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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/PTP1D/syp) (11). SHP-1 is known to
dephosphorylate and inactivate both receptor tyrosine kinases and nonreceptor tyrosine kinases, €.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 SSTRS followed
by SSTR2, 4, and 1. In contrast, SSTR3 uniquely triggers PTP-dependent apoptosis accompanied
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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, pS3, 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 hNSSTRS.
* 15) Completion of studies of cAMP effects on SSTR mediated apoptosis.

TASK 1. Expression of SSTR1-5S 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% (SSTRS) (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
(SSTRI1, 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. Immunocytochemical 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% (SSTRS) 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 SSTRS5, 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. SSTRS, 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.

*TASKS 5 & 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 (SSTRS >2 >4 > 1). As aresult 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 SSTRS. 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 SSTRS (+++) 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 ir vifro antisense
experiments to knockout the SST gene in cultured lymphocytes, we started with ODN concentrations
of 25 pg/ml which were extremely toxic to MCF-7 cells (17). An optimal ODN concentration of
2-3.5 pg/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 pm 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 SSTRS5 ODNs markedly attenuated the ability of SST (1 pm)
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 SSTRS
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
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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 1010
M with inhibition at higher (10”7 M) concentration. Estrogen also stimulated SSTRS mRNA at 1072-
107 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 SSTRS mRNA,
low doses (10"2 M) being inhibitory and higher doses (10°-107 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 SSTRS
(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
hSSTRS.

(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 pH; 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 hSSTRS 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-K1-hSSTRS cells following exposure of the cells
to 100 nM D-Trp® 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 hSSTRS-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-
1-/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 hSSTRS and
hSSTR1 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
hSSTRS 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 h\SSTRS). Coexpression of the two receptors rescued the loss of adenylyl cyclase coupling
by A C-tail hSSTRS5, 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 hSSTRS by cotransfection with wild type hSSTR1 provided evidence of
hSSTR5/hSSTR1 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 hSSTRS
expressed in CHO-K 1 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 (107'°-10° 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°-107 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 hSSTR1 (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
hSSTRS and hSSTR1 (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 hSSTR1-5. 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
MCEF-7 cells as amodel. Cells were treated with antisense or sense ODNs for 4 days followed by
treatment with SST (1 um) for 24 and 48 h. Cells were fixed, permeabilized, and analysed for




13

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 SSTRS 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 hSSTRS
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 7% 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 hRSSTR3/hSSTRS receptors substituting the C-
tail of hSSTR3 with that of hSSTRS5 and the C-tail of hSSTRS 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 (Kp) 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 hRSSTRS,
a nonapoptotic subtype with that of hSSTR3 resulted in gain of apoptotic function by hSSTRS,
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/SSTRS 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 SSTRS 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 hSSTRS

In this set of experiments, we aimed to identify the structural determinants within the C-tail
of hSSTRS 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 hSSTRS leads to cell cycle arrest
but not apoptosis (7). hSSTRS 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
hSSTRS 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 hSSTRS displayed progressive loss of
antiproliferative signalling suggesting a crucial role of the C-tail domain of hSSTRS5 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
hSSTRS in cytostatic signalling to an investigation of the role of phosphorylation sites within the
C-tail. We have constructed 7 mutant hSSTRS 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, T35 1A, and T360A, have
been stably transfected in CHO-K1 cells, characterized pharmacologically for binding (K 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 K, and Bmax compared to wild type hSSTRS (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 hSSTRS. Interestingly, all four
mutations significantly affected the coupling of hSSTRS 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 hSSTRS. 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 hSSTRS.

*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 cCAMP 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 hSSTRS exists in the basal state as inactive monomer. Activation by SST induces
dose-dependent formation of functional homodimers. hSSTRS also forms heterodimers with
hSSTR1. 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 hNSSTR3 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 hSSTRS5 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 hSSTRS block
the ability of the receptor to undergo SST promoted Rb induction and cell cycle arrest.

REPORTABLE OUTCOMES
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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.

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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Patel, Y.C. Somatostatin. In Principles & Practice of Endocrinology and Metabolism, Becker,
K. (Ed), Third Edition, J.B. Lippincott Co., 2000 (in press).

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).

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).

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).

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).

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).

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

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).

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.

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 11®
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 11 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 SSTRS 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 hNSSTRS5, 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 WITH SSTR1-5
IMMUNOCYTOCHEMISTRY IN HUMAN BREAST TUMOR SAMPLES (Study 2) (n=19)
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12999
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- 4

13150

k.

13175

13410

!

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 O 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) IN DUCTAL NOS PRIMARY HUMAN BREAST
CANCER SAMPLES (n=19)

Samples Displaying Concordance For
mRNA and Protein Expression

Receptor Number %
SSTR1 16/19 84
SSTR2 15/19 79
SSTR3 17/19 89
SSTR4 13/19 68
SSTR5 13/19 68

SSTR1-5 74/95 78
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TABLE 3.

BINDING OI>D>OamD_ijm AND COUPLING TO ADENYLYL CYCLASE
OF WILD TYPE AND MUTANT hSSTR5 RECEPTORS

RECEPTOR Kd Bmax % inhibition of Fsk-stimulated
(M) (Imol/mg profein) ¢ AMP (at 10"°M SST-28)
WT hSSTRS 0.31+0.02 162421 5212
T333A hSSTR5 0.75+0.14 119443 6542
T347A hSSTR5 0.42+0.08 102436 58+2
T351A hSSTR5 0.39+0.19 90+51 5144
T360A hSSTR5 0.2240.11 70£40 4642
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FIGURE LEGENDS

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 SSTRS5 by peroxidase
immunocytochemistry.

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.

SHP-1 dependency of hSSTR3-mediated cytotoxic signalling revealed by the
potentiation of D-Trp® 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).

hSSTR3 signalled intracellular acidification is SHP-1-mediated. CHO-K1 cells
treated with 100 nM D-Trp® 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).

D-Trp® SST-14 induced reduction in mitochondrial membrane potential (A%¥'m) 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-Trp®
SST-14 (mean + SE, n=4).

The obligatory involvement of SHP-1 in hSSTR3-mediated cytotoxic signalling was
also established by the inductive effect of D-Trp® SST-14 on caspases. Caspase-8
activity (solid bars) was measured in extracts of CHO-K1/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).

hSSTR3 signaled activation of caspase-3 but not caspase-8 is acidification- dependent.
CHO-K1/hSSTR3 cells were incubated with 100 nM D-Trp® 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).

SHP-1-dependent induction of Rb by D-Trp® SST-14 in CHO-K1/hSSTRS 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).

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.

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 (x SE) percent of apoptotic cells induced by treatment with
SSTR1, SSTR2, SSTR3, SSTR4, and SSTRS5 selective nonpeptide agonists compared
with control, SST-14, and the SSTR1-selective peptide agonist SCH275.

Schematic depiction of wild type, mutant and chimeric SSTR3/SSTRS receptors. AC-
SSTR3, C-tail deletion mutant of hSSTR3; palm-SSTR3, mutant with a cys residue
inserted 12 amino acids downstream from the 7™ transmembrane domain to create a
putative palmitoylation anchor; SSTR3/R5C, chimeric receptor substituting the C-tail
of hSSTRS5 in hSSTR3; SSTR5/R3C, chimeric receptor substituting the C-tail of
hSSTR3 in hSSTRS.

Binding and signalling profiles of wild type, mutant and chimeric SSTR3/SSTRS
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.

Somatostatin-induced inhibition of growth of HEK293 cells expressing wild type,
mutant and chimeric SSTR3/SSTRS receptors. Cell growth was assessed by MTT
assay (mean + SE, n=4).




¥ ¥
| d »

FIGURE 14.

FIGURE 15.

FIGURE 16.

FIGURE 17.

FIGURE 18.

26

SST-14 induced apoptosis of HEK293 cells expressing wild type, mutant and
chimeric SSTR3/SSTRS receptors. Percent apoptotic cells was analysed by TUNEL
assay at day 2 (mean * SE, n=4).

Representative HOECHST dye and TUNEL-stained HEK293 cells expressing wild
type mutant and chimeric SSTR3/SSTRS 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 SSTRS5 chimera substituted with the
SSTR3 C-tail (SSTRS5/R3 receptor).

Schematic depiction of hSSTRS 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.

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

Requirement of Thr phosphorylation in the C-tail of hSSTRS for cytostatic signalling.
The ability of D-Trp® SST-14 to induce cell cycle arrest was compared in CHO-K1
cells expressing wild type hSSTRS 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-K1/hSSTRS5 cells were 6.5 + 0.86 and 15.6 + 1.9 respectively (mean +
SE, n=4). :
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Subtypes of the Somatostatin Receptor Assemble as Functional
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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 distinet 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-K1 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)' are generally
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! The abbreviations used are: GPCR, G protein-coupled receptor;
SST, somatostatin; SMS, octapeptide SMS-(201-995); SCH275, des-
AAL25[D-Trp®, IAMP®]SRIF; LTT-SST-28, Leu®-p-Trp??, Tyr?®, SST-28;
SCH288, des-AAY[Tyr?-p-Trp® JAMP®ISRIF; SSTR, somatostatin re-
ceptor; wt hSSTR1, 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 B-adrenergic receptor on the other hand undergoes
ligand-dependent dimerization and activation, whereas ago-
nists at the & 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 isoforms (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 (Bachem); Leu®-n-Trp?2, Tyr25, SST-28 (LTT-SST-
28) (Peninsula); SMS-(201-995) and Tyr® 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.
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land); des-AAYZ5[D-Trp® IAMP®ISRIF (SCH275) and des-AA-®[Tyr®-p-
Trp? IAMP?]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 hSSTR1-pCDNA (32), wt hSSTR4-pRC/CMV (32), HA-hSSTRS5 in «
+ 12CA5-KH (31), A318 hSSTR5-pTEJ8 or ECL.2/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 ug/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 **I-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 mM forskolin with or without SST (1071°~10"% M) at 37 °C
as described previously (30). Cells were then scraped in 0.1 N HCl 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 mm) (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 um 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~¢ 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 mmol/liter dithiothre-
itol. 50-pg 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 (7,_,) and presence
(7p..4) of acceptor (A) according to Equation 1.

TD-A

E=1 (Eq. 1)

TD+A
In a two-state model, the minimal amount of receptor dimerization
(etpsp) is Telated to the fraction of acceptor labeled receptor (f,) and E as
shown in Equation 2,

8E

Omin = fA(z e E)z (Eq 2)

where f, 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-
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ECL2-hSSTR5

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

A318-hSSTRS

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-1000U CCD camera with a spatial resolu-
tion of 1134 X 486 pixels of size 7.8 X 13.6 um. 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 hSSTR1 (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 hSSTR1
with hSSTR5, CHO cells stably cotransfected with wt hSSTR1 and
HA-hSSTR5 were treated with 1 um 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 (B, . 119 * 36 fmol/mg protein)
and compared with individual A318 hSSTR5 (B, 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 (K; 3.1 £ 1.9
nM) compared with A318 hSSTR5 alone (K; 12.1 = 2.5 nm)
suggesting physical association leading to a change in receptor
conformation (Fig. 24). We next investigated the effect of coex-
pression of the mutant receptors on receptor internalization
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Fic. 2. Homodimerization of hSSTR5. Effect of cotransfecting ECL2-hSSTR5 and A318-hSSTR5 mutants on ligand binding affinity, adenylyl
cyclase coupling, and internalization. A, displacement analysis of A318-hSSTR5 alone (O) (K, 12.1 + 2.5 nm) compared with that of cotransfectants
(@) (K}, 3.1 = 1.9 nm). B, SST-28 produces dose-dependent inhibition of forskolin-stimulated cAMP (A) that is abolished by 100 ng/m] pertussis toxin
pretreatment (®). C, percent internalization of **I-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 B,,..« 180 * 28 fmol/mg protein
and K, 0.31 * 0.03 nM, 70 = 6% maximum inhibition of forskolin-stimulated cAMP at 1 um SST-14 and maximum 66 * 7% internalization of

1261.LTT-SST-28 at 60 min (33). Mean * S.E. of 3 experiments.

Fic. 3. Representative Western blot A
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 2°I-labeled LTT-SST-28 (a non-
selective radioligand for all five SSTR subtypes) with or with-
out 0.1 um SST-28 (30, 32). The A318 hSSTR5 mutant dis-
played time-dependent internalization with a maximum of
41 + 2.8% at 60 min (Fig. 2C). Coexpression of the ECL2
mutant markedly inhibited internalization 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 internalization 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 (B, .,
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 uM ligand). The dose-response curve for hSSTR5 dimer-
ization paralleled that for ligand-induced receptor signaling
(Fig. 2B).
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Agonist-dependent Homodimerization of hSSTRS5 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 ppFRET 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. 41, a—c) as well
as competitive antigen binding (Fig. 41, 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.
411, a) or presence (Fig. 4111, 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, IIb and
IIIb) as well as averaged over each image (Fig. 411, ¢ 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 donor:acceptor
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FiG. 4. I, 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 mAb; b, rhodamine-conjugated mAb; ¢, colocalization of fluorescein- and rhodamine-
conjugated mAb (yellow); d, competitive binding of native-, fluorescein-, and rhodamine-conjugated mAb. Cells were incubated with 2.5 pg/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; 7,,,, 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); o,_,, standard deviation of Tavg £, average effective FRET efficiency; o,
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.

D:A

sst-14

concentration ratio Tavg n In-1 E “min
s s %
Low expression cell line
0 (basal state) 1:1 - A, 35.6 £ 1.1 33 6.1
D+ A, 36.0 = 1.0 32 5.5 1*+4 3=x11
1:2 D - A 36.0+1.2 31 6.4
D+ A, 35.6 = 0.8 25 4.0 =0 * 4 0+10
107 M 1:1 D - A, 144 + 0.2 40 12
D + A, 152 +04 27 2.2 5+3 14 £ 8
107%™ 1:1 D - A 31.6 = 0.5 46 3.7
+ A, 364 + 1.0 33 5.8 133 337
5X 1078 M 1.1 D - 4 304 + 1.2 27 6.2
D+ A, 364 + 0.8 21 3.6 16 + 4 40+ 8
107¢m 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
+ A, 376 +1.9 22 8.9 23+5 45 £ 8
High expression cell line
0 (basal state) 1:2 D - A 21.0 = 0.7 37 4.5
D + A 23504 40 2.3 11+3 24+ 6
1:3 D - A, 224+ 0.5 46 3.7
+ A, 26.3+0.8 34 4.5 15+ 3 305
107¢m 1:2 D~ A, 19.9 + 0.6 22 2.7
D+ A 25305 29 2.8 21+3 42 £5
1:3 D - A 20.1 * 04 54 3.1
+ A, 274+ 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 2 20,
dimeric state, as suggested by the Western blot data (Fig. 3), E
these FRET efficiencies relate to a minimal amount of receptor g -
dimerization of 24 and 30%, respectively (39). Treatment with E )
agonist resulted in increased FRET efficiencies of 21 and 27%, o 104
corresponding to higher levels of dimerization of at least 42 and %
48% under saturation conditions (Table 1), in good agreement e
with values obtained by Western blot. w
To determine whether the high level of basal dimerization 0- 10 9 PR
was caused by receptor overexpression, and to explain the 0 10 107 5x10™ 10
relationship between monomers and dimers, we took advan- SST-14[M]

f the high itivity of FRET lysis for detecti
tage o © Mgn sensiivily o analysis for cetecting Fic. 5. Dose-dependent increase in effective FRET efficiency

dimerization to investigate a second CHO-K1 cell line express-
ing a 5-fold lower concentration of HA-hSSTR5 receptors (B, .,
160 = 30 fmol/mg protein). In contrast to cells overexpressing
HA-hSSTRS5, 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

by SST-14 in CHO-K1 cells expressing relatively low density of
HA-hSSTRS5 (see Table I for D:A = 1:1).

hSSTR1—We next investigated SSTR heterodimerization and
selected hSSTR1 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) (2