
The Hypofunctional Effect of P335L Single Nucleotide
Polymorphism on SSTR5 Function

Guisheng Zhou1,ξ, Marie-Claude Gingras2,ξ, Shi-He Liu1, Donghui Li3, Zhijun Li1, Robbi L.
Catania1, Kelly M. Stehling1, Min Li1, Giovanni Paganelli4, Richard A Gibbs2, Franco
DeMayo5, William E. Fisher1, and F. Charles Brunicardi1

F. Charles Brunicardi: cbrunica@bcm.tmc.edu
1Michael E. DeBakey Department of Surgery, Baylor College of Medicine, One Baylor Plaza,
Houston, Texas 77030,USA

2Human Genome Sequencing Center; Baylor College of Medicine, One Baylor Plaza, Houston,
Texas 77030,USA

3Departments of Gastrointestinal Medical and Oncology, The University of Texas M. D. Anderson
Cancer Center, 1515 Holcombe Boulevard, Houston, Texas, 77030, USA

4Division of Nuclear Medicine, European Institute of Oncology, Via Ripamonti 435 20141, Milan,
Italy

5Department of Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza,
Houston, Texas 77030,USA

Abstract

Introduction—Somatostatin receptor subtype 5 (SSTR5) mediates the inhibitory effect of

somatostatin on insulin expression/secretion and cell proliferation. A number of single nucleotide

polymorphisms (SNPs) of SSTR5 have been identified, including P335L, a non-synonymous SNP

located in the protein C-terminal region and encrypted by the codons CCG (proline) or CTG

(leucine). In the present study, we sought to determine if the P335L SNP affected the cellular

function of SSTR5 in human pancreatic cancer as has been reported previously for

neuropsychiatric diseases and pituitary adenomas.

Methods—The P335L germline genotype of 246 patients with pancreatic cancer (213

Caucasians, 16 Hispanics and 17 African Americans), and 17 human pancreatic cell lines was

determined with the TaqMan SNP Genotyping assay. Human SSTR5 leucine variant (L335) was

generated by performing site-directed mutagenesis using SSTR5 proline variant (P335) as a

template. Transient transfections were performed in HEK293, Mia PaCa-2 and β-TC-6 cells using

Lipofectamine 2000. The expression of SSTR5 L335 was determined with a mouse monoclonal

anti-SSTR5 L335 antibody generated in our laboratory. The cell proliferation rate was measured

by performing MTS assays. Insulin concentration was measured by performing ELISA assays.
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Results—1. Genotyping of the patients' blood indicated that the frequency of the T allele (CT

and TT genotypes) in codon 335 of SSTR5 in Caucasians, Hispanics and African Americans was

52%, 69% and 35%, respectively. Statistical analysis indicated no significant association existed

between the frequency of the T allele and the existence of pancreatic cancer in each race. 2. Of the

17 tested human pancreatic cancer cell lines, 5 cell lines (CAPAN-2, HPAF-II, Panc03.27, Panc-1,

and -3) had the homozygote TT genotype and 9 cell lines including Mia PaCa-2 were heterozygote

(CT genotype). 3. Over-expression of SSTR5 L335 in Mia PaCa-2 cells enhanced cell

proliferation compared to over-expression of SSTR5 P335; 4. Over-expression of SSTR5 P335

enhanced the inhibitory effect of SSTR5 agonist RPL-1980 on cell proliferation of Mia PaCa-2

cells and glucose-stimulated insulin secretion from mouse insulinoma cells, while over-expression

of SSTR5 L335 blocked the inhibitory effect of RPL-1980. 5. Over-expression of SSTR5 L335

enhanced PDX-1 expression in Mia PaCa-2 cells.

Conclusion—SSTR5 P335L SNP widely exists in the human population; in patients with

pancreatic cancer, which are race-dependent; and in human pancreatic cancer cell lines. In contrast

to SSTR5 P335, over-expression of SSTR5 L335 variant resulted in cellular proliferation and

PDX-1 over-expression in human pancreas cancer cells and blocked the inhibitory effect of an

SSTR5-specific analogue on human pancreas cancer cell proliferation and glucose-stimulated

insulin secretion from mouse insulinoma cells. These data suggest that SSTR5 P335L is a

hypofunctional protein with a potential harmful effect on function, as well as potential latent

effect, and therefore could affect the clinical response to somatostatin analogue therapy for

patients with pancreas cancer.

Introduction

Somatostatin receptor 5 (SSTR5) is one member of a group of five G protein-coupled

receptors (SSTR1-5) (1-5) that mediate the cellular functions of somatostatin (6). SSTR5 is

one of the major SSTRs in the islets of Langerhans as it is present in 87% of insulin-

producing β-cells, 35% of glucagon-producing alpha cells, and 75% of somatostatin-

producing delta cells. The major role of SSTRs in the islets of Langerhans is the negative

regulation of insulin expression/secretion and islet cell proliferation (7). SSTR5 also

contributes to decreased pancreatic carcinogenesis (8-10), decreased islet angiogenesis (11)

and increased apoptosis (12). SSTR5 exerts its cellular effect through a wide variety of

mechanisms including increased production of retinoblastoma tumor suppressor protein and

p21 (cyclin dependent kinase inhibitor), which induces cell cycle arrest at the G1 phase (13),

inhibition of the kinase activation of mitogen-activated protein kinase (MAPK) extracellular

regulated kinase (ERK) (14), activation of the inositol phospholipids/calcium pathway (15,

16), interfering the coupling of the receptor to guanylate cyclase (17, 18), the activation of

the SAPK/JNK signaling pathway via G protein α-subunits, and the activation of the nitric

oxide (NO) signaling (19).

Single nucleotide polymorphisms (SNPs) are the most common type of genetic variations in

the human genome, which can occur in all coding, non-coding and regulatory regions of a

gene. A single base polymorphism is referred to as a SNP when the frequency of the minor

allele exceeds 1% in at least one population; otherwise it is considered a mutation (20).

When a SNP occurs within a coding region, it can have a silent effect (no change in protein
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sequence), a harmless effect (subtle changes in protein, but no impact on function), a

harmful effect (functional impact), or a latent effect (the change in coding or regulatory

regions is not harmful on its own, but is harmful under certain conditions). The clinical

consequences of SNPs depend on two factors: 1) where in the genome the SNP occurs and

2) the exact nature of the SNP. A number of SNPs of SSTR5 have been identified, including

20 missense variations (A19T, P34S, G37R, A40T, L48M, A52V, W105R, P109S, V180M,

R229K, R234C, R248C, L251S, V267I, R312C, A327V, T333M, P335L, R339K and

G357R) (21). Among them, SSTR5 L48M is associated with circulating levels of insulin-

like growth factor-I (IGF-1) and IGFBP3 and potential prostate cancer risk (22). The SSTR5

P335L SNP resulting from a C to T change at the 1004th nucleotide of the human SSTR5

gene was associated with neuropsychiatric diseases (23, 24). Loss of heterozygosity at the

SSTR5 P335L gene locus was found in pituitary adenomas and was associated with a more

aggressive phenotype (25). A recent study demonstrates an association of SSTR5 P109S,

L48m and P335L with incidence of pancreatic cancer (26). Moreover, SSTR5 P335L and

P109S also were associated with the overall survival of patients with resectable pancreatic

cancer (26). In the present study, we sought to investigate the differential presence of

SSTR5 P335L SNP in patients of different races diagnosed with pancreatic cancer and

determine the effect of this missense polymorphism on the cellular function of SSTR5.

Materials and methods

Reagents

QuikChange XL site-directed mutagenesis kit was purchased from Stratagene (La Jolla,

CA). An enhanced chemiluminescence (ECL) detection kit was purchased from Amersham

Biosciences Corp (Piscataway, NJ). Lipofectamine 2000 was purchased from Invitrogen

(Carlsbad, CA). Anti-HA antibody (12CA5) was purchased from Boehringer-Mannheim

(Indianapolis, IN). Anti-PDX-1 antibody and anti-SSTR5 antibody were described

previously (27, 28). Mercodia Ultrasensitive Mouse Insulin kit was purchased from

Mercodia AB (Sylveniusgatan, Sweden). SSTR5-specific analogue PRL-1980 was a gift

from Dr. David Coy (Tulane University, New Orleans, LA). All other chemical reagents

were purchased from Sigma (St. Louis, MO) unless otherwise noted.

Sample collection and processing

Informed consent from 246 patients with resectable pancreatic exocrine adenocarcinoma

was obtained under an IRB-approved protocol. One of the two following methods were used

to collect and isolate the DNA from the patient blood: 1) the blood was collected in

PAXgene Blood DNA tubes and the DNA was isolated with the PAXgene Blood DNA kit

(PreAnalytiX, Qiagen, Valencia, CA); or 2) the blood was collected in heparinized

vacutainers (BD Biosciences, Franklin Lakes, NJ). The peripheral mononuclear cells were

immediately separated by Ficoll-Histopaque (Amersham Pharmacia Biotech, Piscataway,

NJ) density gradient centrifugation and the DNA was extracted with the FlexiGene DNA kit

(Qiagen).

Genomic DNA samples for the normal control were obtained from established lymphoblast

cell lines from the BPR collection which contains de-identified healthy adults from three
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self-declared ethnic groups (Caucasian, Hispanic, and African American) recruited in

Houston, Texas. The Caucasian group also contained unrelated individuals from the Coriell

Institute (CEPH Utah HapMap samples).

Genotype was determined with the TaqMan SNP Genotyping assay (Applied Biosystems,

Foster City, CA). The reactions were prepared using 10 ng of gDNA, TaqMan universal

master mix (Applied Biosystems), and SNP genotyping assay mix (Primers and TaqMan

MGB probes) (Applied Biosystems) in a final volume of 5 μl. Allele discrimination was

accomplished by running end point detection using ABI Prism 7900HT Sequence Detection

System, and SDS 2.3 software (Applied Biosystems).

Cells, transfection, Western blotting, immunohistochemistry, site-directed mutagenesis,
cell proliferation assay and insulin measurement

Capan-1, BxPC-3, CFPAC-1, Mia PaCa-2, AsPC-1, Colo357, HPAC, Hs776T, Panc-28,

Panc-48, PL45, Su86.86, Panc-1, Panc03.27, Panc-3, Capan-2, HPAF-II, β-TC-6 and

HEK293 cells were obtained from the American Type Culture Collection (Manassas, VA).

HEK293, Panc-1, Mia PaCa-2 and mouse insulinoma β-TC-6 cells were grown and

maintained in DMEM supplemented with 10% FBS and penicillin/streptomycin. Transient

transfection was performed in HEK293, Mia PaCa-2 and β-TC-6 cells using Lipofectamine

2000 according to the manufacturer's instruction. Western blotting was performed using an

enhanced chemiluminescence (ECL) detection kit according to the manufacturer's protocols.

Immunohistochemistry staining was performed as described previously (29) using an anti-

SSTR5 L335 antibody (see below). Simultaneous fluorescence microscopy observation and

photography were carried out using an Olympus IX70 microscope. Human SSTR5 L335

was generated from SSTR5 P335 by performing PCR-mediated, site-directed mutagenesis as

instructed by the manufacturer's manual. The cell proliferation rate was measured by

performing MTS assays (Promega, Madison, WI) as described previously (30) using a

Multiskan EX System from Thermo Electron Co. (Franklin, Massachusetts). Insulin

concentration was measured by performing ELISA assays using a Mercodia Ultrasensitive

Mouse Insulin ELISA kit (Uppsala, Sweden).

Generation of monoclonal anti-SSTR5 L335 antibody

BALB/cJ mice were injected with 50 μg of SSTR5 L335-derived peptide-KLH conjugate in

Freund's complete adjuvant. The peptide NH2-CDADATELRPDRIRQ-COOH was

synthesized by Pi Proteomics, LLC (Huntsville, AL). The first injection was subcutaneous

(SC), followed by sequential intraperitoneal injection (IP)/SC boosters at two-week

intervals. Mouse sera were screened after the last boost using both a peptide ELISA and

Western blotting against SSTR5 P335 and SSTR5 L335. A single mouse with the best titer

was given a final boost (IP) four days before sacrifice for fusions. The mouse spleen cells

were fused with mouse THT myeloma cells as described previously (31). The resultant

hybridomas were screened using an ELISA for antibodies that preferentially interact with

BSA-SSTR5 L335 peptide conjugate, but not with BSA-SSTR5 P335 peptide conjugate. A

secondary confirmation ELISA was done with free SSTR5 P335 and SSTR5 L335 peptide-

coated plates. Western blotting of extracts from HEK293 cells expressing SSTR5 P335 and

SSTR5 L335 were used as a tertiary screening for monoclonal antibody reaction with the
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appropriate intact SSTR5 native proteins. The hybridomas that were found to produce

antibodies exhibiting the desired specificity for the SSTR5 L335 variant, but not for SSTR5

P335 variant, were cloned using limiting dilution, re-characterized and used for large-scale

production of antibodies.

Statistical Analysis

Chi2 test/Fisher's exact test was used for statistical analysis of the association between the

SSTR5 P335L missense polymorphism and the pancreatic cancer risk and progression with

P < 0.05 indicating significance. Proportion test (R version 2.10.1) was used for the

statistical analysis of the percentage of allele T in each race and stage of PC with P < 0.05

indicating significance. The unpaired Student t test was used for statistical analyses of cell

proliferation rates and insulin levels, with P < 0.05 indicating significance.

Results

Wide occurrence of SSTR5 P335L SNP

Since SSTR5 is widely expressed in human cancers and plays an essential role in mediating

somatostatin's anti-proliferative effect, we were prompted to explore if SSTR5 P335L was

one of the genetic variations of SSTR5 that contributes to tumorigenesis. We applied a

TaqMan Allelic Discrimination assay to determine the distribution of SSTR5 P335L CC,

CT, and TT in patients with pancreatic cancer. A total of 246 patients with pancreatic cancer

(213 Caucasians, 16 Hispanics and 17 African Americans), were included in this study. As

shown in Table 1, in the Caucasian cohort of 213 pancreatic cancer patients, the proportion

of patients with a CC genotype (expressing the SSTR5 P335 variant only) was slightly lower

than the TT genotype (expressing the SSTR5 L335 variant only). A similar, but more

pronounced pattern, was observed in the Hispanic cohort (6% CC versus 44% TT). The

African American cohort was totally shifted with a high proportion of patients with a CC

genotype (41% CC versus 12% TT). An equivalent proportion of patients were heterozygote

in the three populations. This translated in a frequency of T allele in Caucasians, Hispanics

and African Americans as 52%, 69% and 35%, respectively. The distribution of SSTR5

P335L among ethnic groups also was significantly different in the control group. The

frequency of the T allele in the African American population was 24% compared to 58% in

the Caucasian population. Statistical analysis indicated that, compared to control normal

genotypes, the association between genotype and incidence of pancreatic cancer in each race

was not significant.

We also analyzed the genotypes of 17 human pancreatic cancer cell lines. As shown in

Table 2, three cell lines (CAPAN-1, BxPc-3 and CFPAC-1) were homozygote for CC, while

five cell lines (Panc03.27, Panc-1, Panc-3, Capan-2 and HPAF-II) were homozygote for TT.

The remaining nine cell lines (Mia PaCa-2, AsPC-1, Colo357, HPAC, Hs776T, Panc-28,

Panc-48, PL45 and Su86.86) were heterozygous (CT). This confirms the existence of the

three genotypes in pancreatic cancer cell lines, which would be important for use in

functional studies using somatostatin analogues.
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Generation of a SSTR5 L335-specific monoclonal antibody

The association of SSTR5 P335L SNP with neuropsychiatric diseases (23, 24), the

aggressiveness of pituitary adenomas (25) and the wide presence of SSTR5 P335L in

pancreatic cancer strongly suggest SSTR5 P335L as a potential and promising biomarker for

these human diseases. We therefore were prompted to generate an anti-SSTR5 L335

monoclonal antibody to determine the presence of SSTR5 P335L SNP expression in human

pancreatic cancer cell lines. As shown in Fig. 1, we successfully generated a mouse

monoclonal anti-SSTR5 L335 antibody that recognized only SSTR5 L335, but not SSTR5

P335. HEK293 cells were transfected with empty vector, HA-SSTR5 P335 or HA-SSTR5

L335. Western blot analysis with an anti-HA antibody showed that comparable levels of

HA-SSTR5 P335 and HA-SSTR5 L335 were expressed in HEK293 cells (Fig. 1A, lower

panel). However, only HEK293 cells over-expressing SSTR5 L335, but not HEK293 cells

over-expressing empty vector or SSTR5 P335, were given a positive signal for Western

blotting using the anti-SSTR5 L335 antibody (Fig. 1A, upper panel), indicating that the

antibody recognized only SSTR5 L335, but not SSTR5 P335. The specificity of this

antibody toward SSTR5 L335 was further confirmed by immunohistochemical analysis. As

shown in Fig. 1B, only HEK293 cells over-expressing SSTR5 L335, but not the HEK293

cells over-expressing empty vector or SSTR5 P335, were immunostained by the anti-SSTR5

L335 antibody. Next, we used this SSTR5 L335-specific antibody to examine the expression

of SSTR5 L335 in pancreatic cancer Mia PaCa-2 and Panc-1 cells. Western blot analysis

showed that both Mia PaCa-2 and Panc-1 cells expressed SSTR5 L335, with higher levels in

Panc-1 cells (Fig. 1C). These results are consistent with the genotypes of these cells (Table

2): CT genotype in Mia PaCa-2 cells expressed both SSTR5 P335 and SSTR5 L335

variants, while TT genotype in Panc-1 cells expressed SSTR5 L335 variant only.

SSTR5 L335 enhances cellular proliferation of Mia PaCa-2 cells

Sequence alignment analysis indicated that the proline 335 residue is highly conserved in

SSTR5 among human, mouse, rat, chimpanzee, cattle, pig, dog and grass carp (Fig. 2A).

Proline 335 also is highly conserved among different SSTRs, except SSTR2 (Fig. 2B).

Therefore, we were prompted to study the effect of the leucine 335 polymorphism on the

cellular function of SSTR5. Given that SSTR5 is one of the major SSTRs that mediates the

anti-proliferative effect of somatostatin (32), we first examined the effect of the SSTR5

L335 variant on cellular proliferation of Mia PaCa-2 cells in comparison to the SSTR5 P335

variant. We transfected Mia PaCa-2 cells with empty vector, SSTR5 P335 or SSTR5 L335

and examined the cell proliferation rates of these cells by performing MTS assays. As shown

in Fig. 3A, Mia PaCa-2 cells over-expressing the SSTR5 P335 variant had a decreased

proliferation rate, while the cells over-expressing the SSTR5 L335 variant had an enhanced

proliferation rate compared to the cells over-expressing empty vector. These data indicate

that SSTR5 L335 adversely affects the cellular function of SSTR5 and suggests that SSTR5

L335 acted as a hypofunctional protein compared to SSTR5 P335.

RPL-1980 is a SSTR5-specific analogue. Treatment of Mia PaCa-2 cells with RPL-1980

inhibited cellular proliferation (Fig. 3B, column 2). Over-expression of the SSTR5 P335

enhanced the inhibitory effect of RPL-1980 on cellular proliferation of Mia PaCa-2 cells

(Fig. 3, column 3), while over-expression of SSTR5 L335 abolished the anti-proliferative
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effect of RPL-1980 (Fig. 3, column 4). These data indicate that SSTR5 L335 adversely

affects the inhibitory function of the SSTR5-specific analogue, RPL-1980, in a human

pancreatic cancer cell lines, and therefore could potentially affect the clinical response to

somatostatin analogue therapy.

SSTR5 leucine 335 variant has no enhancing effect on RPL-1980-induced inhibition of
glucose-stimulated insulin secretion in β-TC-6 cells

Our previous studies have shown that SSTR5 mediates the inhibitory effect of somatostatin

on insulin secretion within the mouse islet (7, 33). Therefore, we examined the effect of the

leucine 335 variant on RPL-1980-induced inhibition of glucose-stimulated insulin secretion

in mouse insulinoma β-TC-6 cells. β-TC-6 cells have a P335L CC genotype, which

expressed only SSTR5 P335 variant. Treatment of β-TC-6 cells with RPL-1980 inhibited

insulin secretion and over-expression of SSTR5 P335 enhanced the inhibitory effect of

RPL-1980 on insulin secretion (Fig. 4, column 2 and 3, respectively). However, over-

expression of SSTR5 L335 had no such enhancing effect (Fig. 4, column 4). These data

suggest that SSTR5 L335 is hypofunctional compared to SSTR5 P335 in negatively

regulating insulin secretion in a mouse insulinoma cell line.

SSTR5 L335 variant enhances PDX-1 expression in Mia PaCa-2 cells

Pancreatic and duodenal homeobox-1 (PDX-1) is a homeodomain-containing transcription

factor that plays an essential role in insulin expression and secretion (34). Our previous

studies show that PDX-1 has oncogenic potential and is associated with enhancing

pancreatic cancer cell proliferation, invasion and tumor growth in vivo (35). In an effort to

explore the underlying mechanism by which SSTR5 L335 enhanced cell proliferation, we

examined the effect of SSTR5 L335 on PDX-1 expression. Western blotting showed that

over-expression of SSTR5 L335 increased PDX-1 expression in Mia PaCa-2 cells (Fig. 5),

suggesting that SSTR5 is a potential negative regulator for PDX-1 expression and that the

SSTR5 L335 variant acts as a hypofunctional protein, resulting in increased PDX-1

expression.

Discussion

In this study, we examined the presence of SSTR5 P335L, a non-synonymous SNP, in

patients with and without pancreatic cancer, as well as in human pancreatic cancer cell lines.

Consistent with the SNP NCBI database and the HapMap data on European, African, and

Asiatic population (36), our results showed that the distribution of SSTR5 P335L among

ethnic groups is significantly different. The frequency of the T allele in the African

American control population was 24% compared to 58% in the Caucasian control

population. More than half of the patients with pancreatic cancer have a T allele having

either a heterozygous (CT) or homozygous (TT) genotype. However, statistical analysis did

not indicate significance in the association between the SSTR5 P335L SNP and the

incidence of pancreatic cancer in the cohort of the Caucasian group. It could not be

determined whether the SSTR5 P335L SNP is functionally associated with the incidence of

pancreatic cancer in Hispanics and African Americans due to the small sample sizes in this

study. It is, therefore, necessary to increase the sample sizes to determine if the presence of
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SSTR5 P335L SNP is associated with the incidence of pancreatic cancer. In a recent study,

three non-synonymous SNPs (P109S, L48M and P335L) of the SSTR5 gene were found in

pancreatic cancer (25). The SSTR5 P109S variant allele was associated with an increased

risk of pancreatic cancer, whereas a combination of SSTR5 L48M AC variant and smoking

on risk of pancreatic cancer was observed. In addition, there was a combined genotype

effect of P109S CC and SSTR5 P335L CC on reduced survival of patients with resectable

pancreatic cancer. These data suggest that genomic variations of SSTR5 could be important

in the development and progression of pancreatic cancer.

For this study, we focused on the functional role of the SSTR5 P335L SNP, since SSTR5

P335L SNP is associated with neuropsychiatric disease and aggressiveness of pituitary

tumors, yet little is known about the functional consequence of this SNP. We found that, in

contrast to SSTR5 P335 variant, over-expression of the SSTR5 L335 variant enhanced cell

proliferation in Mia PaCa-2 cells. Given the role of SSTR5 in mediating the anti-

proliferative effect of somatostatin, the results of this study suggest that the SSTR5 L335

variant is a hypofunctional protein. In contrast to the proline 335 variant that enhanced the

inhibitory effect of the SSTR5 analogue RPL-1980 on cell proliferation, the leucine variant

abolished the inhibitory effect of RPL-1980 on cell proliferation in Mia PaCa-2 cells. These

results are consistent with previous studies of the C-terminal region of SSTR5, which

include proline 335 residue, which is required for octreotide-induced induction of

retinoblastoma protein and G1 cell cycle arrest (37). Moreover, we found that the proline

335 variant enhanced the inhibitory effect of RPL-1980 on insulin secretion in β-TC-6 cells,

while the leucine 335 variant had no such effect. This is important since we have previously

shown that SSTR5 is one of the major SSTRs in islets that mediate the inhibitory effect of

somatostatin on insulin secretion (7). Together, these results further support that SSTR5

L335 acts as a hypofunctional protein, and therefore could potentially have a harmful effect.

The underlying mechanism by which the SSTR5 leucine 335 variant acts as a

hypofunctional protein remains unknown. SSTR5 is a G protein-coupled receptor for

somatotatin (38). The initial events by which SSTR5 mediates somatostatin signaling

include ligand (somatostatin) binding, homo/heterodimerization, internalization and protein-

protein interaction (39, 40). It is reasonable to speculate that the presence of the leucine may

interfere with one or more of these initial SST/SSTR5 signaling events. It has been shown

that residues 328-347 within the C-terminus of SSTR5 play an inhibitory role in SSTR5

internalization (41). Therefore, it would be particularly interesting to investigate the effect of

the P335L variation on SSTR5 internalization.

PDX-1 is a homeodomain-containing transcription factor (34, 42) that plays an essential role

in pancreatic development, islet β-cell differentiation and maintaining mature β-cell

functions by regulating a group of β-cell-specific genes (e.g., insulin, glucose transporter 2,

islet amyloid polypeptide and glucokinase) (43-47). Our previous studies also show that

PDX-1 is oncogenic and regulates cell proliferation and invasion of human pancreatic

cancer cells as well as xenograft tumor growth in mice (30). Furthermore, aberrant over-

expression of PDX-1 is found in a number of human cancers such as pancreatic, breast,

colon, prostate, kidney, liver, lung, and ovarian (27, 48-51). In this study, over-expression of

SSTR5 L335 variant increased PDX-1 expression in a human pancreatic cancer cell lines.
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Given the essential role of PDX-1 in cell proliferation and insulin secretion, a potential

mechanism is that the SSTR5 leucine 335 variant enhanced cell proliferation through up-

regulating PDX-1 expression, and therefore has a potential latent effect.

It has been well established in many different experimental tumor models that somatostatin

is an endogenous antiproliferative agent, and thus a promising antitumor agent (39, 52-54).

Somatostatin exerts its antitumor function through both a direct and an indirect way. The

direct antitumor activities of somatostatin include blockade of autocrine/paracrine growth-

promoting hormone and growth factor production, inhibition of growth factor-mediated

mitogenic signals and induction of apoptosis. The indirect antitumor effects of somatostatin

include inhibition of growth-promoting hormone and growth factor secretion, and

antiangiogenic actions. However, the highly significant antiproliferative effect of

somatostatin in preclinical studies becomes much less convincing when the laboratory data

are translated to clinical trials. For example, approximately 50% of patients with insulinoma

are not responsive to the treatment of somatostatin analogue and lack long-term

responsiveness. The underlying molecular basis for the lack of therapeutic effect of

somatostatin remains a mystery. SSTR5 and other SSTRs are widely and variably expressed

in a variety of tumors such as gastroenteropancreatic tumors, pituitary tumors, and carcinoid

tumors. These receptors thus represent the molecular basis for the clinical use of

somatostatin analogs in the treatment of endocrine tumors and their in vivo localization. It

could be due to the lack of expression of the target SSTR on the tumor surface, since

10-50% of these tumors do not express SSTRs.

Our studies showed that SSTR5 P335L widely existed in human pancreatic cancer and that

the leucine 335 variant abolished the inhibitory effect of SSTR5 agonist on cell

proliferation. It is thus reasonable to speculate that such a hypofunctional protein may

contribute to the lack of therapeutic effect of somatostatin analogues that mainly target

SSTR5. Thus, at least two host factors may affect the therapeutic effect of a somatostatin

analogue. One is the expression level of the analogue-targeted receptor. The other is the

genetic variation(s) within the receptor that may affect its cellular functions such as the

SSTR5 L335 variant. As a result, we developed a SSTR5-based tumor therapy approach

(e.g., insulinoma) (Fig. 6). First, a SSTR5-specific Lu177-SST analogue will be used as a

therapy under the condition that SSTR5 is expressed in the tumor cells (hSSTR5 P335

variant vs. SSTR5 negative). PDX-1 will be down-regulated, leading to the inhibition of

islet neoplasia and insulin secretion. Second, once the SSTR5 L335 variant exists, an

alternative approach will be applied. A bi-functional PDX-1 (biPDX-1) shRNA approach

will be used to knockdown PDX-1 to inhibit islet neoplasia and insulin secretion. Thus,

personalized genomic information may help serve to guide the choice of therapeutic

treatments.

Cancer patients exhibit a wide heterogeneity in the anti-cancer responses to chemotherapy.

Today clinicians primarily employ the empirical “trial-and-error” approach to chemotherapy

for their cancer patients due to a lack of reliable molecular determinants to predict the

responsiveness to different drugs. There is a mandate from the U. S. Department of Health

and Human Services (HHS) to develop Personalized Health Care, which is largely based on

the foundation of our rapidly growing understanding of the human genome and the potential
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for health information technology (55). It is expected that personalized genomic medicine

will profoundly impact as well as provide new opportunities for the future of cancer research

(56, 57).

In summary, our study identified SSTR5 P335L as a genetic variation widely existing in the

human population and in patients with pancreatic cancer. The leucine 335 variant lost the

ability seen with the proline variant to enhance the inhibitory effect of SSTR5 agonist on

cell proliferation and insulin secretion, thus acting as a hypofunctional protein. The

functional information of the SSTR5 L335 variant will help guide the choice of therapy for

tumor treatments.
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Fig. 1. Generation of a monoclonal anti-SSTR5 L335 antibody that specifically recognizes
SSTR5 L335, but not SSTR5 P335
A, 5 μg of empty vector, HA-SSTR5 P335 or HA-SSTR5 L335 was transfected into

HEK293 cells (1.5 × 106 in 100 mm dishes) using Lipofectamine 2000. 50 μg of the whole

cell lysates were subjected to SDS-PAGE, followed by Western blotting with a monoclonal

anti-SSTR5 L335 antibody. The expression levels of HA-SSTR5 P335 and HA-SSTR5

L335 proteins were examined by Western blotting using an anti-HA antibody. B, HEK293

cells were grown on 8 Chamber Polystyrene Vessel Tissue Culture treated Glass Slide,

followed by transfection with empty vector, HA-SSTR5 P335 or HA-SSTR5 L335.

Immunohistochemical staining was performed 24 h after transfection using a monoclonal
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anti-SSTR5 L335 antibody (10 μg/ml). Fluorescence was developed using cy3-conjugated

secondary antibody. Simultaneous fluorescence microscopy observation and photography

were carried out using an Olympus IX70 microscope. C, 100 μg of the whole cell lysates

from Mia PaCa-2 cells expressing both SSTR5 P335 and SSTR5 L335, and Panc-1 cells

expressing SSTR5 L335 only were subjected to SDS-PAGE, followed by Western blotting

with a monoclonal anti-SSTR5 L335 antibody.
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Fig. 2. Proline 335 is a highly conserved residue in SSTRs
A, Amino acid sequences of SSTR5 from different species were aligned. Proline 335 in

human SSTR5 and its corresponding residue in mouse, rat, chimpanzee, cattle, pig, dog and

grass carp were underlined. B, Amino acid sequences of human SSTR1, 2, 3, 4 and 5 were

aligned. Proline 335 in human SSTR5 and its corresponding residue in SSTR1, 2, 3 and 4

were underlined.
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Fig. 3. SSTR5 L335 enhances cellular proliferation of Mia PaCa-2 cells
A, Mia PaCa-2 cells were transfected with empty vector, HA-SSTR5 P335 or HA-SSTR5

L335. Twenty-four hours after transfection, cells were re-plated into 96-well cell culture

plates at 5 × 103 cells/well. Cell proliferation rate was determined by MTS assay. B, SSTR5

L335 abolishes the inhibitory effect of RPL-1980 on proliferation of Mia PaCa-2 cells. Mia

PaCa-2 cells were transfected with empty vector, HA-SSTR5 P335 or HA-SSTR5 L335

using Lipofectamine 2000. Twenty-four hours after transfection, the cells were treated with

10-6 M of SSTR5 agonist RPL-1980 for 24 h. The cells were then re-plated into 96-well cell

culture plates at 5 × 103 cells/well. Cell proliferation rate was determined by performing

MTS assay.
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Fig. 4. SSTR5 L335 has no effect on the inhibition of glucose-stimulated insulin secretion by
RPL-1980 in insulinoma β-TC6 cells
β-TC6 cells were transfected with empty vector, HA-SSTR5 P335 or HA-SSTR5 L335

using Lipofectamine 2000. Twenty-four (24) h after transfection, the cells were washed

twice with Krebs-Ringer bicarbonate (KRB) buffer and incubated in KRB-BSA for 1 h. The

cells were then added to 11.1 mM of glucose and 10-6 M of SSTR5 analogue PRL-1980 and

incubated for 2 h. After incubation, the media were collected and centrifuged at 600 g for 5

min. The insulin concentrations in the media were measured by ELISA.
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Fig. 5. PDX-1 expression is increased in SSTR5 L335-overexpressing Mia PaCa-2 cells
Fifty (50) μg of the whole cell lysates from Mia PaCa-2 cells overexpressing empty vector

or HA-SSTR5 L335 were subjected to SDS-PAGE, followed by Western blotting with an

anti-SSTR5 antibody (A) or an anti-PDX-1 antibody (B).
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Fig. 6. A model of SSTR5-based tumor therapy approach
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Table 2
Genotype of the SSTR5 P335L SNP in human pancreatic cancer cell lines

Cells Genotype Amino acids

Capan-1 CC

ProlineBxPC-3 CC

CFPAC-1 CC

MiaPaCa-2 CT

Proline/Leucin

AsPC-1 CT

Colo357 CT

HPAC CT

Hs776T CT

Panc-28 CT

Panc-48 CT

PL45 CT

Su86.86 CT

Panc03.27 TT

Leucine

Panc-1 TT

Panc-3 TT

Capan-2 TT

HPAF-II TT
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