (Reubi et al, 1991). A much higher proportion 

of primary and metastatic MCT have been shown to be positive for sst receptors by in vivo receptor 

scintigraphy with indium labelled octreotide. (Lamberts et al, 1991; Kwekkeboom et al, 1993; 

Kurtaran et al, 1996; Obyrne et al, 1996; Behr et al, 1997; Tisell et al, 1997). These types of in 

vitro and in vivo binding studies using labelled SRIF (which binds all five sst subtypes), or octreotide 

(which binds sst subtypes 2, 3, 5), however, cannot determine tumour expression of specific sst 

subtypes.In an attempt to characterize sst subtype expression, Mato et al analysed 14 cases of MCT 

for sst 1-5 mRNA by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and found sst 

mRNA expression in 12 of the 14 tumours (Mato et al, 1998). Although RT-PCR is a sensitive 

technique, capable of elucidating sst subtype expression, it is based on mRNA analysis which may 

not necessarily correlate with receptor protein expression. Furthermore, this method cannot 

determine the cellular and subcellular pattern of sst expression. Since there are no subtype-specific 

radio ligands currently available for quantifying individual receptor populations, we have resorted 

to irnmunohistochemistry using a panel of polyclonal antipeptide antibodies against human (h) sstl -5 

that we have developed. (Kumar et al, 1999; Kumar et al, 1997). Here we have characterized the 

distribution of all 5 sst receptors by irnmunohistochemistry in 51 MCT tumours and correlated their 

pattern of expression with the expression of SRIF peptide, clinical pathological parameters, and 

clinical outcome. 
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Materials and Methods 

Tumors 

51 cases of MCT encountered between 1974-1997 in which residual paraffin blocks were 

available for further sectioning, were retrieved from the pathology files of the University of Turin. 

All cases where reviewed and the final diagnosis was confirmed either on morphological grounds 

or on immunohistochemical findings (Calcitonin and chromogranin A positive; thyroglobulin 

negative). A representative block of each tumor was selected for immunohistochemical analysis. 

Clinical Pathological Data 

The 51 cases comprised 20 males and 31 females with a mean age of 49 years (median age 

50) (Table 1). Eight cases were hereditary in the setting of MEN2A- or MEN2B-affected families, 

and the remaining 43 were apparently sporadic tumours. In five cases, cervical lymph node 

metastases were studied in parallel. Clinico-pathological data were available in 46 cases (5 cases 

were lost to follow-up) and included tumor size, tumor stage, disease progression, current status and 

outcome. Mean tumor size was 3.3cm. Three cases had extrathyroidal involvement at surgery (Stage 

pT4). Cervical lymph node metastases were found at operation in 25/45 (55.5%) of patients in whom 

node dissection was performed. 12 patients developed local recurrences or lymph node metastases 

or distant spread 1 to 12 years after diagnosis. Excluding the 2 cases of postoperative death, and the 

5 patients lost to follow up, 23 are currently alive and free of disease 1-17 years after operation and 

the remaining 21 /44 are either alive with disease progression or have died from their disease 1- 27 

years after surgery. 

Antibodies to sstl-5 

Antipeptide rabbit polyclonal antibodies specific for sstl-5 were produced and characterized 

as described elsewhere (Kumar et al, 1999; Kumar et ah, 1997). Synthetic oligopeptides 

corresponding to deduced sequences in the amino terminal segment or extracellular loop 3 or 

cytoplasmic tail of human (h) sstl-5 were conjugated to keyhole limpet haemocyanin with 

glutaraldehyde. Rabbits were immunized and the resulting antisera characterized by the ability to 

inhibit [125I LTT] SRIF-28 binding to membrane sst receptors, by immunocytochemistry of stable 



CH0-K1 cell individually transfected with hsstl-5, and by western blot analysis. 

Immunohistochemistry 

5uM thick sections were collected onto poly-L-lysine-coated slides and processed for 

immunohistochemistry. Sections were incubated with hsstl-5 primary antibodies (diluted 1/200 

overnight at room temperature). Somatostatin was detected using a commercially available antibody 

(Oxford Biomarketing, Oxford UK) incubated at 1:3000 dilution for 2h at room temperature after 

antigen retrieval using 3-minute passages in microwave oven in citrate buffer pH 6.0. After 

successive washes in Tris-buffered saline, sections were incubated with goat anti-rabbit secondary 

antibody at room temperature followed by exposure to peroxidase-labelled streptavidin (LSAB2, 

Dako, Glostrup, Denmark). Diaminobenzidine served as substrate for the peroxidase reaction. Nuclei 

were either unstained or lightly counterstained with hemalum. Controls used to validate the 

specificity of the sst immunoreactivity included pre-immune serum in place of primary antibody and 

antibody absorbed with excess antigen. (Kumar et al.; 1999; Kumar et ah, 1997). 

Data Analysis 

Statistical analysis was performed using the chi-square test. 

Results 

Immunohistochemistry 

The results of the immunohistochemical analysis of SRIF and sstl-5 are summarized in Table 

1. Immunoreactivity for sstl-5 was identified in 27, 22, 24, 2, and 29 of the 51 MCT tumors 

respectively corresponding to a positivity rate of 49% for sstl, 43% for sst2,47% for sst3, 4% for 

sst4, and 57% for sst5. Overall 43 out of 51 (84%) of MCT tumors were positive for at least one sst 

subtype, 51% of tumors expressed one or two sst subtypes and a third (33.3%) were positive for 

three or more sst isoforms. All five sst receptors were detected in 2 cases only. Tumors expressing 

octreotide sensitive subtypes (sst2, 3, 5) accounted for 38/51 (75%) of the series. 

In positive cases, sstl-5 immunostaining was present in 20-80% of the neoplastic cell 
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population and was localized predominantly to the plasma membrane and variably within the 

cytoplasm (Fig. la,b,d,e,g,i). One third of the cases had limited tumor clusters or single cells reactive 

only (approximately 5-10% of the tumor) and were labelled as "focal positive". The 

immunoreactivity observed in each case was specific and was not seen in control sections stained 

with pre-immune sera or with antigen absorbed antibody. (Fig.lf,h). In cases expressing more than 

one sst subtype, the spatial distribution of the individual types in the tumor cells overlapped partially 

only (Fig. 2a-d). While some areas of the same tumor nests were positive for all of the sst subtypes 

expressed by the given tumor, this was not the case in the majority of MCT which displayed a 

heterogenous pattern of distribution of the various sst subtypes. Peritumoral thyroid tissue was 

generally negative for sst expression. In capsular or stromal tissues, blood vessel walls, especially 

smooth muscle cells were immunostained by antibodies to sstl and sst2 and there was focal 

expression of sst3 and sst5 (Fig. ld,e). The pattern of expression of sst subtypes in the five cases of 

lymph node metastases that were studied, revealed a similar receptor profile to that of the 

corresponding primary tumors. 

Expression ofSRIF 

Serial tumor sections were immunostained for SRIF and showed 50% of cases (25/51) to be 

positive (Table 2). Immunoreactive SRTF was usually confined to a small subset (5-10%) of tumor 

cells (Fig. 2e-h). A comparison of the expression of sstl-5 with that of SRIF showed that of the 25 

cases positive for SRIF, 21 also expressed at least 1 sst type and 10 were reactive for 3 or more ssts 

(Table 2). SRIF expression however was positive in 4 of the 6 tumors that lacked any sst receptors. 

No significant association of SRIF expression with any particular sst type was observed. Likewise 

a comparison of sst expression with clinical or pathological parameters revealed no significant 

correlation with sex, age, family history, tumor size or stage, clinical evolution, or outcome. In 

addition SRIF expression was not significantly associated with a favourable prognosis. 

Discussion 

The present study represents the first immunohistochemical localization of all 5 sst receptors 

in human MCT. We show that 85% of tumors express sst receptors, which are localized to both 



tumor cells as well as surrounding peritumoral structures especially blood vessels. Two thirds of the 

tumors express more than one sst subtype and half the tumors are also positive for SRIF. sst5, sstl, 

sst3 and sst2 are frequently expressed subtypes occurring in 40-60% of tumors whereas sst4 is 

virtually undetectable. 

To date, sst expression in MCT has been evaluated by binding assays using non-selective 

radioligands such as [I25I]LTT SRIF-28 (which binds all 5 sst subtypes) and [125I] Tyr'-octreotide 

(which binds sst2,3, 5 but not sstl and sst4) or by RT-PCR and in situ hybridization which detects 

sst mRNA but not sst-protein (Reubi et al, 1987; Reubi et al, 1991; Mato et al, 1998; Reubi et al, 

1994). Furthermore with the possible exception of in situ hybridization, none of these procedures 

can map the cellular distribution of the various sst subtypes. Immunohistochemistry thus is clearly 

the method of choice for characterizing sst subtype expression in MCT and other tumors, but is 

dependent on the availability of specific antireceptor antibodies. Several groups have now produced 

polyclonal antibodies to one or more' sst subtypes and used them successfully in 

immunocytochemistry (Kumar et al., 1999; Patel et al., 1994; Hunyady et al., 1997; Helboe et al., 

1997; Schindler et al., 1997; Janson et al, 1998; Khare et al, 1999). Our panel of antibodies against 

all 5 sst subtypes has been validated by western blots and used successfully to localize sstl-5 

antigens at cellular and subcellular levels by fluorescence or peroxidase immunocytochemistry in 

human ilets, rat pituitary and aorta, in tumor cell lines, and in cells transfected with sst genes (Kumar 

et al, 1999; Patel et al, 1994; Kumar et al, 1997; Khare et al, 1999). 

Because our study was carried retrospectively on fixed paraffin embedded tissue which is not 

optimal for mRNA analysis, and because of the limited availability of matching frozen specimens 

of MCT tumors, it was not possible to analyse sst expression at both protein and mRNA levels in 

this series. However a recent report by Mato et al described the pattern of expression of sstl-5 

mRNA by RT-PCR in 14 MCT tumors and found expression of sstl, 2, 3 and 5 in 28%, 79%, 36% 

and 64% of cases respectively, whereas sst4 was absent (Mato et al, 1998). Except for a slightly 

higher incidence of sstl and a lower incidence of sst2, our results generally show good agreement 

suggesting that sst mRNA in these tumors can serve as an index of sst protein expression. 65% of 
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the tumors in our series were positive for one or more of the sst subtypes 2, 3, 5 which binds to 

octreotide. This is in close agreement with the results of somatostatin receptor scanning in patients 

with MCT using Indium-octreotide which has shown positive tumor uptake in 58-72% of cases 

(Lamberts et al, 1991; Kwekkeboom et al, 1993; Kurtaran et al, 1996; Obyrne et al, 1996; Behr 

et al, 1997;Tisell et al, 1997). Four of the tumors in our series expressed solely the sstl subtype 

which would not be detected by receptor scans using octreotide-based radionuclides. Furthermore 

sstl was an abundant subtype in half the tumors where it was expressed with additional subtypes. 

This means that the sensitivity of current somatostatin receptor scans could be improved with radio- 

ligands with a broader specificity to include sstl in addition to sst2, 3,5. Besides MCT, cell lines 

derived from papillary, follicular and anaplastic thyroid carcinoma have been reported to show sst 

mRNA expression as analysed by RT-PCR (Ain et al, 1997). However the pattern of sst subtype 

expression is different from that in MCT with preferential expression of subtypes 3 and 5, weak 

expression of sstl and sst2 and virtual absence sst4. 

Although SRTF is a normal constituent of a subset of calcitonin producing cells, the peptide 

has been variably localized in MCT tumors. For instance Pacini et al detected SRIF by 

immunohistochemistry in 63% of tumors and correlated its expression with a favourable prognosis 

(Pacini et al, 1991). Mato et al localized SRTF immunoreactivity in all of the 14 MCT cases, 

whereas Kwekkeboom et al localized the peptide by immunohistochemistry in only 1 of 8 tumors 

(Kwekkeboom et al, 1993; Mato et al, 1998). In our series 50% of cases displayed SRTF 

immunoreactivity in a small percentage of the neoplastic cell population. The majority of these 

cases were also positive for at least one sst subtype suggesting that endogenous sst interacts with its 

own receptors through paracrine/autocrine circuits. Contrary to the results of Pacini et al (1991) we 

found no correlation between SRIF immunoreactivity and the clinical outcome of MCT and were 

unable to confirm the reported beneficial prognostic influence of SRIF expression. 

Comparison of sst expression with clinical and pathological parameters revealed no 

correlation with age, sex, tumor size or stage. Likewise the histological type or the clinical outcome 

showed no relationship to any given sst subtype in agreement with the findings of Reubi et al (Reubi 
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et al, 1991). Simultaneous analysis of primary tumor and lymph node metastases in a small number 

of cases revealed a similar pattern of sst immunoreactivity indicating that sst expression is not 

modified in the course of disease progression. With respect to tumor grade, an earlier report (Reubi 

et al., 1991) found the presence of SRIF binding sites to be associated with well differentiated MCT. 

We could not confirm that sst expression was more common in differentiated tumors as opposed to 

diffusely growing solid and necrotic tumors. This could be because grading of MCT tumors is 

difficult and not as reliable as for other types of cancers. 

Within the normal thyroid gland, C-cells are presumed targets of SRIF action and are likely 

to be sst positive since administration of SRIF has been shown to inhibit calcitonin secretion 

(Linehan et al, 1979). We could not identify sst immunostaining of any normal C-cells in those 

sections in which there was sufficient peritumoral tissue for analysis. Although normal thyroid cells 

were reported by Ain et al (1997) to express sst3 and sst5 mRNA by RT-PCR, normal thyroid 

follicles were unreactive by immunohistochemistry in the present study. The peritumoral structures 

that were positively labelled by sst antisera were smooth muscle cells in the media of blood vessels 

which stained diffusely with anti-sstl and sst2 antibodies and focally by anti-sst3 and sst5. 

In conclusion, we have shown that like other neuroendocrine tumors, MCT is rich in sst 

receptors which were demonstrated by immunohistochemistry in 85% of tumor samples studied. 

Receptor types 1, 2, 3, and 5 are the predominant isoforms expressed, whereas sst4 is virtually 

absent. 70% of the tumors express more than one sst subtype and 50% coexpress SRIF suggesting 

tumor cell regulation by endogenous SRIF via paracrine/autocrine circuits. Immunohistochemical 

typing of sst receptor expression using specific antireceptor antibodies represents an ideal approach 

for characterizing sst subtype expression in MCT for optimising receptor targeted diagnosis and 

therapy with SRIF analogues. 
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FIGURE LEGENDS 

FIGURE 1. Representative sections of medullary thyroid carcinoma illustrating pattern of 

expression of sst protein, sst immunostaining was predominantly localized to the 

plasma membrane but was also variably observed in the cytoplasm, (a) case 7 - 

Nests of polygonal tumor cells positive for sstl at both membrane (arrowheads) and 

cytoplasmic levels, (b) case 19 - sst2 immunostaining appears mainly membranous 

in several tumor cells (arrow heads), while normal thyroid follicles are negative 

(arrow), (c) case 19 - the specificity of anti-sst2 antibody is demonstrated by 

negative staining of the same tumor region as in b immunostained with the antiserum 

preadsorbed with the immunizing peptide. (d,e) case 40 - cytoplasmic staining with 

occasional membrane reinforcement is characteristic of sst3 (arrow heads); capillary 

endothelial cells are also reactive (arrows) (f); The same tumor area as in d,e shows 

no reaction using preimmune rabbit serum, (g-j) case 40 - sst5 expression in this 

case shows preferential membrane localization (g,i) (arrowheads); control sections 

reacted with preimmune serum show no staining (h); neural thyroid thyroid follicles 

appear to be unreactive (j). Sections were processed for peroxidase 

immunocytochemistry and lightly counterstained with haemalum (a-d, f-h); 400 x 

e, i,j. 

FIGURE 2: Sections of medullary thyroid carcinoma (case 38, 42) analysed for simultaneous 

expression of sst receptors and somatostatin (SRIF). a-d. Polygonal tumor cells in 

the same tumor showing variable cytoplasmic and/or membranes (arrows) staining 

for sstl (a), sst2 (b), sst3 (c), and sst5 (d). sst4 was negative in both tumors (not 

shown). e,f In the same tumor area, a weak positivity for sst2 (e) is associated with 

the presence of SRIF (arrows) (f). g,h Case 42 illustrating diffuse localization of sst3 

(g) in a tumor area also displaying intense focal expression of SRIF (arrows) (h). 

Sections were processed for peroxidase immunocytochemistry and lightly 

counterstained with haemalum. (a-d, 1000 x); (e & f, 200 x); (g & h, 400 x). 



Table  1   

N° Sex/age Size (cm)    pT^JM H/S Rec/mts Status SRDF 
1 2 

sst status 
3       4 5 

1 F/60 5 pT4NiMo H NED 10 _ «, _ + f + f 
2 F/36 3 pT2NöMo S NED 17 - - - + f + f 
3 F/71 1.5 PT2N0M0 S DOC 12 - - +f - _ 
4 F/64 5 pT3NoMo S NED 12 - + f - + f + f 
5 F/51 3.5 pT2NoMo S NED 5 - - - - . 
6 M/20 3.5 pT2NoMo S lost - - - - + d 
7 M/68 2.5 pT2N|Mo S med, In, bone DOD8 - + d + d - . 
8 F/46 3.5 • pT2NoMo S NED 7 + + d + f - + f 
9 F/28 2 pT^NoMo H NED 6 - + d' + f - + f 
10 M/27 3 pT^NoMo H NED 15 + d - - . 
11 F/20 4.5 pT3bN,Mo S trachea, lung AWD5 - + f - - . 
12 M/47 0.5 pTib^Mo S local AWD5 - + d - - . 
13 F/64  . 3 pT2NiMo S trachea, lung AWD4 + + d + d + f    +d + d 
14 F/33 2 pT2NoMo S NED 4 + - - - . 
15 F/55 1.5 pTaNiMo S med, In DOD2 + - - + f      - + f 
16 M/74 2 pT2NoMo S DOD1 + - - + d + d 
17 F/50 3.5 pT2NoMo S NED 3 + - + d - + d    ■■■ 
18 F/60 1.5 pT3NoMo S lost - - - + d + d 
19 M/58 5 pT^Mo S DOD11 - + d + d + d + d 

.20 M/28 0.7 pTiNiMo S AWD1 - - - - + f 
21 M/32 0.7 pTibNiMo H local AWD1 - + f - - . 
22 F/51 5 pT4NiMi S lung AWD2.3 + + d + f - . 
23 M/16 2.5 pT^NiMo H AWD2 + + f - + d . 
24 M/29 4 pT2NoMo S AWD12 - + d + f + d . 
25 M/27 4 pT2NiMo S lost + - - + d + d 
lo- F/68 6 pT3NBMo S POD + - - - - 
ll F/70 2 pT3N!Mo S NED 4 + + d + d - + f 
28 M/75 4 pT2NxM, s bone DOD4 + + d + d + f    +d + d 
29 F/68 20 pT3NoMo s POD - - - - - 
30 M/68 4 pT2NiMo s NED1 + + d - - + d 
31 F/62 2 pT2NoMo s NED 8 - - - + d + d 
32 M/55 n.a. n.a. s NED 5 + + f + f - + d 
33 F/53 5 pT3N]Mo s DOD8 + + d + f - + f 
34 F/47 2.5 pT2NoMo s NED 2 + + d + f - - 
35 F/55 2.1 pT2NxMo s NED 4 - + d - + d + f 
36 M/31 2.5 pT->N]Mi s In, bone, liver DOD2 + + d - + f - 
37 F/68 1.7 pT2N,Mo H NED 1.5 - + f + d - - 
38 F/47 1.8 pT2NoMo S NED 2.5 + - + d - - 
39 F/36 3.3 pT2NoMo H liver AWD27 + - - + d + d 
40 M/62 5 pT^Mo S DOD7 + - + f + d + d 
41 F/34 4 pT2NNMo S lost - + f + d + d + d 
42 F/44 3 pT^Mo S ■    - AWD5 + + d + d + d + d 
43 M/77 8 pT3bNoMo S NED 1.5 - - - - - 
44 M/23 3.3 PT2NiMb s In, local NED1 + + d + d + d + d 
45 M/83 0.3 pT^iMo s NED1 - - - - - 
46 M/59 4 pT2NoMo s NED1 + - - - - 
47 F/46 2 pT2NiMo s NED1 + + d - + d + d 
48 F/48 0.8 pTjNxMo s lost - + d + f + d + d 
49 F/48 1.7 pT2NiMo s NED 2 - - - + d + d 
50 F/28 2 pT2NtMo H AWD 1.2 + - - - - 
51 F/32 2.5 pT2N[Mo s med, bone, 

liver, In 
AWD2 ~ ~ + f + d ■ 

\ 

Abbreviations. pTNM: pathological staging; H: hereditary; S: sporadic; Rec: recurrences; mts: metastases; SRIF: 
somatostatin; sst: somatostatin receptors; aa.: not available; med: mediastinum; In: lymph node; NED: no evidence of 
disease; DOD: died of disease; DOC: died of other causes; AWD: alive with disease; POD: post-operate death; d: 
diffuse (20-80%); f: focal (5-20%). 
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TABLE 2 

Immunohistochemical Detection of SRIF and sstl-5 in 51 Medullary Carcinomas of the 

Thyroid 

Antigen 

SRIF 

sstl 

sst2 

sst3 

sst4 

sst5 

SRIF + sst* 

Abbreviations:     SRIF, somatostatin; sst, somatostatin receptor; *, at least one sst subtype 

coexpressed with somatostatin. 

No. Positive % Positive 

25/51 49% 

25/51 49% 

22/51 43% 

24/51 47% 

2/51 4% 

29/51 57%« 

21/51 41% 
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would yield proteins of 13. 11, or 6 kD. Proteins of 11 and 6 kD size are seen by 
Western blot: Bax N-terminal antibodies detected no protein, consistent with an 
alternate translation start. BAXb"was TA-cloned into a vector containing Lac 
promoter: 100% of colonies contained insert in antisense orientation, suggesting 
BAXCmay select against E.coli growth. Evidence that BAXCpromotes cell death 
includes (1) stable transfectants could not be established and (2) increased cell 
death followed transient transfection of A2780 and Cos-7 cell lines. Confocal 
microscopy data on co-localization of a BAXt"-GFP (Green Fluorescent Protein) 
fusion construct with MitoTracker Red dye and with BAXa-fusion protein are 
pending. Thus, BAXCpromotes cell death despite absence of the BH3 domain: its 
cellular localization and potential interactions with Baxaremain to be defined 
(SupportACS RPG9806101-CCE). 

#982 PORE-FORMING ABILITY OF CLEAVED BCL-2 RELEASES HEMO- 
GLOBIN FROM SHEEP RED BLOOD CELLS. Catheryne Chen, and B. Chen, 
Wayne State Sen of Medicine, Detroit, Ml 

Ecl-2 family proteins are thought to control the opening of the permeability pore 
on mitochondria and facilitate the release of cytochrome c. We showed recently 
that Z-LLL-CHO, a reversible proteasome inhibitor, is a potent inducer of apo- 
ptosis in human THP-1 leukemia cells. Apoptosis induced by Z-LLL-CHO is 
mediated through a cytochrome c-dependent pathway, which results in the 
activation of caspase-9 and -3 and the cleavage of mitochondrial Ecl-2 into a 
shortened fragment, Bc!-2/A34. The role of Ecl-2/A34 fragment in regulating 
cytochrome c release was investigated. Results from cell fractionation and im- 
munoblot analyses showed that Ecl-2 and Ec!-2/A34 are located on the mito- 
chondria of THP-1 cells. Treatment of isolated mitochondria with recombinant 
caspase-3 induced the same cleavage of Bcl-2 in vitro and caused the release of 
cytochrome c from mitochondria. The pore-fcrming ability of Bcl-2/A34 was 
examined using sheep red blcod cells (REC) with in vitro translated Bc!-2/A34. 
Bcl-2/A34 fragment protein, generated from in vitro translation, was relocated 
rapidly to sheep RBC and. in the presence of anti-Bcl-2 antibodies, triggered a 
rapid release of hemoglobin from REC. Treatment of sheep REC with anti-Ecl-2 
antibodies alone did not trigger hemoglobin release. Our results suggest that. 
upon "enforced dimerization," Ecl-2/A34 fragment can form pores in membranes 
and contribute to the release of cytochrome c in apoptosis. 

#983 PROTEASOME-MEDIATED DOWNREGULATION OF PHOSPHORY- 
LATED BCL2 -A KEY REGULATOR FOR ANTI-APOPTOTIC FUNCTION OF 
NATIVE BCL2? Aruna Easu. Sun Ah Ycu. and Subrata Haldar. Ireland Cancer Cir. 
Metro Health/ Case Western Reser/e Univ. Cleveland, OH, and P.ammelkarr.o Ctr 
For Edu & Res 

The oncogene derived protein Ec!2 and its family members such as Eci-xL. 
Mcl-1 can confer negative control in the pathway of cellular suicide machinery. 
The reversible phosphor/lation of the components in the apoptotic-signaiing 
pathway is likely to be an important regulatory mechanism to central the'fate of 
a ceil. Phosphorylaticn of anti -apoptotic proteins such as Ec!2. Ecl-xL cr Mcl-1 
can regulate their function depending on the apoptotic trigger or cell type. Studies 
reported here document the ability cf cantharidin, a highly potent Group 2A 
phosphatase (PP2A) inhibitor to trigger phcsphcr/laticn of Ec!2 in a pane! cf 
cancer cells. Due to cantharidin exposure, phosphorylated Ecl2 is either cleaved 
to a 22 kDa fragment or completely down regulated depending on cell type. 
Interestingly, by site directed mutacenesis. we confirm that Bc!2 phosphcrylaticn 
precedes its cleavage. Further studies reveal that degradation of phospho Ecl2 is 
mediated by proteasomes. Proteasome -mediated phospho Ecl2 cleavage pre- 
dominantly occurs at G0-G1-S phase of cell cycle. Interestingly, while accumu- 
lation of phosphoforms cf Ec!2 prcmotes death advantage to cancer cells, its 
downregulation by proteasome might render native Ecl2 (ncn phospho fcrms) to 
exert anti-apoptotic function. 

#984 GENOMIC ORGANIZATION AND EVOLUTIONARY CONSERVATION 
OF MCL-1, AN ANTIAPOPTOTIC BCL-2 FAMILY GENE. Chandra P Leo, S. Y 
Hsu. and A. J W Hsueh, Stanford Univ Med Ctr, Stanford, CA, and Univ of Leipzig, 
Leipzig, Germany 

Mcl-1 (Myeloid cell leukemia-,1) is an antiapoptotic member of the Bc!-2 family 
and has been implicated in the pathobiology of different human neoplasms. In the 
present study, we determined the genomic organization of the human Mcl-1 locus 
and identified two previously unknown Mcl-1 ortholcgs. The human Mcl-1 protein 
is encoded by three exons, separated by two introns of 0.35 kbp and >1.0 kbp 
size, respectively. We compared the genomic structure of Mcl-1 with that of other 
mammalian Bcl-2-related genes. This analysis revealed that the localization of 
introns with respect to nucleotide sequences encoding the functionally critical EH 
(Bcl-2 homology).) domains is partially conserved between Mcl-1 and other 
antiapoptotic Bcl-2 family members. These findings suggest their possible deri- 
vation from a common evolutionary ancestor. In order to further explore the 
evolution of the Mcl-1 gene, we searched for novel Mcl-1 ortholcgs in other 
species. Ey performing yeast-two hybrid screenings and homology searches in 
public databases, we identified two previously unknown Mcl-1-homolcccus 
cDMA sequences in rat and zebrafish. The deduced rat Mcl-1 amino acid" se- 
quence is 73% identical with the human Mcl-1 protein, including a complete 
conservation of the Ecl-2 hcmolcgy domains EH1. EH2 and BH3 äs well as the 
transmembrane region. The zebrafish sequence represents the first Bcl-2 family 
gene described in teleosts. its closest homolog among mammalian Ecl-2 family 

members being Mcl-1. A comprehensive analysis of the new Mcl-1 homoloc- 
those in other species showed a number of universally conserved residue- 
may therefore lead to the identification of new structural features imoortant f 
function of Mcl-1. 

#985 A ROLE FOR PROTEIN KINASE C IN PHOSPHORYLATION 
INACTIVATION OF THE DEATH AGONIST BAD. Xianjun Fang, Shuanqxir 
and Gordon B Mills. MD Anderson Cancer Ctr, Houston, TX ' 

BAD. a distant member of the Bcl-2 family, exerts'its proapoptotic 
through forming heterodimer with Bcl-2 and Bcl-XL. The function of B' 
regulated, in part, by phosphorylation of Serine-112 (S-112) and Sehne 
(S-136). Phosphorylation at either site induces dissociation of BAD from Bel-' 
Bcl-XL and translocation to the cytosol where it binds to 14-3-3. A numb" 
signaling molecules including Akt/PKB, PKA and MAPK have been implicat 
BAD phosphorylation. Here we describe an essential role for protein kins- 
(PKC) activity in the regulation of BAD phosphorylation. In HEK 293 and 3T3 - 
phosphorylation of BAD at S-112 and S-136 is differentially stimulated by arc 
or survival factors, suggesting that multiple signaling pathways are involved ir 
regulation of BAD phosphorylation. Growth/survival factor-induced phospho 
tion of BAD, particularly at the S-112 site, is highly sensitive to PKC inhib- 
Bisindolymaleimide I and Ro-31-8220. Activation of PKC by treatment of cult 
cells with TPA is sufficient to induce BAD phosphorylation at both sites, pa' 
ularly at S-112. A mutant platelet-derived growth factor receotor that retain' 
ability to activate the PLC-PKC signaling pathway, with all other known sign; 
functions inactivated, retains the ability to stimulate BAD phcsphorylafc 
S-112. Furthermore. PKC inhibitors enhance EAD-induced accotosis in tr: 
fected cells. These results collectively indicate a rele for PKC in phosphor/la 
and function of the death molecule BAD. 

#986 BCL-XS INDUCES CYTOCHROME C RELEASE, REDISTRIBUTi 
OF AIF, AND UNIQUE CHANGES IN CHROMATIN STRUCTURE WITHC 
CASPASE ACTIVATION IN 3T3 CELLS. Jordan S Fridman. Santos A SL 
Guido Kroemer. and Jonathan Maybaum. Ctr National de la Research Seien: 
Villejuif, France, and Univ of Michigan, Ann Arbor. Ml 

Expression of bcl-XS in 3T3 cells (using a tetracycline-regulated retro1, 
expression system) induces cell death without requiring or activating caspas 
Upon expression of bcl-XS the mitochondria lose their membrane potential (A1! 
and the cristae swell, becoming unfolded and disorganized. Furthermore, c. 
chrome c is released into the cytosol (without detectable caspase activation) 'a 
the mitochondrial intra-membrane protein AIF (acoptosis inducing factor) rec 
tributes in the cell, but not into the nucleus. Even in the absence cf AIF entry i; 
the nucleus, the nuclear chromatin (upon expression of bcl-XS) condenses ir 
large clumps but does not form organized crescents about the nuclear periphe 
as is the case upen induction of caspases and acoptosis by addition of anti-F 
antibody and actinomycin D. These changes in chromatin structure also oc: 
without detectable cleavage of 0FF45;ICAD. This ceil death pathway is unique 
that a pro-death bcl-2 family member kills without induction of caspases (up 
release of cytcchrcme c) and with morphological changes to the nucleus that a 
unique from caspase-mediated changes in Fas/Act D treated cells. Tnese alt 
ations are not accounted for by activaticn of DFF4C/CAD (by cleavage of DFF- 
ICAD) or by translocation of AIF to the nucleus and may represent a nc 
pathway of programmed cell death. 

#987 SHP-1-DEPENDENT, CASPASE-3-MEDIATED, ACIDIFICATION AN 
APOPTOSIS ARE NOT DEPENDENT ON MITOCHONDRIAL DYSFUNCTIC 
Danni Liu, Giovanni Martino, Muthusamy Thangaraju, Monika Sharma, Fav.. 
Halwani, Shi-Hsiang Shen, Yogesh C Patel. and Ccirribatcre B Srikant. Mayo C 
&Fdn. Rochester, MN, McGillUniv, Montreal, FQ. Canada. McGill Univ and Rc: 

Victoria Hosp. Montreal. PQ. Canada, and NRC Eictech Res Institute, Montrs 
PQ, Canada 

Activation of initiator and effector caspases. and mitochondrial changes C" 
involve a reduction in its membrane potential and release of cytochrome c (cy! 
into the cytosol. are characteristic features of apoptosis. These changes '- 
associated with cell acidification in some models of apoptcsis. The hierarchic 
relationship between the activation of the initiator and effector caspases, rn- 
chondrial dysfunction and acidification has. however, not been deciphered. '.'• 
have shown that somatostatin (SST), acting via the sre homology 2 beam 
tyrcsine phosphatase SHP-1, induces acidification and apoptosis in HTS-- 
clone of MCF-7 cells (Thangaraju et al., J. Biol. Chem.274: 29549-29555. 1SS; 
We have now invetigated the temporal sequence of apoptotic events linlc' 
caspase activation, acidification and mitochondrial dysfunction and the effects 
the proton ionophcre nigericin-induced pH clamping and cell permeable '= 
rapeptide aldehyde inhibitors of specific caspases in this system. We report he- 

that (i) SHP-1-mediated caspase-8 activaticn is required for intracellular acic' 
cation.(ii) decrease in pH is necessary fcr the activaticn of the effector caspas; 
(iii) the reduction in mitochondrial membrane potential, cyt c release 2" 
caspase-9 activation occur distal to SST-induced acidification, and liv) depie'-- 
of ATP ablates SST-induced cyt c release and casoase-9 activaticn. but net '_ 
ability to induce effector caspases and apoptosis. These data reveal that S-' 
1-/caspase-8-mediated acidification occurs at a site other than the mitcch;' 
drion and that SST-induced apoptosis is not dependent en the disrupts 
mitochondrial function and caspase-9 activation. 
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APOPTOTIC SIGNALLING BY SOMATOSTATIN RECEPTOR TYPE 3 (SSTR3) 
REQUIRES MOLECULAR SIGNALS IN THE RECEPTOR C-TAIL 

Y.C. Patel, M. Rocheville, L. Seeman, R. Sasi, C.B. Srikant, S. Khare, M. Chan, and 
    -   U.Kumar           

Fräser Laboratories, Departments of Medicine and Neurology and Neurosurgery, Royal 
Victoria Hospital and Montreal Neurological Institute, Montreal, Quebec H3A 1 Al 

_  yogesh.patel@muhc.mcgill.ca 

Somatostatin (SST) acts through five G protein coupled receptors (SSTR1-5) to inhibit 
proliferation of normal and tumor cells. Breast cancers are rich in SSTRs and may be 
amenable to treatment with selective SST compounds. In 98 primary ductal NOS tumors, we 
found expression of mRNA for SSTR1,2,3,4,5 by RT-PCR in 91%, 96%, 98%, 76%, and 
54% respectively. In CHO cells individually transfected with SSTR1-5, we have previously 
reported that activation of SSTR1,2,4,5 induces cell cycle arrest (SSTR5 > 2 > 4 > 1) whereas 
SSTR3 uniquely triggers apoptosis. Complementary experiments to test the effect of 
antisense blockade of individual endogenous SSTRs on cell proliferation of MCF7 cells 
(which express SS/TR1,2,3,5) confirmed the relatively high potency of SSTR3 and SSTR5 
in inducing antiproliferation. Treatment with selective nonpeptide agonists for SSTR1-5 
(provided by Merck) documented the potent effect of the SSTR3 selective agonist L-796778 
in inducing apoptosis. To characterize the structural determinants of SSTR3-dependent 
apoptosis, we conducted mutational analysis of the role of the cytoplasmic C-tail of hSSTR3 
in inducing apoptosis with the following mutants: (i) deletion of the hSSTR3 C-tail (AC-tail); 
(ii) introduction of a palmitoylation motif in hSSTR3 C-tail (P6). SSTR3 is the only SSTR 
whose C-tail does not possess a palmitoylation anchor shown in other receptors to be 
important in receptor function; (iii) chimeric hSSTR3/hSSTR5 receptor substituting the C-tail 
domain of hSSTR3 with that of hSSTR5 (C4). Wild type (wt) and mutant SSTR3 were stably 
expressed in HEK cells cultured with or without SST-14 (1 uM). Cell numbers and apoptosis 
were monitored by MTT and TUNEL assays respectively. Compared to nontransfected HEK 
cells, wt hSSTR3 cells treated with SST-14 showed 56 ± 8% inhibition of cell growth at day 
4. The AC-tail and P6 mutants displayed marked attenuation of the ability to inhibit SST-14- 
induced cell growth (39 ± 12% and 27 ± 8% respectively of the maximum response of wt 
hSSTR3). Deletion of the C-tail of hSSTR3 (A C-tail) or substitution of hSSTR3 C-tail with 
that of hSSTR5 (C4) abrogated the cytotoxic property of hSSTR3. Conclusions: SST inhibits 
proliferation of breast tumor cells via multiple SSTRs. SSTR3 and SSTR5 are the principal 
antiproliferative subtypes and differentially induce apoptosis (SSTR3) or cytostasis (SSTR5). 
Apoptotic signalling by SSTR3 requires molecular signals in the receptor C-tail. 

The U.S. Army Medical Research and Material Command under DAMD17-96-1-6189 
supported this work. 
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hSSTR SUBTYPE-SELECTIVITY FOR CYTOTOXIC AND CYTOSTATIC 
ANTIPROLIFERATIVE SIGNALING 

C.B. Srikant, K. Sharma, M. Thangaraju, D. Liu, Y.C. Patel and S-H. Shen 

Fräser Laboratories, Department of Medicine, McGill University and 
Royal Victoria Hospital, Montreal, Quebec, Canada H3A 1 Al 
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Somatostatin (SST) is a pluripotent hormone that regulates cell proliferation not only by 
suppressing the secretion of mitogenic hormones but also by inhibiting their actions. SST 
analogs exert cytotoxic action and induce apoptosis in estrogen-sensitive, but not estrogen- 
insensitive, breast cancer cells. In tumors arising in other sites such as the pituitary, its 
growth inhibitory action is cytostatic and elicits cell cycle arrest, but not apoptosis. Such 
diverse effects may be due to the heterogeneity of expression of the five SST receptors 
(SSTR) and signaling pathways in tumor cells. Cytostasis, which predominantly triggers 
G, cell cycle arrest, can be caused by the retinoblastoma gene product Rb, the tumor sup- 
pressor protein p53 or the proto-oncogene product c-Myc. p53 and c-Myc inhibit cell cycle 
progression in presence of growth factors, but promote apoptosis in their absence. p53 
induced G, arrest requires induction of cyclin-dependent kinase inhibitor p21Wafl/Cipl 

whereas apoptosis requires induction of Bax. In order to define the molecular mediators 
that regulate cytotoxic and cytostatic actions of SST, we investigated the involvement of 
these cell cycle modulators in SSTR subtype-selective antiproliferative signaling in CHO- 
Kl cells stably expressing individual hSSTRs 1-5. Our findings have demonstrated that 
apoptosis is signaled uniquely through hSSTR3 and is associated with the induction of wt 
p53 and Bax. Induction of wt p53 by SST occurs rapidly and precedes the onset of apopto- 
sis, is not associated with induction of p21Wafl/cipl or c-Myc and does not invoke G, arrest. 
Moreover, hSSTR3-signaled apoptosis was associated with caspase-8-mediated intracellu- 
lar acidification since prevention of acidification by pH clamping blocked SST-induced 
apoptosis, but not caspase-8 activation. By contrast, acting via the other four hSSTRs, SST 
induced Rb in its hypophosphorylated form and triggered G! arrest. The relative efficacy of 
these receptors to initiate cytostatic signaling was hSSTR5>hSSTR2>hSSTR4~hSSTRl. A 
marginal increase in p21Wafl/cipl was also observed in hSSTR5 expressing cells. hSSTR3- 
mediated cytotoxic and hSSTR5-medited cytostatic actions of SST are tyrosine phospha- 
tase SHP-1-mediated suggesting that diversification of subtype-selective signaling occurs 
distal to SHP-1. C-tail truncation mutants of hSSTR5 displayed progressive loss of anti- 
proliferative signaling proportional to the length of deletion. These novel findings provide 
a rational basis for exploiting the cytotoxic and cytostatic actions of SSTR subtype- 
selective agonists in cancer therapy. 
The U.S. Army Medical Research and Materiel Command under DAMD17-96-1-6189 
supported this work. 
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APOPTOTIC SIGNALLING BY SOMATOSTATIN RECEPTOR TYPE 3 
(SSTR3) REQUIRES MOLECULAR SIGNALS IN THE RECEPTOR C- 
TAIL. 
M Rocheville '*, U Kumar ', L Semaan \ R Sasi', C B Srikant', S Khare ', M 
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of Medicine & Pharmacology and Therapeutics, McGill University & Royal 
Victoria Hospital, Montreal, Quebec, Canada. 

Somatostatin (SST) acts through a family of five G protein coupled receptors 
(SSTR1-5) to inhibit the proliferation of normal and tumour cells. In CHO-K1 cells 
individually transfected with SSTR1-5, we have previously reported that activation 
of SSTR1,2,4,5 induces cell cycle arrest (SSTR5 > 2 > 4 > 1) whereas SSTR3 
uniquely triggers apoptosis. Complementary experiments to test the effect of 
antisense blockade of individual endogenous SSTRs on cell proliferation of MCF7 
breast cancer cells (which express SSTR1,2,3,5) confirmed the relatively high 
potency of SSTR3 and SSTR5 in inducing antiproliferation. Treatment with 
selective nonpeptide agonists for SSTR1-5 (provided by Merck) documented the 
potent effect of the SSTR3-selective agonist L-796778 in inducing apoptosis. To 
characterize the structural determinants of SSTR3-dependent apoptosis, we 
conducted mutational analysis of the role of the cytoplasmic C-tail of hSSTR3 in 
inducing apoptosis with the following mutants: (i) deletion of the hSSTR3 C-tail 
(R3A C-tail); (ii) introduction of a palmitoylation motif in hSSTR3 C-tail (Palm R3) 
. SSTR3 is the only SSTR whose C-tail does not possess a palmitoylation anchor 
shown in other receptors to be important in receptor function, (iii) Chimeric 
hSSTR3/hSSTR5 receptor substituting the C-tail domain of hSSTR3 with that of 
hSSTR5 (R3/R5-C-tail chimera). Wild type (wt) and mutant SSTR3 were stably 
expressed in HEK cells cultured with or without SST-14 (1 uM). Cell numbers were 
monitored by MTT assay and apoptosis by TUNEL and HOECHST assays. Like wt 
hSSTR3, the mutant receptors were functionally coupled to inhibition of adenylyl 
cyclase measured as dose-dependent inhibition of forskolin-stimulated cAMP by 
SST-14. Maximum cAMP inhibition at 1 uM SST-14 was 45 + 2% for wt hSSTR3, 
50 ±3% for R3-A-C-tail, 23 +_4% for Palm R3, 63 + 4% for R3/R5-C-tail chimera. 
Compared to nontransfected HEK cells, wt hSSTR3 cells treated with SST-14 
showed 56 +_8% inhibition of cell growth at day 4. TUNEL and HOECHST assays 
at day 2 revealed 20-30% apoptotic cells. The R3A-C-tail and Palm R3 mutants 
displayed marked attenuation of the ability to inhibit SST-14 induced cell growth 
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(39 ± 12% and 27 ± 8% respectively of the maximum response of vvt hSSTR3). 
Deletion of the C-tail of hSSTR3 (R3A C-tail) or substitution of hSSTR3 C-tail with 
that of hSSR5 (R3/R5-C-tail chimera) abrogated the cytotoxic property of hSSTR3. 
Conclusions: SSTR3 and SSTR5 are the principal antiproliferative subtypes and 
differentially induce apoptosis (SSTR3) or cytostasis (SSTR5). Apoptotic signalling 
by SSTR3 requires molecular signals in the receptor C-tail. 
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MULTIPLE SOMATOSTATIN RECEPTOR SUBTYPES (SSTRs) 
CAN INDUCE APOPTOSIS THROUGH FORMATION OF HETERO- 
OLIGOMERS WITH SSTR3 
Rocheville M*1 , Kumar U1, Patel RC2, Patel YC1 

'Fräser Labs, Departments of Medicine and Pharmacology and Therapeutics, 
Royal Victoria Hospital and McGill University, Montreal, Canada and 2 De- 
partment of Physics and Chemistry, Clarkson University, Potsdam, New 
York, USA 

Somatostatin (SST)  induces  variable apoptosis  in tumor cells.  When 
hSSTRl-5 are studied as monotransfectants in CHO-K1 cells, hSSTR3 is the 
only subtype that induces apoptosis. Since tumor cells endogenously express 
multiple SSTRs and often all five isoforms in the same cell, and since 
SSTRs are capable of forming functional hetero-oligomers with other family 
members, we wondered whether SSTRs other than SSTR3 could induce 
apoptosis through hetero-oligomerization with SSTR3. We selected for 
study   MCF-7   human   breast   cancer   cells   which   we   showed   by 
immunocytochemistry and RT-PCR to express SSTR1, 2, 3, 5 but not 
SSTR4. Cells were treated for 24-48 h with 10"9-10'7 M subtype-selective 
nonpeptide agonists (obtained from Merck). Apoptosis was assessed by 
TUNEL and Hoechst 33258 staining, as well as DNA fragmentation analysis 
by gel electrophoresis. Agonists for SSTR1, 2, 3, 5 each produced time- and 

'dose-dependent apoptosis with the following rank order SSTR1 (25 ± 3%), 
SSTR2 (23 ± 4%), SSTR3 (18 ± 5%), SSTR5 (18 ± 4%) whereas the SSTR4 
selective agonist was without effect. Treatment of MCF-7 cells with 
antisense oligonucleotides to hSSTR3 (10 ug/ml) for 2 days prior to 
treatment with SST analogs abrogated apoptotic. cell death induced by 
SSTR1,2,3,   and   5.   This   effect   was   not   seen   with   sense   SSTR3 
oligonucleotide. In light of our recent finding that SSTRs can signal directly 
on the membrane through hetero-oligomerization, the differential ability of 
SSTR1,2, and 5 to induce apoptosis when coexpressed with SSTR3, but not 
when expressed as a monotransfectant, suggests that SSTR3 is an obligatory 
receptor for SST-induced apoptosis, and that other SSTR subtypes can also 
induce apoptosis through hetero-oligomerization with SSTR3. 
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CYTOTOXIC AND CYTOSTATIC ANTIPROLITERATIVE ACTIONS 
OF SOMATOSTATIN 

Srikant, C ßl*. Sharma, K*, Thangaraju M*, Liu D1, Martino G1, Patel Y C 
1 Shen S-H2 

1 Fräser Laboratories, Department of Medicine, McGill University and Royal 
Victoria Hospital, Montreal, Quebec, Canada H3A 1A1; Pharmaceutical 
Sector, NRC Biotechnology Research Institute, Montreal, PQ, Canada H4P 
2R2. 
Somatostatin (SST) is a pluripotent hormone that regulates cell proliferation 
by suppressing the secretion of mitogenic hormones and by directly 
inhibiting cell growth. The direct antiproliferative action of SST analogs in 
cancer cells can trigger apoptosis (cytotoxic effect) or cell cycle arrest 
(cytostatic effect). The retinoblastoma gene product Rb or the tumor 
suppressor protein p53 can promote growth arrest. The latter inhibits cell 
cycle progression when growth factors are present but facilitates apoptosis in 
their absence. Gi cell cycle arrest requires inhibition of cyclin-dependent 
kinases (cdk) whereas apoptosis requires induction of Bax. In order to define 
the molecular mediators that regulate cytotoxic and cytostatic actions of 
SST, we investigated the involvement of these cell cycle modulators in 
SSTR subtype-selective antiproliferative signaling in CHO-K1 cells stably 
expressing individual hSSTRs 1-5. Our findings have established that SST 
induces apoptosis uniquely through hSSTR3 while it triggers Gi arrest via 
other subtypes (hSSTR5>hSSTR2>hSSTR4~hSSTRl). hSSTR3 signaled 
apoptosis is associated with the induction of wt p53 and Bax as well as 
caspase-8-mediated intracellular acidification. These events precede 
mitochondrial changes associated with apoptosis. By contrast, its inhibition 
of cell cycle progression via the other hSSTRs was shown to be due to the 
induction of Rb in its hypophosphorylated form as well as cdk inhibitors of 
the p21 family. Both cytotoxic and cytostatic actions of SST are mediated 
via the tyrosine phosphatase SHP-1 suggesting that diversification of SSTR 
subtype-selective antiproliferative signaling occurs distal to SHP-1. These 
data provide a rational basis for exploiting the cytotoxic and cytostatic 
actions of SSTR subtype-selective agonists in cancer therapy. 
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