
[CANCER RESEARCH 54,124-133, January I, 1994] 

Identification, Characterization, and Biological Activity of Somatostatin Receptors 
in Human Neuroblastoma Cell Lines 

M a r i o  Magg i ,  2 El i sabetta  Baldi ,  G i o v a n n a  Finett i ,  Francesco  Francesche l l i ,  A l e s s a n d r o  Brocchi ,  R o s s a n a  Lanzi l lott i ,  

Mar io  Serio,  Mar ia  Gabrie l la  C a m b o n i ,  and Carol  J. Thie le  

Sezione di Endocrinologia [M. M., E. B., G. E, R. L., M. S.] and Medicina Nucleare, [A. B.] Dipartimento di Fisiopatologia Clinica and Clinica Medica 111, IF E] Universit~ di 
Firenze, 50134 Florence; Sandoz Prodotti Farmaceutici, [M. G. C.] 20135 Milan, Italy; and Molecular Genetics Section, Pediatric Branch, National Cancer Institute, National 
Institutes of Health, [C. J. T.], Bethesda, Maryland 20892 

A B S T R A C T  

To investigate the presence of biologically active somatostatin (SS) re- 
ceptors in neural crest-derived tumors, radioligand binding studies, cyclic 
AMP accumulation, intracellular calcium, and growth assays were per- 
formed in eight human neuroblastoma (NB) cell lines. Mathematical mod- 
eling of binding experiments strongly indicates the presence of heteroge- 
neity of sites. The first site (SSR1) is present in 40% of the NB cell lines and 
binds with low capacity (0.5 pmol/mg protein) and high affinity (0.1-1 riM) 
SS14, SS28, and analogues. The second site (SSRz) is a high capacity site 
(200 pmoi/mg protein), widely distributed in all of the cell lines investi- 
gated, that shows relative selectivity yet low affinity (100 riM) for SS14, 
SS28, and [n-TrpS]SS14 without any apparent biological activity. SSm is 
coupled to a pertussis toxin-sensitive G protein, inhibits forskolin- or 
VIP-stimulated adenylate cyclase activity, decreases intraceUular free cal- 
cium, and mediates inhibition (30%) of both DNA synthesis and cell 
growth. Analysis of cell cycle distribution in aphidicolin-synchronized 
SSRl-positive NB cells indicated that this inhibitory effect is partially 
mediated by a transient accumulation in Go.G1. Our data indicate high 
affinity binding sites for SS14, and analogues are present and biologically 
active in a subset of NB cells. 

I N T R O D U C T I O N  

SS 3 is a neuropeptide originally isolated from the hypothalamus 
that inhibits endocrine and exocrine secretion from a wide variety of 
tissues including pituitary, pancreas, gastrointestinal tract, and central 
and peripheral nervous system (1). This biological activity of SS is 
mediated by G protein-coupled receptors that negatively regulate ei- 
ther adenylate cyclase activity or calcium fluxes (2). 

Recently, it has been shown that SS receptors in cancer cells may 
also activate tyrosine phosphatase proteins, thereby limiting cell pro- 
liferation (3). Indeed, SS receptors mediate a direct antiproliferative 
effect in several human cancer cell lines including breast cancer cells 
(4-8), pancreatic cancer cells (9), and small cell lung carcinoma cells 
(10). Furthermore, several endocrine as well as nonendocrine human 
tumors contain specific SS receptors (11-13). 

The existence of multiple subtypes of SS receptors has been sug- 
gested previously by radioligand binding studies (14-16) and recently 
has been confirmed by the molecular cloning of distinct complemen- 
tary DNAs encoding SS receptors. At present, at least four distinct 
members of the family of SS receptors have been cloned, pharmaco- 
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logically characterized, and termed SSTR1, SSTR2, SSTR3, and 
SSTR4 (17-24). SSTR1, SSTR2, and SSTR3 are all present in rodent 
brain and are differentially distributed in peripheral tissues (17-21, 23, 
25). SSTR4 is expressed selectively in the pituitary gland (22). 

The use of SS in a clinical setting has been limited by its short 
half-life in vivo. The recent availability of potent and long-lasting SS 
analogues (10, 26, 27) may account for new potential approaches to 
cancer diagnosis and therapy. Indeed, SS analogues have been suc- 
cessfully used for in vivo imaging of human tumors (11, 12, 28) as 
well as for experimental therapy of malignancy (29, 30). In particular, 
the use of the labeled SS analogue SMS-201995 allowed the identi- 
fication of SS receptors in tumors derived from the central (31, 32) 
and peripheral nervous system including pheochromocytoma, para- 
ganglioma, and neuroblastoma (11, 33, 34). Since SMS-201995 binds 
with high affinity only to SSTR2 and SSTR4 (20, 22, 24), it represents 
a useful probe to study the distribution and biological properties of SS 
receptor isoforms in these tumors. We therefore initiated studies on the 
identification and functional characterization of SS receptors in a 
panel of human NB cell lines using both SS14 and SMS-201995. 

NB is a neural crest-derived tumor that arises in tissue of the 
peripheral nervous system and retains the plasticity to differentiate 
along chromaffin and nonchromaffin (neuronal and Schwannian) lin- 
eages. This childhood tumor has a very poor prognosis in its dissemi- 
nated form, although both spontaneous as well as therapy-associated 
maturation of NB to benign ganglioneuroma has been described (35). 
Thus, the study of the role of SS receptors in this embryonal tumor 
might provide insight into the processes involved in the regulation of 
neural crest cell growth and differentiation as well as identify new 
tools for the diagnosis and therapy of this common childhood tumor. 

VIP is a peptide synthesized by human NB cells either in vitro 

(36-38) or in vivo (39, 40) that might be responsible for the severe 
diarrhea sometimes associated with the tumor. Adenylate cyclase- 
coupled receptors for VIP are present in NB cells (37) and mediate 
inhibition of growth and tumoral differentiation (41). Since SS and 
VIP behave as mutual antagonists in several systems including murine 
NB (42), we decided to compare the results obtained with SS to those 
obtained with VIP or with a combination of SS and VIE 

M A T E R I A L S  AND M E T H O D S  

Cell Lines, Human NB cell lines used in this study included CHP-382, 
CHP-404, CHP-134B, CHP-126 (Dr. A. Evans, Children's Hospital of Phila- 
delphia, Philadelphia, PA) (43, 44), SK-N-AS, SK-N-FI (Dr. L. Helson, ICI 
Americas, Wilmington, DE) (45, 46), NLF (Dr. G. Brodeur, Washington Uni- 
versity, St Louis, MO) (47), and SH-SY5Y (48). All cell lines were grown in 
RPMI 1640 supplemented with L-glutamine (2 raM), penicillin (50 units/ml), 
streptomycin (50 p~g/ml), and 10% FCS. 

Chemicals. SS14, SS28, SS281-12, [D-TrpS]SS14, RC-160, and VIP were 
obtained from Peninsula Laboratories, Inc. (San Carlos, CA). /3-naphthyl-D- 
Ala-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr amide (BIM-23014), aphidicolin, Tri- 
ton-X 100, EDTA, bacitracin, RNase, and GTP~ were purchased from Sigma 
(St. Louis, MO). SMS-201995 (octreotide) and 204090 were kindly provided 
by Sandoz Pharma, Milan, Italy. Propidium iodide and ionomycin were pur- 
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Fig. 1. Families of self- and cross-displacement curves among SS14 (O), SS28 (i),  
[D-TrpS]SS14 (A), SMS-201995 (El), 204090 (e), and RC-160 (A). The labeled ligand 
used was [125I][Tyr11]SS14 (upper panel) and [125I]204090 (lower panel). The results 
shown are derived from one experiment using membranes from CHP-134B. These curves 
were generated by the program LIGAND-PC (SCAGRF). Ordinate, B/r = bound to total 
ratio for [125I][TyrlJ]SS14 (upper panel) and [125I]204090 (lower panel). Abscissa, 
(ligand) is the total concentration of the varying ligand, i.e., (labeled + unlabeled) for 
homologous displacement curves or unlabeled ligand alone, for the heterologous compe- 
tition curves. In homologous competition curves, the concentrations of the tracers were 
progressively reduced to optimally characterize the high affinity region of the binding 
curves. In the heterologous competition curves, fixed (0.5 riM) concentrations of the tracer 
were displaced by increasing concentrations of unlabeled ligands. Smooth curves show the 
predicted relationships for the two-site model shown in Table 1. 

chased from Calbiochem (La Jolla, CA). Fura-2 was obtained from Molecular 
Probes (Eugene, OR). 

Radioligands. [125I][Tyr11]SS14 (specific activity, - 2000  Ci/mmol) was 
from Amersham (Buckinghamshire, United Kingdom). []zsI]204090 (specific 
activity, --500 Ci/mmol) was prepared by chloramine-T iodination. Na125I (0.5 
mCi; 5 /~1) was reacted with 1 ~g of 204090 by addition of 10 txl 50 mu 

phosphate buffer, pH 7.4, and 7 p.g chloramine-T dissolved in 50 mM phos- 
phate buffer, pH 7.4. The mixture was agitated for 60 s and the reaction was 
terminated by the addition of 10 p.g Na2SO5 dissolved in 50 p.1 50 mM 
phosphate buffer, pH 7.4. The label 204090 was then purified by chromatog- 
raphy on a Sep-Pak ClS cartridge (Waters; Millipore, Bedford, MA). Before 
use, the cartridge was washed sequentially with 3 ml acetonitrile, 2 ml 0.1% 

TFA/HzO, 1 ml 1% polypep solution in 0.1% TFA, and 3 ml acetonitrile, and 
finally rinsed with 3 ml 0.1% TFA/H20. Free 1251 was eliminated by washing 

the column three times with 1 ml 0.1% TFA/H20. [125I]204090 was eluted by 
a stepwise 2% increase of acetonitrile (from 10% to 60%) in TFA/H20. 
[125I]204090 eluted between 36 and 44% acetonitrile. These fractions were 
then evaporated to dryness by a centrifugal concentrator (Univapo 150 H; Uni 
Equipe, Martinsned, Federal Republic of Germany), reconstituted in binding 
buffer, and tested by radioligand receptor assay. Fractions eluted with 40 and 
42% acetonitrile were used in binding studies. Specific activity of the tracer 
has been determined using radioligand binding assay. We performed a self- 
displacement study where the EDso of the tracer displaced by the unlabeled 
ligand is compared to the EDso of the tracer displaced by itself, i.e., a second 
displacement curve is formed by adding only increasing concentration of the 
tracer. The ratio of the two EDsos has been considered as the specific activity. 
The labeled ligands were aliquoted in plastic tubes, sealed under nitrogen, and 
frozen at -80~ until used. 

Membrane Preparation and Binding Studies. Confluent NB cell lines 
were washed with ice-cold 50 mu PBS, harvested by mechanical disruption in 
PBS, and centrifuged at low speed. Cell pellets were frozen on dry ice and 
stored at -80~ At the time of membrane preparation, the cellular pellets were 
homogenized in buffer 1 (0.3 M sucrose-25 mu Tris-HCl, pH 7.4--0.25 mM 
phenylmethylsulfonylfluoride-2 mM EGTA-0.02% bacitracin) with a glass te- 
flon homogenizer (Thomas Scientific, Swedesboro, NJ) using three strokes at 
1200 rpm. Crude membrane fractions were prepared by differential centrifu- 
gation between 1,000 x g (10 min) and 100,000 • g (30 min). The pellets were 
washed once in buffer 2 (50 mu Tris-HC1, pH 7.4-2 mM MgC12-0.25 mu 
phenylmethylsulfonylfluoride-2 mM EGTA-0.02% bacitracin). The membrane 
preparations were divided into 200-/xl aliquots at a protein concentration of 
1-2 mg/ml, frozen in solid CO2, and stored at -80~ until assayed. Protein 
concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad 
Laboratories, Munchen, West Germany). Except when otherwise specified, 
aliquots of membranes (0.075 mg/ml) were incubated with ligands in buffer 2 
in the presence of 0.1% bovine serum albumin at 22~ in tubes containing 
[]25I][Tyr11]SS14 for 60 min and in tubes containing [z25I]204090 for 120 min. 
[125I][Tyr11]SS14 and [12511204090 were present at 10-500 pu in tubes without 

unlabeled ligands and at 500 pu in tubes containing increasing concentrations 
of unlabeled peptides (10-11-10 -4 M) (final volume 0.2 ml). All measurements 
were obtained in triplicate. After incubation, membranes were filtered through 
Whatman GF/C filters (Clifton, N J) which had been presoaked in ice-cold 
0.3% polyethylenimine (Sigma) using the Brandel M-48R 48-well cell har- 
vester (Gaithersburg, MD) or the Millipore 1225 sampling manifold (Bedford, 
MA). Filters were washed twice with 3 ml ice-cold 50 mu Tris, pH 7.4, and 
counted in a gamma counter at 70% efficiency. 

Individual cell line receptor populations were studied using homologous 
competition curves for SS14 and 204090. In addition, families of self- and 

Table I Concentrations of receptors (pmol/mg protein) and affinity (Ka; riM) for SS14, SS28, [o-TrpS]SSl4, SMS-201995, 204090, RC-160, and SS281-12 in CHP-134B, CHP-404, 
and CHP-382 cell lines. Binding parameters were derived from mathematical modeling of self- and cross-competition curves among [1251] [Tyrtl]SS14, [z25I]204090, and the 

indicated analogues. Binding assays were performed as described under "Materials and Methods." 

CHP- 134B CHP-404 CHP-382 

SSRI SSg2 SSR 1 SSR2 SSR1 SSR2 

Binding capacity 0.69 • 0.06 
(pmol/mg protein) 

/r (nM) 
SS14 0.84 __. 0.13 
SS28 1.08 • 0.37 
[D-TrpS]SS14 0.03 ,,, 0.01 
204090 0.32 _+ 0.05 
SMS-201995 0.40 ,,, 0.14 
RC-160 0.73 • 0.24 
BIM-23014 
SS281-12 

285 • 88 0.37 • 0.05 217 + 65 0.504 • 0.050 310 • 55 

182 _+ 58 0.45 _+ 0.09 125 • 39 1.01 • 0.20 125 -+ 39 
251 • 82 1.20 • 0.43 284 _+ 96 0.38 • 0.23 185 -+ 42 
391 • 125 0.09 - 0.03 130 ,,, 43 0.17 • 0.10 363 • 83 

3283 _ 1017 0.27 • 0.05 1543 _ 463 0.31 • 0.06 845 _-L-- 160 
3946 _ 1499 0.39 _ 0.13 4960 +_ 1884 1.61 _+ 0.98 1367 ,,, 382 

10963 • 4275 0.41 --. 0.14 988 _+ 385 0.54 ,,, 0.32 220 ,,, 59 
NT a NT 2.24 ,,, 1.25 428 -+ 107 

> 100000 > 100000 NT 

a NT, not tested. 
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Table 2 Concentrations of receptors (pmol/mg protein) and affinity (Kd; riM) of SS14 and 204090 for SSm and SSR2 in NB cell lines. The distribution of the two classes of sites in 
NB cells was obtained using homologous competition curves for 204090 to label SSm and homologous competition curves for SS14 to label SSm (when present) plus SSR2. 

Results obtained with the two labeled ligands were fitted simultaneously using a one- or two-site model according to the presence of only SSR2 or SSm plus SSR2, respectively. 
Binding assays were performed as described under "Materials and Methods." The degree of differentiation along chromaffin lineage is reported according to Cooper et al. (60). 

SSR1 SSR2 

B,nax Ka Braax Ka 
Degree of (pmol/ Kd SS14 204090 Exp. (pmol/ SS14 Exp. 

Cell line differentiation mg protein) (riM) (riM) no. mg protein) (nM) no. 

SK-N-AS III . . . .  (6) 91 _+ 5 116 - 41 (6) 
SK-N-FI III - -  - -  - -  (3) 52 136 (1) 
CHP-134B I 0.35 ___ 0.01 0.50 ___ 0.12 0.26 _+ 0.04 (11) 112 _+ 4 78 __. 21 (11) 
CHP-404 I 0.97 +_ 0.14 0.76 _+ 0.48 0.46 ___ 0.12 (6) 198 _+ 3 68 ___ 47 (6) 
CHP-382 I 0.78 -+ 0.07 1.01 0.39 --- 0.13 (8) 309 178 (1) 
NLF I - -  - -  - -  (3) 73 55 (1) 
CHP-126 NC - -  - -  - -  (3) 53 50 (1) 
SH-SY5Y NC - -  - -  - -  (3) 56 ___ 4 37 + 14 (3) 

a -, parameter not measurable; NC, nonchromaffin. 

cross-displacement curves between SS14, SS28, [D-TrpS]SS14, RC-160, SMS- 

201995, BIM 23014, and 204090 were performed using membranes derived 
from CHP-134B, CHP-404, and CHP-382 in order to characterize the somat- 
ostatin isoreceptors. 

eAMPAssay.  For the cAMP assay, NB cells were grown in 24-well plastic 
plates until confluent. Cells were incubated with or without peptides in 200/~1 
of  assay buffer (25 mM Tris-acetate, pH 7.4--0.25 M sucrose-0.5% bovine serum 
albumin-0.5 mM MIBX) for 20 min at 37~ Reactions were terminated by 
adding 500/~1 of cold ethanol, and the plates were stored at -20~ overnight. 
cAMP content was measured by radioimmunoassay in the supernatant after 
centrifugation (1000 • g for 20 min), lyophilization, and reconstitution in 0.05 
M sodium acetate buffer, pH 6.3 (49). 

In t racel lu lar  Calcium. NB cells were grown to confluence on plastic 
coverslips (Aclar; Allied Engineering Plastic, Pottsville, PA). [Ca2+]i was 
determined using the calcium-sensitive dye fura-2 as already reported (50). 
Cells were loaded with 1/xM fura-2 acetoxymethylester for 40 min at 37~ in 
serum-free RPMI 1640, washed, and incubated for another 20 min in fura-2- 
free medium. Coverslips were then mounted in a quartz cuvette with Krebs- 
Henseleit 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer, pH 7.4, 
and maintained at 37~ Fluorescence was measured using a spectrofluorom- 
eter (University of Pennsylvania Biomedical Group) set at 340 nm excitation 
with emission at 510 nm. Fluorescence measurements were converted to 
[Ca2+]i by determining maximal fluorescence (Fro,=) with 60/.Lu ionomycin 
followed by minimal fluorescence (F=,,) with 7.5 mM EGTA and 50 mM Tris, 
pH 10.5. [Ca2+]i was calculated according to Grynkiewicz et al. (51) using the 
340/380 nm. 
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Fig. 2. SS14 inhibition of forskolin-stimulated cAMP levels in CHP-404 cells prein- 
cubated (Q) or not (�9 with pertussis toxin (18 h; 1/~g/ml). Basal cAMP levels were 0.042 
_+ 0.002 in control and 0.056 + 0.006 in pertussis toxin-treated cells. Inhibition curves 
were analyzed using the computer program ALLFIT. Ordinate, pmol cAMP//xg DNA/20 
min. Pertussis toxin significantly (P < 0.001) blunted the SS14-induced cAMP inhibition 
without affecting the ICso for SS14 (0.09 _+ 0.04 ni). cAMP levels were assayed as 
described in "Materials and Methods." 

Mitogenic Assay. Exponentially growing NB cell lines were plated into 
96-well dishes (2 X 104 cells/well) in quadruplicate in 200 p,1 of 10% FCS/ 
RPMI 1640 and allowed to adhere to the well for 12-18 h; then the indicated 
concentrations of peptides were added. At the indicated times, cells were 
pulsed with 1/xCi/well of [3H]thymidine (New England Nuclear, Boston, MA) 

for 4 h and harvested by hypotonic lysis and filtration onto glass fiber filters 
using a PHD cell harvester (Cambridge Technology, Inc., Watertown, MA). 
Individual filter discs were counted with liquid scintillant in a beta counter. 
Cell proliferation was also examined by the M T r  (Sigma) assay (52). This 
assay measures the reduction of M T r  to a violet-colored formazan by living 
cells. For M T r  assays, 1 X 104 NB cells were plated in each well of a 96-well 
microtiter plate as described previously. At the indicated times, the media was 
removed, 100/~1 of M T r  were added (0.5 mg/ml, final concentration), and the 
incubation continued for 3 h at 37~ The precipitated formazan was solubi- 
lized with an equal volume of propanol, and the absorbance was determined at 
570 and 690 nm using an enzyme-linked immunosorbent assay reader. After 
correction for the nonspecific absorbance at 690 nm, the absorbance at 570 nm 
was found to be linearly proportional to cell number over the range of cell 
concentrations observed in our experiments. The cell number in each well was 
determined from a standard curve relating absorbance to cell number, gener- 
ated by plating a known number of cells in quadruplicate wells. 

Cell Cycle Analysis. CHP-134B cells (5 • 106) were cultured in 100-mm 
tissue culture plates in 10 ml 10% FCS/RPMI 1640 for 12-18 h, and then 5 
p,g/ml of aphidicolin were added. After 24 h, partially synchronized cells were 
extensively washed in PBS, and 100 nM of peptides were added in 10 ml 10% 
FCS/RPMI 1640 and incubated for the indicated times. After the incubation, 
cells were washed twice with PBS, harvested using 0.5 ml trypsin:EDTA 
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Fig. 3. Effect of increasing concentrations of VIP on cAMP levels in the presence (O) 
or absence (e) of 100 nM SS14. The experiments were performed in the SSarpositive cell 
line CHP-404 and analyzed using the program ALLFIT. SS14 significantly blunted the 
VIP stimulation on cAMP levels (P < 0.05) without affecting the ECso of VIP (71 - 25 
nM). The insert shows that the inhibitory effect of SS14 on VIP-stimulated (100 nM) cAMP 
levels is dose dependent with IC5o = 10 nM. Ordinate, pmol cAMP/p.g DNA/20 min. 
cAMP levels were assayed as described under "Materials and Methods." Bars, mean +- SE 
(n = 2). 
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Fig. 4. Representative tracing of [Ca2+]i wave- 
forms evoked by SS14 (upper panel) or by SMS- 
201995 (octreotide; lower panel) in the SSR]-posi- 
tive cell line CHP-404. Arrows, addition of the 
indicated concentrations of peptide (riM). SS ago- 
nists stimulate a biphasic response. The profiles 
represent the intracellular concentration of Ca 2+ 
(riM) as determined using the calcium-sensitive dye 
fura-2. [Ca2+]i were determined as described under 
"Materials and Methods." 
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(0.05:0.02%) in PBS, and centrifuged at low speed. Cells were resuspended in 
1 ml of a fluorochrome solution containing 0.05 mg/ml propidium iodide-0.05 
mM EDTA-0.005% Triton-X 100--1 mg RNase in PBS. Samples were incubated 
in the dark at room temperature for 30 min, filtered through a 35 /xm nylon 
mesh, and stored at 4~ until used for DNA analysis. Cell fluorescence was 
measured in a FACScan flow cytometer (Becton Dickinson, Mountain View, 
CA). The CELLfit software was used to determine the distribution of cells in 
the various cell cycle compartments as Go-GI, S, and G2-M. 

Analysis of Experimental Results. The computer program ALLFIT (53) 
was used for the analysis of sigmoidal dose-response curves obtained in 
binding, cAMP, and mitogenic studies. This program uses the constrained 
four-parameter logistic model to obtain estimates of ECso and IC5o values, the 
logit-log slope ("pseudo-Hill coefficient"), and relative potencies. 

The computer program LIGAND (54) was used for simultaneous analysis of 
families of self- and cross-displacement curves. Models of increasing com- 
plexity were evaluated using weighted nonlinear least-squares curve fitting. 
Selection among models was based on the root mean square error of each fit 
using the "extra sum-of-squares" F-test and on the randomness of residuals 
around the fitted curves. 

Results are reported as mean ___ SE. 

R E S U L T S  

Binding Studies. Binding of  [1251] [Tyr11]SS14 to membranes  from 

the NB cell line CHP-134B was time and temperature dependent.  In 
preliminary experiments,  the binding of  [125I][Tyr11]SS14 (100 pM) 

was fol lowed up to 18 h at 3 different temperatures (4 ~ 22 ~ and 

37~ Maximal specific binding was achieved at 22~ after 1 h. At 
this temperature, maximal  specific binding for [125I]204090 (100 pM) 

was obtained after 2 h (data not shown). Accordingly, incubations for 
all experiments were performed at 22~ for 1 h for [125I][Tyr11]SS14 

and for 2 h for [125I]204090. 

In preliminary experiments performed in CHP-134B, Scatchard 
analysis of  four equilibrium binding curves for [125I][Tyr11]SS14 in- 

dicated the presence of  a curvilinear relationship. The introduction of  
a second, independent  class of  binding sites was necessary and suf- 

ficient to provide a satisfactory goodness of  fit (P  < 0.0001; Kd for 

SSR1 = 0.3 -+ 0.2 riM; Kd for SSR2 = 65 + 13 riM; n = 4). To further 
investigate the apparent heterogeneity of  sites for SS, we utilized an 

experimental procedure used previously by our group for the charac- 

terization of  complex ligand-receptor interactions (55, 56). We de- 

signed and performed complete sets of  self- and cross-displacement 
experiments among two labeled ligands, i.e., [125I][Tyr11]SS14 and 

[125I]204090, the corresponding unlabeled peptides, SS28, [o-Trp8] - 

SS14, and several octapeptide analogues (SMS-201995, RC-160, and 

BIM-23014). The biologically inactive peptide SS281-1z w a s  also 

included in the design as a control. Experiments were carried out 

using membranes  prepared from CHP-134B, CHP-404, and CHP-382 

I I I 219.3- 

- ~ 
~ O 

U 

u)< 2 0 0  - 84.4- ca 2+]0-  0 - 
i,iJ 
h* ,--4 4- 4 r a M  EGTA / 

aezO 1.~n. r l J  

0 -7 - 6  - 5  - 4 

LOG ESMS 201995] 

Fig. 5. Dose-dependency of the stimulatory effect of SMS-201995 on [Ca2+]i in the 
SSRl-positive cell line CHP-404 (ECso = 4.1 /xr~). Insert, the positive effect of 10 /XM 
SMS-201995 on [Ca2+]i is still present, although 80% decreased, in Ca2+-free media and 
after the addition of EGTA (4 mM). [Ca2+]i was determined as described under "Materials 
and Methods." 
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Fig. 6. Time course of VIP (100 nM; H), SMS- 
201995 (100 riM; �9 or the combination of the two 

- (100 riM; @) versus control (0) on [3H]thymidine 
uptake in the SSRl-positive cell line CHP-134B. 
Insert, complete dose-response curves after a 4-h 
incubation with VIP (R) or SMS-201995 ((3) on 

- [3H]thymidine uptake. The effect of increasing con- 
centrations of SMS-201995 in the presence of 100 
nu of VIP is also depicted (@). Similar dose-re- 

_ sponse curves were obtained after 9, 24, and 36 h of 
incubation with either 100 rim VIP, SMS-201995, or 
VIP plus SMS-201995. Ordinate, cpm • 103/well. 

in view of the high concentration of binding sites for SS in these 
preparations (see below). Results of a representative experiment of 
self- and cross-displacement experiments among [125I][Tyrn]SS14 
and [12511204090, the corresponding unlabeled peptides, and other 
analogues are displayed in Fig. 1. Computer modeling was performed 
using methods described previously (55, 56). All sets of competition 
curves were fit simultaneously using a one-, two-, or three-site model, 
and the weighted root mean square error was compared. A model 
involving only one site was severely inadequate. Introduction of a 
second independent class of sites significantly and dramatically im- 
proved the goodness of fit (P << 0.001). Parameters of the best-fitting 
model are given in Table 1. The analysis of experimental results 
suggests that two distinct populations of sites are present in mem- 
branes from human NB cells (CHP-134B, CHP-404, and CHP-382). 
SSR1 binds with high affinity but low capacity for all of the ligands 
tested (with exception of SS281-12). Among the peptides tested, [D- 
Trp8]SS14 was 8-fold more potent than SS14 and SS28 in binding to 
SSR1 as reported in previous studies (57-59). SSR2 shows a higher 
capacity but a lower affinity than SSR1 for SS14, SS28, and analogues. 
In particular, the octapeptide analogues SMS-201995, 204090, RC- 
160, and BIM-23014 bind to this site only in the micromolar range. 
Thus, they are relatively selective for SSR1, and they have been used 
during the course of the study for the pharmacological characteriza- 
tion of this site. The biologically inactive peptide 5 5 2 8 1 - 1 2  competed 
for [125I][Tyrn]SS14 and [12511204090 binding only in the high mi- 
cromolar range. 

Since we were particularly interested in the distribution of SSR1 and 
SSR2 among a wide panel of NB cell lines, we decided to study SSm 
using homologous competition curves for [12511204090, while ho- 
mologous competition curves for [125I][Tyr11]SS14 were used to 
study simultaneously SSm plus SSR2. We found that SSm was present 
in three of the eight cell lines investigated (Table 2). Conversely, SSR2 
was present in all of the cell lines studied (8 of 8) (Table 2). 

The density of SSR1 was related to the degree of chromaffin matu- 
ration described by Cooper et al. (60) in NB cells (Table 2). In fact, 
all of the SSRl-positive cell lines belong to the group of NB cells that 
correspond to the most immature chromaffin phenotype (i.e., they 
expressed only chromogranin A). However, not all NB cell lines with 
this chromaffin phenotype expressed SSR1 (e.g., NLF). Thus, expres- 
sion of SSR1 may denote a subset of this group of tumors. 

To examine whether SSR1 is coupled to a G protein, the effect of 
nonhydrolyzable GTP analogues, GTP'ys, on the specific binding of 
[125I]204090 to membranes prepared from CHP-382 was studied. 
GTP3,s inhibited the specific binding of [12511204090 in a dose-de- 
pendent manner with IC5o = 3.2 _+ 1.2 nu (n = 2). 

cAMP Assay. Preliminary experiments performed in the SSR1- 
positive cell line CHP-404 indicate that 10/~M forskolin or 0.1 p,M VIP 
induced a maximal cAMP stimulation after 10-20 min incubation and 
in the presence of 0.5 mM MIBX (data not shown). Therefore, all of 
the subsequent experiments were performed by incubating NB cells 
with effectors for 20 min in the presence of MIBX. We found that in 
the SSRt-positive cell lines CHP-404 and CHP-134B, forskolin (10 
/XM) induced, respectively, a 8.6- and 5.2-fold increase in cAMP level 
(CHP-404, basal = 0.045 +_ 0.008 pmol/~g DNA, forskolin = 0.48 

15 m ~ (n~ ~," ";=" =-:S 

~- , , _ 
~ .  , .  _ , 

o 1 0  

2 

- 
I 

Fig. 7. Effect of treatment with different concentrations (1 nM; 100 nM) of SMS-201995 
and VIP or SMS-201995 plus VIP (100 nM) for 24 h ( I )  or 48 h ~ on the growth of 
CHP-134B as assessed by MTF assay. *, = P < 0.05. 
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Fig. 8. Histograms representing the fluorescence emission of propidium iodide-stained nuclei of CHP-134B. Results are from a representative experiment and show cell cycle 
distribution of CHP-134B cells cultured in 10% FCS/RPMI 1640 for 24 h with or without (A) 5/xg/ml aphidicolin to synchronize cells. The Go-G] and G2-M peaks and S phase cells 
are reported. After extensive washing with PBS, synchronized cells were released from aphidicolin block and analyzed at different time points (numbers over the panels). Aphidicolin 
treatment results in partial accumulation of nuclei in Go-Go-early S phase. Twenty-four h after aphidicolin release, the majority of cells returned to Go-G~ and started to traverse the 
S phase again. Experiments were performed as described under "Materials and Methods." 

_+ 0.022 pmol//xg DNA, n = 12; and CHP-134B, basal = 0.048 ___ 
0.005 pmol//xg DNA, forskolin = 0.387 -4- 0.049 pmol/p,g DNA, n = 

9). SS14 dose-dependently inhibits such increase with IC5o = 0.15 --- 

0.06 nM (n = 2) for CHP-404 and ICso = 0.14 _+ 0.06 nM (n = 2) for 
CHP-134B. The IC5o for SMS-201995 in CHP-134B was 0.25 nM (n 
= 1). The maximal inhibition for SS14 (100 riM) was 47.6 + 0.3% 
(n = 2) in CHP-134B and 53.3 • 2.2% (n = 3) in CHP-404. The 
maximal inhibition for SMS-201995 (100 nM) was 36.6 • 10% (n = 
2) in CHP-134B. The inhibitory activity of SS14 on forskolin-induced 
cAMP increase was significantly blunted in pertussis toxin-treated 
CHP-404 cells (P < 0.001) (Fig. 2). 

In the SSRl-negative cell line SK-N-AS, 10/XM forskolin stimulated 

a 6.4-fold increase in cAMP concentration (basal - 0.25 • 0.03 
pmol//xg DNA, forskolin = 1.59 • 0.15 pmol//xg DNA, n = 9). 
However, in this cell line, neither SS14 nor SMS-201995 affected the 
forskolin-stimulated cAMP levels at any concentration tested (0.1- 
1000 riM; n = 4). 

VIP stimulated a dose-dependent increase in cAMP in either the 
SSRl-positive CHP-404 (ECso = 36.1 _ 13 nM; n = 3) and CHP- 
134B (ECso = 13.4 • 3.3 riM; n = 3) or in the SSR1-negative 
SK-N-AS (ECso = 12.1 ___ 4.6 nM; n = 2). In the SSRl-negative 
SK-N-AS cell line, 0.1/XM VIP stimulated a 4.75 _+ 0.5-fold increase 
in cAMP content over the basal value (n = 6). In the SSRl-positive 
cell lines CHP-404 and CHP-134B, VIP (0.1 p~M) elicited a cAMP 
stimulation of 14.38 • 3.2-fold (n = 11) and 8.53 • 1.8-fold (n = 7), 
respectively. Fig. 3 shows the effect of increasing concentrations of 
VIP on cAMP levels in CHP-404. The experiment was performed in 

the presence or absence of 100 nM SS14. SS14 significantly attenuated 

the VIP stimulation (P < 0.05). The SSl4-induced inhibition of VIP 

stimulation (100 riM) was dose dependent with IC5o = 10 nM (Fig. 3, 

insert). The maximal inhibitory effect of SS14 (100 riM) on VIP- 

stimulated (100 nM) cAMP levels in CHP-404 was 33 ___ 5% (n = 3). 

In the SSR]-negative cell line SK-N-AS, different concentrations of 

SS14 and SMS-201995 (0.1-1000 riM) did not affect the VIP-stimu- 

lated cAMP levels (n = 4). 
In t race l lu la r  Calc ium.  Experiments on SS modulation of [Ca2+]i 

were conducted in the SSRl-positive cell line CHP-404. In these cells, 

basal [Ca2+]i was 96.9 +_ 7.2 nM (n = 17). Nanomolar concentrations 

(1-10 riM) of both SMS-201995 and SS14 induced a decrease in 

[Ca2+]i (Fig. 4). Maximal inhibition of [Ca2+]i was 20.5 _ 3% for 

SS14 (10 riM; n = 4) and 15.1 -+- 5 for SMS-201995 (10 riM; n = 3). 

At higher concentrations (100-1000 nM), both agonists elicited a 

biphasic effect; a transient [Ca2+]i increase was followed by a de- 

crease below the basal Ca 2§ level (Fig. 4). The stimulatory effect 

elicited by SS14 and SMS-201995 was transient (1 min) and dose 

dependent. In particular, SMS-201995 increased [Ca2+]i with an ECso 

of 3.8 _+ 0.8 /XM and a maximal stimulation of  307 • 46% (n = 5), 

while the ECso for SS14 was 0.14 +-- 0.01/ZM and maximal stimulation 

was 247 __+ 6% (n = 2). Fig. 5 shows a complete dose-response curve 

for SMS-201995 in a typical experiment. The SMS-201995-induced 

[Ca2+]i increase was blunted by about 80% in the absence of extra- 

cellular calcium (Ca2+-free medium plus 4 mM EGTA), suggesting 
that both an influx of extracellular calcium and a mobilization from 
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Fig. 9. Flow cytometric analysis of cell cycle distri- 
bution of synchronized CHP-134B 15 h after release 
from aphidicolin block and treatment with vehicle (first 
row), SMS-201995 (100 n~; second row), VIP (100 nM; 
third row), or VIP plus SMS-201995 (100 nra; fourth 
row). Vertical columns, results obtained in two separate 
experiments. VIP produced a clear increment in the 
percentage of Gz-M cells, and SMS-201995 did not 
counteract this effect. 
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intracellular stores are involved in the stimulatory response to somat- 
ostatin (Fig. 5, insert). 

Growth  Assays. We found that both SMS-201995 and VIP caused 
a time and dose dependent decrease in [3H]thymidine uptake and cell 
number in the SSRl-positive cell line CHP-134B. Fig. 6 shows the 
time course of VIP (0.1/zM), SMS-201995 (0.1/xM), or the combina- 
tion of the two on [3H]thymidine uptake, while the insert depicts the 
complete dose-response curves for these peptides after 4 h of incu- 
bation. Similar dose-response curves were obtained after 9, 24, and 36 
h of incubation with either VIP, SMS-201995, or VIP (0.1 /ZM) plus 
SMS 201995 (data not shown). The mean ICsos were 4 _+ 1 nM for VIP 
and 6 ___ 2 nM for SMS-201995 (n -- 4). Note that 1/xM SMS-201995 
was always less effective than 100 nM of the same peptide. Similar 
results have been reported previously by other laboratories (7, 61-64). 

The combination of VIP and SMS-201995 did not ameliorate the 
inhibitory effect of each peptide given alone. Indeed, in 4 independent 
experiments after 24 h of incubation with 100 nM of peptides, the 
percentage of inhibition on [3H]thymidine uptake was 21 • 6 for 
SMS-201995, 37 ___ 8 for VIP, and 7 ___ 4 for the combination of the 
two, suggesting negative interaction between VIP and SMS-201995. 
This functional antagonism was also observed when we studied the 
effect of VIP and SMS-201995 on CHP-134B cell number. Either 
SMS-201995 or VIP significantly inhibited cell proliferation after 48 
h; however, this effect was blunted by the simultaneous addition of the 
two peptides (Fig. 7). 

Cell Cycle Analysis. To study the cell cycle effect of 
SMS-201995, VIP, or the combination of SMS-201995 and VIP, we 
synchronized CHP-134B cells by a 24-h exposure of cell cultures to 
5 /xg/ml aphidicolin, a potent and specific inhibitor of DNA polym- 
erase a (65). Fig. 8 illustrates DNA histograms representing the fluo- 
rescence emission of propidium iodide-stained nuclei of aphidicolin- 
synchronized cells (80% of the cells in G~ S) compared to 
unsynchronized control cells. Removal of aphidicolin (by extensive 
washing) allowed the cells to progress through the cell cycle. Six h 
after release from the aphidicolin block, the majority of the cells 
entered the S phase, while 12 h later, most of the cells traversed G2-M. 
Twenty-four h after aphidicolin release, the synchronized cells re- 
turned to Go-G1 and started to traverse the S phase again. None of the 
different treatments affected the cell cycle profile in the first 12 h. 
After 15 h, VIP caused a partial accumulation of cells in G2-M that 
was not altered by the presence of SMS-201995 (Fig. 9). Indeed, in 
three separate experiments, VIP stimulated a 58 + 25% increase in 
G2-M over the control, and similar results were obtained with com- 
bined VIP plus SMS-201995 (58 ___ 28%). Twenty-four h after release 
from aphidicolin block, SMS-201995 caused a slight accumulation in 
Go-G1 (13 ___ 1% increase over control; n = 3), while VIP or VIP plus 
SMS-201995-treated cells still traversed G2-M more slowly (81.3 • 
2.4 and 84 • 8% increase over control values for VIP and VIP plus 
SMS-201995, respectively; n = 3; Fig. 10). In both VIP- and SMS- 
201995-treated cells, we found a 21 • 7 and 20 ___ 3% reduction of 

130 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/1/124/2453395/crs0540010124.pdf by guest on 19 M

ay 2023



C O N T R O L  

S M S  2 0 1 9 9 5  1 E - 7  

V I P  1E-?  

V I P  1 E - 7  + 

S M $  2 0 1 9 9 5  1 E - 7  

S O M A T O S T A T I N  R E C E P T O R S  I N  N B  C E L L  L I N E S  

11111 

11 

186 

' G~,Gi :4~,Im ~ 

S : 42.67 51 

:: | 
! 

I I 

ii 
, ,  I , G O . ,  
v ~ , t / G I  = 54 .295  a a B  

IuIiI I I I I 

i J  t # S : 3 5 . 8 7 5  
( , ,  G 
0 , ,  ~ :  9 . ,~  ' I l l  l l 
( ~ )  l l i l l  I t 

i i l l  I t 

#,%,h, i 
I.i I' 'i I , ,  f ~ ' , ,  , ~ ,  i ~ , , , ,  . . . . . . . . .  

i l l  ~ i l i a  . l i r a  i l l l I  i 

! 

! .! 

+ ~ S = ~ . 3 4 5  
I i 

0 , , G I  �9 i i ~ l t~  : 16"96 5 

I llIII ,41I i I, III 4 1 1 I  

, , 

! ! 

l i G ~ '  G 
I t 1 : 4 4 . 6 5 5  

i + S : 3 9 . 0 2 ~  

1:G~/M_16.19 ,~ 
I l - -  " l  

1 I i I 

, ~ , ,  , , q ~ l , i - , , i , , ~ , l ~ r ~  I 
I l l  4 i i  i i I  l i i  l . l  

162 

I i ! I 

I I I I 
' 1 = 61.7 5 i  

"l ~ : ! 
--t ,!!, , , S = 27.8 5!  

,tl l 

-~ '.II'. . . ~ : 11.2 5i 

] 

4 

179  

1, 

i 

i 

1 1 1  

. -I  

5 

7 
:1 

i l l  t 

W ' G ' ~ G  ; I I r t i 

I 1 = 70.6 5 !  

,[}, �9 ~ S :  17.9 5i  
dL 

:11: ' G ~ M : , 9 5 i  
' 

asia - 'wa : , ~ :  1 2 2  : ~ 8  

sth ~ ~ / G 1  = 57.7 
db , , 
.it, ~ , S : 2 2 6  %1 JL , ' 

;I ' ; ~i 

,ik t: 
; = a  a l t  s  ; ~ :  : .?. "~ ;I  

:l: 

:Ii: 

I , G ~  
r 1 = 51 %1 
i 

, 8 = 3 0  %! 

: G~/M: 1, ~! 

Fig. 10. Flow cytometric analysis of cell cycle dis- 
tribution of synchronized CHP-134B 24 h after release 
from aphidicolin block and treatment as in Fig. 9. Ver- 
tical columns, results obtained in two separate experi- 
ments. SMS-201995 caused a slight accumulation into 
G0-G1, while VIP or VIP plus SMS-201995-treated 
cells still shows a temporary delay in Gz/M transition. 

S-phase cells over control values, while this inhibition is less apparent 
in the population of cells treated with VIP plus SMS-201995 (13 ___ 
14%; n = 3; Fig. 10). 

DISCUSSION 

In this study, we describe the presence of receptor heterogeneity for 
SS in human NB cells that shows several similarities with the receptor 
heterogeneity reported previously in rat brain (14-16). We essentially 
found two distinct classes of binding sites characterized by different 
distribution, ligand selectivity, and physiological functions. SSRI 
binds with high affinity, yet with no selectivity, SS14, SS28, and the 
octapeptide analogues. This site is present only in a discrete subset of 
NB cell lines (40%). SSR2 is widely distributed in all of the cell lines 
tested, binds with lower affinity than SSR~, SS14, SS28, and [o-TrpS] - 
SS14, yet shows relative selectivity for these peptides. Indeed, the 
octapeptide analogues bind to this site only in the high micromolar 
range. Thus, we extensively used [125I]204090 and SMS-201995 as 
selective probes to investigate the biological properties of SSR1. Con- 
versely, the biological functions of SSRz were studied in the cell lines 
bearing only this subtype of receptor. We found that the stimulation of 
SSRE was essentially devoid of biological effects when analyzed for 
changes in cAMP content or growth assays. 

SSR1 shows several similarities with the previously described SSA/ 
SS~ receptors (14-16, 57, 58) and recently cloned SSTR2 and SSTR4 
(17, 18, 20, 22, 24). Indeed, it binds in subnanomolar concentrations 
[o-TrpS]SS14, SS14, SS28, and the octapeptide analogues 

SMS-201995, 204090, BIM-23014, and RC-160, while it shows very 
low affinity for the biologically inactive peptide SS281-1z. Further- 
more, SSR1 is apparently coupled to a pertussis toxin-sensitive GTP- 
binding protein that inhibits forskolin- or VIP-stimulated adenylate 
cyclase activity. Nanomolar concentrations of SMS-201995 (selec- 
tively active on SSgl) induced a slight (20%) antiproliferative effect 
in the SSgl-positive cell line CHP-134B, indicating an involvement of 
SSg~ in growth inhibition of NB cells. 

We also found that VIP, a growth regulatory peptide produced by 
several human NB cell lines (37, 38), inhibited the proliferation of 
CHP-134B yet not to the extent previously reported for another NB 
cell line, LA-N-5 (41). However, the simultaneous administration of 
100 nm SMS-201995 and VIP was much less effective than either 
peptide alone in inhibiting cell growth, indicating negative interac- 
tions between the two peptides. Since VIP is a potent stimulator of 
cAMP levels in NB cells (37, 66), we imply that cAMP-mediated 
events are relevant for the VIP-induced growth inhibition. Indeed, 
cAMP is believed to greatly affect proliferation and differentiation of 
NB cells (67). The addition of SMS-201995 at concentrations that 
decrease the VIP-induced cAMP stimulation counteracts the antipro- 
liferative effect of VIP. Hence, this effect might be mediated through 
the inhibition of adenylate cyclase activity. 

In addition, we found that in NB cells SMS-201995 alone inhibits 
cell growth. Since this peptide inhibits rather than stimulates cAMP, 
we hypothesized that the antiproliferative effect of SS is mediated by 
an intracellular signal distinct from cAMP. Indeed, a previous study on 
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the AR4--2J rat acinar pancreatic tumor cell line indicates that SMS- 
201995 inhibited cell proliferation independently from the effect on 
cAMP production (61). We found that nanomolar concentrations of SS 
agonists decrease [Ca2+]i in SSRl-positive NB cells. A similar effect 
of SS was previously noted in several cell types (2), including imma- 
ture neuroblasts of rat cerebellum (68). In NB cells, however, higher 
concentrations of both SS14 and SMS-201995 induced a biphasic 
response on [Ca2+]i; an initial calcium increase was followed by a 
rapid decrease to values below the [Ca2+]i basal level. Furthermore, 
in the micromolar range, only the stimulatory effect of SS agonists on 
[Ca2+]i was apparent. Since the stimulatory effect of SS agonists was 
obtained at concentrations that activate the low affinity site, it is 
possible that SSR2 is associated with an increase in calcium fluxes. 
Although unusual, an increase of [Ca2+]i in response to micromolar 
concentrations of SS has been reported previously in rat hippocampal 
neurons (69) and in nonfunctioning pituitary adenomas (70). In agree- 
ment with the biphasic effect of SS agonists on [Ca2+]i we and others 
(7, 61-64) have found a biphasic effect of SS on cell growth; micro- 
molar concentrations of SS are less effective than the nanomolar ones 
in inhibiting cell proliferation. Since calcium is known to be a growth- 
regulating cation (71), our findings might indicate that the antiprolif- 
erative effect of SMS-201995 in NB cells is linked to a decrease in 
[Ca2+]i .  

Studies on cell cycle effects have confirmed an independent inhi- 
bition of SS and VIP on cell proliferation. Indeed, VIP caused a 
transient accumulation of nuclei in G2-M, while SMS-201995 induced 
a slight accumulation of nuclei into Go-G1. However, the VIP- or 
SMS-201995-induced decrease in transition through the S phase was 
less apparent after the simultaneous treatment with the two peptides, 
again suggesting mutual antagonism. 

In conclusion, we identified SS receptors in human NB cells. Only 
a discrete subset of the cell lines studied presents biologically active 
receptors involved in growth inhibition. The slight (20-30%) antipro- 
liferative activity reported in this study is comparable to previous 
reports (5, 7, 8, 61, 62) and does not support a primary role for 
SMS-201995 in the treatment of NB. However, the potential adjuvant 
role of SS analogues in combination with other cytostatic drugs (72) 
should also be considered in this pediatric tumor. In NB cells, the 
biologically active site is selectively labeled by the SS analogues 
SMS-201995 and 204090; therefore, 1231- or nlln-coupled SS ana- 
logues might represent a useful tool for in vivo imaging of SSR1 
receptors in patients affected by this tumor as originally described for 
other malignancies (28). Although we believe that in vivo visualiza- 
tion of SS receptor-positive NBs and their metastases with octapeptide 
analogues will assist clinicians in tumor localization, it is also possible 
that SSR1 expression in NB cells marks a subset of NB with an 
immature chromaffin phenotype (60). Further studies on SS receptors 
in human NB may serve to define SSRa as a new biological marker 
potentially useful in the prognosis and natural history of this pediatric 
malignancy and may raise the issue that events stimulated by SS might 
be developmentally regulated. 
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