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Abstract

The presence of somatostatin receptors has been demonstrated
in various endocrine tumors as well as in normal tissues. We
recently have cloned five human somatostatin receptor sub-
types (SSTRI-SSTR5). These mRNAsare expressed in a tis-
sue-specific manner. In this study, we have determined the so-
matostatin receptor subtypes expressed in various endocrine
tumors using a reverse transcriptase polymerase chain reaction
method. In two cases of glucagonoma and its metastatic lymph
nodes in one case, all the SSTR subtype mRNAsexcept
SSTR5 mRNAwere expressed. In four cases of insulinoma,
SSTR1 and SSTR4mRNAswere detected, but SSTR2mRNA
was not detected in one case and SSTR3 mRNAwas not de-
tected in two cases, indicating a heterogeneous expression of
SSTRsubtypes in insulinomas. Interestingly, SSTR3mRNA,
which is highly expressed in rat pancreatic islets, is not ex-
pressed in normal human pancreatic islets, while SSTR1,
SSTR2, and SSTR4mRNAsare expressed. In three cases of
pheochromocytoma, SSTR1 and SSTR2 mRNAswere de-
tected, showing an expression pattern identical to that of nor-
mal adrenal gland. In a carcinoid, SSTRI and SSTR4mRNAs
were detected. Wehave also found that human SSTR2shows a
high affinity for SMS201-995, which has been used clinically
for the treatment of endocrine tumors. Since SMS201-995 was
effective in the treatment of a patient with glucagonoma in
which SSTR2mRNAwas present, but had no effect in a patient
with carcinoid in which SSTR2 mRNAwas not detected, this
study suggests that the efficacy of SMS201-995 may depend,
at least in part, on the expression of SSTR2in tumors. (J. Clin.
Invest. 1994. 93:1321-1325.) Key words: reverse transcriptase
polymerase chain reaction - glucagonoma - insulinoma * pheo-
chromocytoma - carcinoid

Introduction

Somatostatin, a tetradecapeptide originally isolated from hypo-
thalamus as a growth hormone-releasing inhibiting factor, has
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been found in many other tissues ( l-2a). Somatostatin has
diverse biological effects on cellular function including inhibi-
tion of secretory and proliferative processes (2-4). The various
actions of somatostatin are mediated through its specific high
affinity receptors (2, 2a, 5). The presence of somatostatin re-
ceptors has been demonstrated in many tumors as well as in
normal tissues by classical biochemical binding techniques (3,
6-8).

Using the antiproliferative action of somatostatin, various
somatostatin analogues have been developed for clinical appli-
cations (9, 10). One of the analogues, octreotide (SMS 201-
995), has been approved for the treatment of endocrine tumors
such as pituitary adenoma, pancreatic endocrine tumors, and
carcinoid (3, 4, 11, 12). In addition, in vivo autoradiography
by intravenous administration of radiolabeled Tyr3-octreotide
(SMS 204-090) has made it possible to localize somatostatin
receptor-positive tumors and their metastases (3). Although
these somatostatin analogues are useful in the diagnosis and
treatment of endocrine tumors, some tumors have been shown
to bear octreotide- or Tyr3-octreotide-insensitive somatostatin
receptors, which suggests the presence of different somatostatin
receptor subtypes in endocrine tumors (3,6). Werecently have
cloned five human somatostatin receptor subtypes (SSTR 1-
5),' whose mRNAsare expressed in a tissue-specific manner,
indicating that various somatostatin actions are mediated by a
family of structurally related proteins encoded by distinct genes
(13-15). It is, therefore, important to identify the somatostatin
receptor subtypes expressed in various endocrine tumors with
regard to diagnosis, prognosis, and prediction of somatostatin
analogue efficacy in treatment.

In this study we have determined the subtypes of somato-
statin receptor expressed in various endocrine tumors using a
reverse transcriptase PCR(RT-PCR) method. Weshow that
SMS201-995 exerts its biological effects through SSTR2 and
suggest that the expression of SSTR2 may determine the effi-
cacy of SMS201-995 in the treatment of endocrine tumors.

Methods

Tissue samples. Two glucagonomas and metastatic lymph nodes, four
insulinomas, three pheochromocytomas, and one carcinoid were stud-
ied. Tissue samples were obtained from patients at surgery, quick fro-
zen in liquid nitrogen, and stored at -70°C.

1. Abbreviations used in this paper: 5-HIAA, 5-hydroxyindole acetic
acid; ICm, inhibitory concentration, 50%; RT-PCR, reverse transcrip-
tase PCR; SSTR, somatostatin receptor.
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Table I. Primer Pairs for Amplifying HumanSSTRSubtypes

Subtype Size of PCRproduct

bp

SSTR1 5'-GGAACTCTATGGTCATCTAC-3' (225-244) 233
5'-GCTGAGCACAGTCAGACAGT-3'(438-457)

SSTR2 5'-TGACAGTCATGAGCATCGAC-3'(399-418) 284
5'-GCAAAGACAGATCATGGTGA-3'(663-682)

SSTR3 5'-TCATCTGCCTCTGCTACCTG-3' (663-682) 222
5'-GAGCCCAAAGAAGGCAGGCT-3'(865-884)

SSTR4 5'-ATCTTCGCAGACACCAGACC-3'(548-567) 321
5'-ATCAAGGCTGGTCACGACGA-3'(849-868)

SSTR5 5'-CGTCTTCATCATCTACACGG-3' (598-617) 223
5'-GGCCAGGTTGACGATGTTGA-3'(801-820)

Numbers in parentheses indicate the location of the primer in the se-
quence with regard to translation start site.

RT-PCR. RNAwas isolated from frozen tissue samples using the
guanidium thiocyanate/cesium chloride procedure ( 16).

cDNAwas synthesized using I jig of total RNAfrom above-men-
tioned tissues and normal human islets and 100 ng of oligo dT primer
in a 20-tl solution that contained 50 mMTris-HCl (pH 8.3), 75 mM
KCl, 3 mMMgCI2, 10 mMDTT, 500 ,gM each deoxynucleotide tri-
phosphate, and 200 U Moloney murine leukemia virus reverse tran-
scriptase (Superscript; GIBCOBRL, Gaithersburg, MD). After incu-
bation of 1 h at 370C followed by 30 min at 420C, the reaction mixture
was extracted with a solution of phenol-CHC13-isoamyl alcohol
(25:24: 1), and precipitated with ethanol. The amplification of RNA
sequence was performed using PCR(17). cDNAderived from 50 ng of
total RNAwas combined with 1 ,uM oligonucleotide primers specific
for each SSTRsubtype in a IOO-,ul solution that contained 50 mMKCI,
10 mMTris-HCI (pH 8.3), 1.5 mMMgCl2, 200,uM of each deoxynu-
cleotide triphosphate, and 2.5 Uof Taq DNApolymerase. The reaction
was carried out in a DNAthermal cycler (Perkin-Elmer Cetus Instru-
ments, Norwalk, CT). After an initial denaturation at 94°C for 5 min,
the samples were submitted to 37 reaction cycles for SSTR1 and 40
cycles for SSTR2-5 under the following conditions: annealing and ex-
tension for 2 min at 67°C for SSTR1, 62°C for SSTR2, and 65°C for
SSTR3-5, and denaturation at 94°C for 1 min. PCRproducts were
analyzed by electrophoresis on 2%agarose gels. The PCRproducts also
were subcloned in M13mp18 and sequenced to confirm their identity.
To exclude the possibility that PCRproducts might result from the

bp ,
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amplification ofgenomic DNAthat could contaminate the RNAprepa-
ration, 50 ng of the RNApreparation was used directly for PCR.

Transfection of human SSTR2 into COScells and binding assays.
SMS201-995 has been used for the treatment of human endocrine
tumors (3, 4, 11, 12). Our previous study has indicated that mouse
SSTR2has a high affinity for SMS201-995 (18). To ascertain whether
human SSTR2 also binds SMS201-995 with a high affinity, we have
characterized the pharmacological properties of human SSTR2.

A BamHI/XbaI fragment of human SSTR2gene was inserted into
the mammalian expression vector pCMV6b(13). The resulting con-
struct was transfected into COS-l cells by the DEAE-dextran method
(15). 48 h after transfection, cells were washed twice in PBS, scraped,
suspended in 20 mMTris-HCI, 1 mMEDTA, and 225 mMsucrose
(pH 7.5), sonicated, and centrifuged at 1,000 g for 10 min at 4°C. The
supernatant was ultracentrifuged at 250,000 g for 30 min at 4°C. The
pellets were resuspended in 10 mMHepes buffer (pH 7.5) containing
500 KIU/ml aprotinin.

Binding properties of human SSTR2 to two kinds of somatostatin
analogues, SMS201-995 (provided by Dr. J. Pless, Sandoz AG, Basel,
Switzerland) and RC-160 (Peninsula Laboratories, Inc., Belmont, CA)
were examined according to the method described previously (15).

Treatment of patients with endocrine tumors with SMS201-995.
Wepreviously reported a case of glucagonoma in which treatment with
dacarbazine was very effective (19). Because the plasma glucagon lev-
els gradually increased in spite of the treatment with dacarbazine, we
have treated the patient with subcutaneous injection of SMS201-995
at a daily dose of 150 jig. A patient with carcinoid has also been treated
with subcutaneous injection of SMS 201-995 at a daily dose of
100-200 ,g.

Results
The sequences of oligonucleotide primers used for PCRare
listed in Table I. Fig. 1 shows the amplification of the plasmid
DNAs containing each SSTR subtype gene, indicating that a
specific amplification of each SSTR subtype was obtained
under the conditions used. Sequence analysis confirmed that
the DNAsequences of these PCRproducts were identical to
those of SSTRsubtypes previously described ( 13-15 ). Fig. 2,
a-d shows the amplification of SSTR subtypes from cDNA
preparations of various kinds of endocrine tumors, and the
results are summarized in Table II. No PCRproduct was de-
tected using any of the primer pairs specific for SSTR1-SSTR5
when RNApreparation was directly amplified, indicating that
the products detected were not due to the amplification ofgeno-

c

Std.1 2 3 4 5 Std.1 2 3 4 5 Std. 1 2 3 4 5

d e
Std.1 2 3 4 5 Std.1 2 3 4 5

Figure 1. Amplification of the plasmid
DNAscontaining each SSTRsubtype gene
by PCR. Photographs of the ethidium bro-
mide-stained agarose gels of PCRproducts
are shown. The amplified plasmid in each
lane is as follows: 1, SSTR1; 2, SSTR2; 3,
SSTR3; 4, SSTR4; and 5, SSTR5. Std.,
lane containing HincII digest of OX 174
DNA. Primer pairs used for PCRare spe-
cific for: a, SSTR1; b, SSTR2; c, SSTR3;
d, SSTR4; and e, SSTR5.
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a SSTR1
Std. 1 2 3 4 5 6 7 8 9 101112131415

-233 bp

b SSTR2
Std. 1 2 3 4 5 6 7 8 9 101112131415

- 284 bp

c SSTR3
Std. 1 2 3 4 5 6 7 8 9 101112131415

-222 bp

d SSTR4
Std.1 2 3 4 5 6 7 8 9 101112131415

e SSTR1
Std. 1 2 3 4 5 6 7 8 9 101112 13 14 15

321 b p Figure 2. Amplification of SSTRsubtypes from cDNAs
(a-d) and RNAs(e) of endocrine tumors. Primer pairs
used for PCRare specific for: a, SSTRl; b, SSTR2; c,
SSTR3; and d, SSTR4. No PCRproduct is detected by
direct amplification of RNApreparation using any of the
primer pairs specific for SSTRI -SSTR5. A typical exam-
ple of negative control for SSTR1 amplification is pre-
sented (e). The amplified cDNAor RNAin each lane is
as follows: 1, normal human pancreatic islets; 2, gluca-
gonoma 1; 3, glucagonoma 2; 4, pancreaticolienal lymph
node metastasis of glucagonoma 2; 5, lienal lymph node
metastasis of glucagonoma 2; 6, insulinoma 1; 7, insu-
linoma 2; 8, insulinoma 3; 9, insulinoma 4; 10, normal
adrenal gland; 11, pheochromocytoma 1; 12, pheochro-
mocytoma 2 found in the right adrenal gland; 13,
pheochromocytoma 2 found in the left adrenal gland; 14,
pheochromocytoma 3; and 15, carcinoid. Std., lane con-
taining HincII digest of OX174 DNA.
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Table II. Summary of the Expression
of SSTRSubtypes Analyzed by RT-PCR

SSTRI SSTR2 SSTR3 SSTR4 SSTR5

Normal human islets
Glucagonoma 1
Glucagonoma 2

Main tumor
Metastatic lymph nodes

Insulinoma 1
Insulinoma 2
Insulinoma 3
Insulinoma 4
Normal adrenal gland
Pheochromocytoma 1
Pheochromocytoma 2
Pheochromocytoma 3
Carcinoid

+ + - + -
+ + + + -

Table III. IC50 of the Five Human Somatostatin Receptor
Subtypes for SMS201-995

SSTRI SSTR2 SSTR3 SSTR4 SSTR5

IC50 for SMS
201-995 >1 M* 0.4nM 35nM >1gM 7.OnM

+ + + + - IC50 values are taken from references 14 (SSTR3) and 15 (SSTR4 and
+ + + + - SSTR5). * Kubota, A., Y. Yamada, S. Kagimoto, S. Seino, and Y.
+ + + + - Seino, unpublished observations.
+ + - + _

+ + - + X 10 -'M, respectively (Fig. 3). The IC50 values of five somato-
+ + + statin receptor subtypes for SMS201-995 are summarized in
+ + Table III.
+ + The treatment of a patient with glucagonoma (glucagon-
+ + oma 2 in Table II) with SMS201-995 resulted in a marked
+ + - - - reduction of plasma glucagon levels from 977 to 96-324 pg/ml
+ + (Fig. 4). In contrast, the treatment of a case of carcinoid with

SMS201-995 failed to reduce plasma 5-hydroxyindole acetic
acid (5-HIAA) levels (Fig. 4).

mic DNA(a typical example is shown in Fig. 2 e). The SSTR5
mRNAwas not detected in any endocrine tumors examined
(data not shown). In two cases of glucagonoma and its meta-
static lymph nodes in one case, all the SSTRsubtype mRNAs
except the SSTR5 mRNAwere detected. The SSTR1 and
SSTR4 mRNAswere present in all cases of insulinoma. The
SSTR2mRNAwas found in three cases of insulinoma and the
SSTR3mRNAwas found only in two cases. In normal human
pancreatic islets, SSTR1, SSTR2, and SSTR4 mRNAswere
present. In three cases of pheochromocytoma and normal adre-
nal gland, the SSTR1 and SSTR2 mRNAswere found. In a
carcinoid, the SSTR1 and SSTR4mRNAswere detected.

The pharmacological characteristics of the human SSTR2
were examined in COScells transiently expressing this recep-
tor. SSTR2exhibited specific and high affinity binding of [ 125I-
Tyr " ] somatostatin- 14. SMS201-995 and RC- 160 potently
inhibited [ 125I-Tyr ] somatostatin binding, with a half maxi-
mal inhibitory concentration (IC50) of 4.0 X 10-'M and 9.0

Discussion

Somatostatin receptors have been found in various endocrine
tumors as well as in normal tissues by classical biochemical
binding studies (3, 6-8). Our recent studies have demonstrated
that somatostatin receptors comprise a family of structurally
related proteins (13-15). In this study we have identified the
somatostatin receptor subtypes expressed in human endocrine
tumors. Because of the limited availability of human tissue
samples, we have used an RT-PCR method to determine the
mRNAexpression of each subtype. Werecently have found
that among the five human somatostatin receptor subtypes
(SSTR 1-5), no SSTR5 mRNAis detected in normal periph-
eral tissues examined ( 15). However, since a rat homologue of
human SSTR5has been shown to be expressed at high levels in
rat pituitary (20), the possibility cannot be ruled out that
SSTR5 is expressed in human pituitary as well (This report
follows the nomenclature for somatostatin receptor subtypes
proposed in reference 15.). The present study also shows that
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Figure 3. Binding properties of human SSTR2. The ability of so-
matostatin-14 (open circle), SMS201-995 (open box), and RC-160
(closed triangle) to inhibit the binding of [ 1251I-Tyr" ] somatostatin-14
were examined. Total [225I-Tyr " ] somatostatin- 14 binding was 2,981
cpm, and nonspecific binding (binding remaining in the presence of 1
,gM somatostatin) was 508 cpm. Data are the means of duplicate
determination.
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Figure 4. Clinical course of the patients treated with SMS201-995.
(A) A 47-yr-old male patient with glucagonoma 2 underwent the
treatment with SMS201-995 injected subcutaneously at a daily dose
of 150 gg, which resulted in a marked reduction of plasma glucagon
levels from 977 to 96-324 pg/ml and an improvement of glossitis and
skin lesions. (B) A 75-yr-old male patient with carcinoid. In this case,
the treatment with SMS201-995 at a daily dose of 200 ug failed to
reduce plasma 5-HIAA levels.
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the SSTR5 mRNAis not present in any endocrine tumors
examined.

In two cases of glucagonoma and its metastatic lymph
nodes in one case, all the SSTR subtype mRNAsexcept the
SSTR5 mRNAwere detected. In insulinomas, the SSTRI and
SSTR4 mRNAswere present in all cases. The SSTR2mRNA
was found in three cases of insulinoma, and the SSTR3mRNA
was found only in two cases. These results indicate a heteroge-
neous expression of the human somatostatin receptor subtypes
in insulinoma. Wehave previously found that SSTR3mRNA
is expressed at moderate levels in human brain and at high
levels in rat pancreatic islets (14). Interestingly, the SSTR3
mRNAwas not detected in normal human pancreatic islets
while the SSTR1, SSTR2, and SSTR4 mRNAswere detected
in the islets. Our preliminary study has also indicated that the
expression pattern of SSTR1, SSTR2, and SSTR3 mRNAsis
different in various tissues including brain, kidney, pancreas,
and gastrointestinal tract among mouse, rat, monkey, and hu-
man (Kagimoto, S., Y. Yamada, A. Kubota, S. Seino, and Y.
Seino, unpublished observations). This suggests that the ex-
pression pattern of somatostatin receptor subtypes is different
in several tissues among different species. The SSTR1 and
SSTR2 mRNAswere expressed in the pheochromocytomas
examined. The expression pattern of SSTRsubtype mRNAsin
pheochromocytomas is identical to that in normal adrenal
gland. In a carcinoid, the SSTRI and SSTR4 mRNAswere
present.

The somatostatin analogue SMS201-995 has been used for
the treatment of various endocrine tumors (3, 4, 11, 12). We
have confirmed in our study that, as does mouse SSTR2 (18),
human SSTR2 also binds SMS201-995 with a high affinity.
Moreover, among the five human somatostatin receptor sub-
types, SSTR2 possesses the highest affinity for SMS201-995.
Since SMS201-995 has been shown to have potent effects of
antiproliferation as well as of inhibition on hormone secretion
(3, 4, 11), SSTR2 could mediate these effects in endocrine
tumor cells. In clinical use, it is known that the efficacy of SMS
201-995 varies, depending upon the histology of the endocrine
tumors and other individual differences (3, 12). The present
finding that SSTR2mRNAsare not expressed in all the endo-
crine tumors studied suggests that the efficacy of SMS201-995
may depend, at least in part, on the expression of the SSTR2. In
fact, when one of the patients with glucagonoma in whomthe
SSTR2mRNAwas present in the tumor tissue was treated with
SMS201-995, a marked reduction of plasma glucagon levels
was observed, and clinical symptoms including glossitis and
skin lesions improved. In contrast, in the case of a patient with
carcinoid in which the SSTR2 mRNAwas not expressed, the
treatment with SMS201-995 failed to reduce plasma 5-HIAA
levels. These two clinical experiences also support our sugges-
tion that the expression of the SSTR2 subtype in endocrine
tumors may determine the efficacy of SMS201-995 in treat-
ment, although more clinical cases should be examined.

Cloning of the five human somatostatin receptor subtypes
and identification of the receptor subtypes expressed in various
tumors should provide valuable information in regard to tu-
mor diagnosis, prognosis, and prediction of somatostatin ana-
log efficacy in treatment as well as for the development of selec-
tive analogues (3).
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