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ABSTRACT

The Ewing tumor family of peripheral primitive neuroectodermal tu
mors (pPNETs) are characterized by chromosomal translocations leading
to EWS-ETS gene fusions. These hybrid genes express chimeric proteins

that are thought to act as aberrant transcription factors. We therefore
used differential display-PCR to compare gene expression patterns in

pPNET cell lines with those of other small round cell tumors (SRCTs) of
childhood. This technique detected differential expression of sequences
corresponding to human gastrin-releasing peptide (GRP) in pPNET cell

lines but not in other SRCT cell lines. Subsequent Northern and reverse
transcript ion-PC K analysis of SRCT cell lines confirmed GRP positivity in
all pPNET lines tested. Of primary tumors tested by reverse transcription-

PCR, GRP expression was found in 7 (44% ) of 16 pPNETs but in no other
primary SRCTs examined. Expression of the GRP receptor gene was
demonstrable in 55% of pPNET cell lines and 25% of primary pPNET
tumors but also in several other SRCTs. Radioimmunoassays and iinnin-
nohistochemistry confirmed expression of bioactive GRP peptide in pP-

NET cell lines and primary tumors, respectively. Moreover, in vitro
growth of a pPNET cell line was slowed by treatment with a GRP receptor
antagonist and accelerated by a GRP receptor agonist. GRP is a known
autocrine growth factor in small cell lung cancer and other neuroendo-

crine tumors. Its expression in pPNETs provides further evidence for a
neuroectodermal histogenesis of these tumors and suggests that autocrine
growth of this family of tumors may be at least partially regulated by
GRP.

potential targets of EWS/FL11 (10, 11). Knowledge of genes tran-
scriptionally activated or repressed by chimeric EWS/ETS oncopro-

teins may lead to a better understanding of the mechanisms underlying
malignant transformation in pPNETs.

As a strategy to identify genes differentially expressed in tumors
with EWS/ETS gene fusions, we used the technique of DD-PCR (12).
The utility of DD-PCR in comparing gene expression patterns in

human tumors is well documented (13, 14). One advantage of this
technique is that it allows for the simultaneous comparison of multiple
tissue samples in the same experiment. We have, therefore, used
DD-PCR to compare gene expression patterns in pPNET cell lines

expressing various EWS/ETS gene fusions with those of other pedi
atrie SRCT lines, including RMS and NB. These studies demonstrated
the differential expression of a gene with virtually complete sequence
homology to human GRP in tumor cells positive for EWS/ETS gene
fusions. GRP expression was present in pPNET cell lines and primary
tumors but was not detectable in other pediatrie SRCTs tested. GRP
is 27 amino acid peptide that is normally expressed in the human brain
and neuroendocrine cells of lung, gut, and pancreas (15). Moreover, it
has been found to be an autocrine growth factor in SCLC and other
neuroendocrine malignancies (16-18). This report describes the char
acterization of GRP and GRP-R expression in cell lines and primary

tumors with EWS/ETS gene fusions.

INTRODUCTION

The Ewing tumor family, also referred to collectively as pPNETs,3

is a subclass of aggressive bone and soft tissue malignancies that
occur predominantly in children and adolescents ( 1). The histogenesis
of this tumor family, which includes Ewing sarcoma, peripheral
neuroepithelioma, and Askin tumor, is uncertain, although a neuro
ectodermal derivation is proposed. These tumors are characterized by
chromosomal translocations that fuse the EWS gene from chromo
some 22ql2 with members of the ETS family of transcription factors,
including FLU from chromosome 1Iq24 (2), ERG from chromosome
21q22 (3), and less commonly to other ETS genes (4-6). EWS/FLI1

and EWS/ERG proteins have been demonstrated to be oncogenic (7),
and EWS/ETS oncoproteins likely function as aberrant transcription
factors (7-9). Although the genes specifically regulated by EWS/ETS

fusions remain largely unknown, recent studies have identified several
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MATERIALS AND METHODS

Cell Culture and Primary Tumor Samples. With the exception of BC-

ES1, a locally established cell line from a primary Askin tumor, the cell lines
used in this study have all been described previously and are listed in Table 1.
Cell lines were maintained in RPMI 1640 with 10-20% fetal bovine serum.
L-glutamine, and Penstrep-fluconazole. Unless otherwise specified, all biolog

ical reagents were obtained from Life Technologies, Inc. Total RNA was
extracted from cell lines and primary tumors as described (19). SRCTs and
fetal lung tissue resected at British Columbia's Children's Hospital and snap-

frozen with liquid nitrogen were used for primary tumor studies and gene
cloning and sequencing along with control bronchial carcinoid tumor tissue
obtained from St. Paul's Hospital, Department of Pathology, Vancouver,

British Columbia, Canada.
DD-PCR. DD-PCR was performed using the RNAimage kit (GenHunter)

following the manufacturer's instructions. Briefly. DNasel-treated total RNA

was subjected to reverse transcription using three separate one-base-anchored
oligo(dT) primers (dA-dTH, dC-dTn, or dG-dT,,) to allow for initial subdi

vision of the mRNA populations. cDNA was then amplified using the same
oligo(dT) primer used in first-strand synthesis in combination with one of a
series of eight arbitrary 13-mer 5' primers as described in the GenHunter kit

using a Perkin-Elmer 9600 thermocycler. Amplified products from the differ
ent cell lines were run side-by-side on a 6% polyacrylamide sequencing gel
(Bio-Rad), and DNA from differentially expressed bands was recovered,

reamplified, and gel purified using the Qiex II gel extraction kit (Qiagen).
Cloning and Sequencing of DNA. Differentially expressed bands from

DD-PCR were cloned and sequenced using the pCRII plasmid vector and TA

cloning kits (Invitrogen, San Diego. CA) using standard methods. The same
methods were used for cloning and sequencing of bands after RT-PCR of cell

lines, primary tumors, bronchial carcinoids, and fetal lung tissue using primers
for GRP (see below). All sequences were submitted to GenBank for analysis.
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Table I Cell lines analyzed for expression of the GRP gene

CelllineH345TC-71TC-32A4573BC-ES16647TC-174TC-253TC-547JFEN6334661MR-32San2CT-IORDBirchRhIKTTC-487A204JurkatHEL92.1.7Diagnosis0SCLCESPNESATESMEMMEMMEMONBPNESNBNBEmbryonal

RMSEmbryonal
RMSEmbryonal
RMSAlveolar
RMSAlveolar
RMSUndii'ferenliated
sarcomaALLErythroleukemiaGene

fusionEWS/FU1EWS/FL11EWS/FL11EWS/FL1IEWS/FL1IEWS/FLIIEWS/FLIIEWS/FLIIEWS/FLIIEWS/ERGEWS/ERGPAXJ/FKHRFUH

+)FLIK
+ ÃŒReference47484849Unpublished

results49ill50SO513352525347505450474747

a ES, Ewing sarcoma; PN, peripheral neuroepilhelioma; AT, Askin tumor; MEM,

malignant cctomcsenchymoma, ONB, olfactory neuroblastomu; ALL, acute lymphocytic
leukemia.

Confirmation of differential gene expression was accomplished by probing
Northern blots of tumor cell lines.

Northern Analysis. Northern blotting was performed as per standard
methods (20). Twenty-five /ig of denatured total RNA was blotted and probed
with I(X) ng of [a-'2P]dCTP (Amersham)-labeled cDNA probes. The probes

used included cloned cDNA fragments recovered from DD-PCR gels (see
above) as well as cDNA probes described previously for GRP and GRP-R

(Ref. 21; generously provided by Dr. J. Battey).
RT-PCR Assays for GRP and GRP-R. Five /ng of total RNA from the

aforementioned cell lines were reverse transcribed using reaction conditions
described previously (22). One Â¡uof each product was amplified with primers
for the ubiquitously expressed antigen MIC2 to ascertain the integrity of the
cDNA (23). Products were then amplified using previously described RT-PCR
assays for GRP or its receptor (24). GRP primers included GRP-1 (5'-
TGCAAGGAATTTGCTGGGTCTC-3') corresponding to GenBank positions
295-316. and GRP-2 (5'-TGTGAATGGTAACAGCTCGGGG-3') corre

sponding to positions 758-779, yielding a 485-bp product (24). Bronchial

carcinoid tumors and H345 were used as positive controls. Primers for GRP-R
included GRP-R1 (5'-CTCCCCGTGAACGATGACTGG-3') corresponding
to GenBank position 480-500 and GRP-R2 (5'-ATCTTCATCAGGGCAT-
GGGAG-3') corresponding to position 868-848, yielding a product of 390 bp

(24). Identical assays were used to screen primary tumor samples for GRP and
GRP-R expression, using 2-5 /ig of total RNA as starting material. Identity of

PCR products from cell line and primary tumor samples was confirmed by
Southern analysis of RT-PCR products using cDNA probes for GRP and
GRP-R.

RIA for GRP Expression. RIA was performed on cell culture media and
cell lysates for quanlitation of GRP protein expression. The SCLC cell line
H-345 was used as a positive control, and test samples were obtained from

three SRCT cell lines. Cell culture media was collected 48 h after a media
change from cells in logarithmic growth phase (10 ml/flask). Confluent cells
were collected from T-75 flasks, lysed in single detergent 1% NP40 (Sigma
Chemical Co. St. Louis, MO) lysis buffer, and frozen at -70Â°C. Protease

inhibitors aprotinin (l /Â¿g/ml),leupeptin (1 jig/ml), and phenylmethylsulfonyl
fluoride ( 1(X)/xg/ml) were added to collected culture media and cell lysates. A
commercially available kit was obtained for RIA (Phoenix Pharmaceuticals,
Mountain View, CA), and the assay was carried out per the manufacturer's

instructions. Lyophilized culture media and cell lysate samples were resus-

pended in RIA buffer and assayed in duplicate for quantitation of GRP
expression. Aliquots of lyophilized lysis buffer and RPMI/20% fetal bovine
serum were used to assess background GRP expression of the cell lysate and
culture media preparations, respectively. For all samples, net GRP expression
was calculated by subtracting background expression from the total quantity of
measured GRP, and results were expressed as picograms of GRP per IO6cells.

IHC. 1HC was performed on formalin-fixed, paraffin-embedded tissue
sections using a three-step streptavidin-biotin peroxidase method, with 3-
amino-9-ethylcarbazole as the chromogen. The anti-GRP antibody LR-148 and
a commercially available rabbit anti-human GRP anti-sera (Dako) were used in
IHC experiments at dilutions of 1:1000 and 1:250, respectively. LR-148 is
raised in rabbits against synthetic porcine GRP ( 1-27) and has been described

previously (25). Both antibodies detect the secreted bioactive form of human
GRP.

Transfection Studies and Reporter Gene Assays. The cell lines Birch.
SAN2. A4573. and TC-32 cells were cultured as described above. NIH3T3 and

NIH3T3 cells expressing EWS/FLll (Ref. 7; kindly provided by Dr. C. Denny.
University of California. Los Angeles. CA) were maintained in DMEM with
high glucose containing 5r/c fetal bovine serum and antibiotics. The cells were

transfected with constructs using Lipofectamine reagent (Life Technologies.
Inc.) using established methods. Plasmids used included S7 and S6, containing
0.5- and 1.0-kb fragments of human GRP promoter-luciferase constructs,

respectively (Ref. 26; gift of Dr. E. Spindel. Oregon Regional Primate Re
search Center. Oregon), and EWS/FZ.//-expressing plasmids and the empty

retroviral vector pSRaMSV (Ref. 7; gifts of Dr. C. Denny). Cells were
harvested 48 h after the start of transfection. lyscd by freeze-thawing. and

resuspended in 70 Â¿ilof extraction buffer (100 mM K2HPO4, pH 7.8, 1 rnM
DTT). The extracts were assayed for total protein using a Bio-Rad Protein
Assay kit (Bio-Rad Laboratories). The ÃŸ-galactosidase activity was assayed
colormetrically and expressed as /tj,()/(mg protein X minute) (20). The lucif-

erase activity was measured as described (27). The luciferase assays were
corrected for transfection efficiency using the /3-galactosidase assay.

Cell Growth in Vitro after Treatment with GRP-R Antagonist or

Agonist. The pPNET cell line 6647 and RMS cell line RD were treated with
the GRP-R antagonist DC-28-33B (H-Tyr-Gln-Trp-Ala-Val-Gly-His-Leu-
OH3) and agonist DC-28-45B (H-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-Met-

NH2) (peptides kindly provided by Dr. David Coy. Tulane University School
of Medicine. New Orleans. LA). Cell growth in low or optimal serum condi
tions was then measured directly by cell counting or indirectly by measurement
of ['Hlthymidine uptake as described previously (36). Briefly, cells were

plated in 24-well plates, treated after 48 h with 0. 10, or 100 nM concentrations
of either peptide, and then counted after 24 h either manually with a hema-
cytometer or with a scintillation counter after a 4-h incubation with |'H]thy-

midine. Data were collected in triplicate for each experimental condition, and
the results were averaged.

RESULTS

Differential Expression of GRP in pPNET Cell Lines. To detect
genes differentially expressed in pPNETs, we initially compared
DD-PCR-generated gene expression profiles of the three pPNET cell
lines, TC-32, TC-174, and TTC-547, to those of four RMS cell lines,
Rhl8, TTC-487, Birch, and CT10. Numerous differentially expressed

PCR bands specific to either pPNET or RMS cell lines were observed
using various combinations of 3'-oligo(dT) primers and 5' arbitrary

primers. Of these, we focused only on those bands showing obvious
differences between the two tumor subgroups. A representative ex
ample is shown in Fig. 1, in which a band, designated p5.l, was
identified only in pPNET lines after PCR with primers H-T,,G and
H-AP4. Differentially expressed fragments were next excised from

gels and PCR amplified and then used to probe Northern blots of the
above pPNET and RMS cell lines (data not shown). Only those
fragments for which Northern analysis confirmed differential expres
sion were further characterized. These were cloned and sequenced,
and sequences were compared with GenBank databases. A number of
pPNET- and RMS-specific sequences were identified using these

methods (data not shown) and are presently being investigated in our
laboratory. Three pPNET-specific sequences generated using H-TnG
or H-T,|C primers in combination with arbitrary primer H-AP4.

including clone p5.1, were found to have virtually complete sequence
homology to the 3'-terminus of the human preproGRP gene. As

shown in Fig. 2, the sequence of clone p5.1 is almost identical to
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1234567

Fig. 1. DD-PCR analysis of SRCT cell lines. DD-PCR allows tor direct comparison of
the expression patterns of mRNA species present in related populations of cells. The
figure shows differential expression of PCR fragment p5.1 (arrow) in cell lines expressing
EWS/ETS gene fusions. Lane I. TC-32; Lane 2, Rhl8; Lane 3. TC-174; Lane 4. TTC-547:
Lane 5. TTC-487; Lane 6. Birch: Lane 7. CT-10.

nucleotides 465-797 of preproGRP, representing the terminal 332
nucleotides of this gene (28). Cloning and sequencing of GRP RT-

PCR products from H345, a small cell lung carcinoma cell line, the
pPNET cell line 6647, two primary pPNETs, a bronchial carcinoid,
and a human fetal lung tissue sample all revealed the identical sub
stitution of cytosine for adenine at position 551 compared with pub
lished GRP sequences (data not shown). Additionally, a more 5'

alteration was discovered at position 365, where thymine is replaced
by cytosine in four of the sequenced samples. Therefore, our studies
may have detected a previously unknown species of GRP or errors in
previously submitted GRP sequence data. The sequence changes are

being submitted to GenBank. and their potential significance is dis
cussed below.

To confirm differential expression of GRP in pPNET cell lines,
both clone p5.1 and full-length GRP cDNA were used to probe

Northern blots of multiple SRCT cell lines. RNAs from two bronchial
carcinoid tumors known to express GRP were used as positive con
trols. In total, all seven cell lines with EWS/ETS gene fusions were
positive for GRP, including six EWS/FLI1- and one EWS/ERG-ex-

pressing cell lines (Fig. 3). None of the nine other SRCTs tested
showed detectable GRP expression. A second Northern analysis of
other pPNET cell lines also demonstrated positive but variable de
grees of GRP expression (data not shown): the EWS-FLII expressing
cell lines 1ARC-EW2. FPBH, RM82, SK-ES-1, and STA-ET8.2 were
all positive; EWS-ERG expressors GR-OH-1 and KN-OH-1 were
weakly and strongly positive, respectively. Furthermore, STA-ET-IO.

a cell line containing the newly described EWS/ETS fusion. EWS/FEV
(4), was also weakly positive for GRP (data not shown). An additional
Ewing cell line. IARC-EW7, in which a fusion transcript could not be

identified, was negative for GRP (cell lines reviewed in Ref. 29).
Using RT-PCR, we next screened 19 SRCT cell lines for GRP

expression. All 11 pPNET samples tested were positive for GRP
including EWS/FLI1- and EWS/E/fG-expressing cell lines. These re

sults were confirmed by Southern analysis (Fig. 4,4). None of the
RMS or NB cell lines tested demonstrated GRP expression. Two
leukemia cell lines known to express wild-type FLU were also

screened to test whether the presence of the FLI1 transcription factor
correlates with GRP expression, but both were found to be negative.
These results indicate that GRP is specifically expressed in pPNETs
among SRCT cell lines.

Expression of GRP-R in pPNET Cell Lines. RT-PCR and South
ern analysis demonstrated transcripts for GRP-R in 6 (54.5%) of the

11 pPNET cell lines tested. Additionally, one of two NB and one of
four RMS cell lines also expressed GRP-R (Fig. 45).

p5.1.Seq AACGTGAAGGAAGGAACCCCCAGCTGAACCAGCAATGATAATGATGGCCT 397
N N I I I I I I I I I I I I I I | | | | ! | | | | | | l | | | | | | | | | | | | | | | | ! | | |

Human GRP AACGTGAAGGAAGGAACCCCCAGCTGAACCAGCAATGATAATGATGGCCT 514

p5.1.Seq CTCTCAAAAGAGGAAAACAAAACCCCTAAGAGACTGCGTTCTGCAAGCAT 347
M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I [ I | | I I I ! I I I | | | | | |

Human GRP CTCTCAAAAGAGAAAAACAAAACCCCTAAGAGACTGAGTTCTGCAAGCAT 564

Fig. 2. cDNA sequences show homology to human GRP.
DD-PCR product, fragment pS.l, was cloned into vector
pCRII and sequenced. revealing virtually complete identity to
the 3'-terminus of the human preprvCRP gene (nucleotides

465-797).

p5.1.Seq CAGTTCTACGGATCATCAACAAGATTTTCCTTGTGCAAAATATTTGACTA297
IIIM IIIIIIIIIIIIIIIIIIIIII I!IIIII!IIM IIIIM IIII

Human GRP CAGTTCTACGGATCATCAACAAGATTT-CCTTGTGCAAAATATTTGACTA613

p5.1.Seq TTCTGTATCTTTCATCCTTGACTAAATTCGTGATTTTCAAGCAGCATCTT247
IIIIIIIIIIIIIIIIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIIII

Human GRP TTCTGTATCTTTCATCCTTGACTAAATTCGTGATTTTCAAGCAGCATCTT663

p5.1.Seq CTGGTTTAAACTTGTTTGCTGTGAACAATTGTCGAAAAGAGTCTTCCAAT197
III!IIIIIIIIIIIIIIIIIM IIII!IIIIIIIIIIIIIIIIIIIIII

Human GRP CTGGTTTAAACTTGTTTGCTGTGAACAATTGTCGAAAAGAGTCTTCCAAT713

p5.1.Seq TAATGCTTTTTTATATCTAGGCTACCTGTTGGTTAGATTCAAGGCCCCGA147
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Human GRP TAATGCTTTTTTATATCTAGGCTACCTGTTGGTTAGATTCAAGGCCCCGA763

p5.1.Seq GCTGTTACCATTCACAATAAAAGCTTAAACACAT113
IIIIIIIIIIIIIIIIIIIIM IIIM IIIM II

Human GRP GCTGTTACCATTCACAATAAAAGCTTAAACACAT797
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Fig. 3. Screening of SRCT cell lines for GRP
expression by Northern analysis. Using full-length
prepro GRP cDNA as a probe, EWS/ETS-expressing

cell lines were shown to differentially express GRP.
whereas other SRCT lines were negative. Equiva
lent RNA loading was confirmed with a ÃŸ-actin

probe, and two human bronchial carcinoid tumors,
known to express GRP, were used as positive con
trols. Lanes 1 and 2. bronchial carcinoids. Lanes
3-8. pPNET cell lines TC-32, TC-71, TC-174,
TTC-547. JFEN. and 466. respectively. Lanes 9-13,
RMS cell lines Rhl8. TTC-487. Birch, CT-10. and

RD, respectively. Lanes 14 and 15, NB cell lines
San-2 and IMR-32. Lane 16, undifferentiated sar

coma cell line. A2CM.

1 2
-pPNET
34567 8 9

RMS - NBL |
10 11 12 13 14 15 16

28S-

18S- "
-p5.1

Expression of GRP and GRP-R in pPNET Primary Tumors.
To rule out that the above in vitro results represented artifacts of tissue
culture, we tested whether GRP and GRP-R expression could be
demonstrated in pPNET primary tumor tissue. Twenty-six primary
tumors were screened by RT-PCR for both GRP and GRP-R expres

sion, including 16 pPNETs and 10 other SRCTs. Of the 16 pPNETs.
7 (43.7%) were positive for GRP. whereas none of the other 10
SRCTs including 7 RMS. 2 NB, and l intraabdominal desmoplastic
SRCT expressed the gene (Fig. 5/4). GRP-R expression was found in

4 of 16 pPNETs (25%), all of which also expressed GRP in both NB
cases tested and in 4 of 7 RMS (Fig. 5ÃŸ).

Expression of Bioactive GRP Peptide in pPNETs. Using a com
mercially available GRP RIA kit, we were able to demonstrate the
presence of the bioactive GRP peptide in culture media and cell
lysates from the pPNET cell line 6647, whereas little GRP peptide
was detected in media or lysates collected from the NB and RMS cell
lines SAN2 and RD, respectively (Table 2). The levels detected in
6647 were similar to those observed in the positive control cell line

H345. For all RIA results, the quantity of GRP expressed was indic
ative of biologically active peptide produced by the cells themselves,
because background GRP activity in the lysis buffers and culture
media was first subtracted.

IHC of SRCTs using two different antibodies directed against
bioactive GRP was also used in an attempt to show peptide expres
sion, but the results were inconclusive. Twenty pPNET samples from
18 patients were tested. There was positive staining for GRP peptide
in 7 (35%) of 20 pPNETs, but expression was highly variable, ranging
from diffusely positive intracellular staining (Fig. 6A) to staining of
the extracellular matrix, to positivity in only rare cells (data not
shown). More consistent, however, was the complete absence of
staining in other SRCTs, including NB and RMS, using either anti
body (Fig. 6fi).

GRP Is Not a Direct Target of EWS/ETS Chimeric Proteins.
EWS/ETS oncoproteins appear to act as aberrant transcription factors
in pPNET tumor cells (reviewed in Ref. 9). It is therefore conceivable
that EWS/ETS proteins may bind directly to and activate the GRP

Fig. 4. RT-PCR analysis of SRCT cell lines.
pPNET and SRCT cell lines lacking EWS/ETS gene
fusions were tested by RT-PCR for GRP and
GRP-R expression. The SCLC cell line H345 was

used as a positive control in both assays. The iden
tity of the amplified bands was confirmed with
Southern analysis using cDNA probes for GRP and
GRP-R. respectively. A, GRP expression. Southern
blot showing uniform expression of GRP by pP-
NET cell lines tested. Cell lines expressing wild-
type FLU and other SRCT lines were negative for
GRP. Lane SC. H345: Lanes 1-9. EWS/FLJl-n-
pressing pPNET cell lines TC-71, TC-32, A4573,
BC-ES1, 6647, TC-174, TC-253. TC-547, and
JFEN, respectively. Lanes 10 and //. EWS/ERG-
expressing pPNET cell lines 633 and 466. Lanes 12
and 13. RMS cell lines CT-10 and Rhl8. Lanes 14
and 15. NB cell lines IMR-32 and San2. Lanes 16
and 17, Jurkat and HEL, leukemia cell lines ex
pressing wild-type FLU. B. GRP-R expression.
Southern blot showing expression of GRP-R by 8 of
19 SRCT cell lines tested, including 6 pPNETs, 1
NB. and I RMS. Lunes 1-17 as in A.

A. GRP Expression in Cell Lines

SC

pPNET â€”¿�*\ Other SRCT |

4 5 6 789 10 11 12 13 14 15 16 17

â€¢¿�485bp

B. GRP-R Expression in Cell Lines

pPNET â€”¿�*\Other SRCT |

4 56 7 8 9 10 11 1213 14 15 16 17

â€¢¿�390bp

2472

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2469/2466596/cr0580112469.pdf by guest on 19 M

ay 2023



GRP EXPRESSION IN pPNETs

A. GRP Expression in Primary Tumours

Fig. 5. RT-PCR analysis ot"primary SRCT sam

ples. Twenty-six primary SRCT samples were
tested for expression of CRP and CRP-R. A, GRP
expression. A representative Southern blot of 12
primary tumors, including all 7 pPNET tumors
shown to be positive for CRP, is shown. No other
primary SRCTs tested expressed GRP. Lane SC,
H345; Lanes 1-7, pPNETs; Lanes 8 and 9. RMS;

Lanes 10 and //. NB; Line 12, intraabdominal
desmoplastic small round cell tumor. B, GRP-R
expression. Ten of 26 primary tumors were positive
for GRP-R. including 4 pPNETs. 4 RMS. and 2
NBs. A representative Southern blot of 10 primary1

tumors is shown in this figure. Lane SC. H345:
Lanes 1-4. pPNETs; Lanes S and 6. RMS; Lanes 7

and 8. NB; Lane 9. RMS; Lane 10. intraabdominal
desmoplastic SRCT.

|â€” pPNET â€”¿�| Other SRCT |

SC 1 2 3 4 5 6 7 8 9 10 11 12

-485 bp

B. GRP-R Expression in Primary Tumours

|-Â«-pPNET--1â€” Other SRCT â€”¿�|

SC 123456789 10

-390 bp

promoter. However, (a) luciferase reporter assays using luciferase
constructs containing GRP promoter inserts revealed no differences
between pPNET, RMS, and NB cell lines, despite similar transfection
efficiencies (data not shown); (b) the same reporter constructs ex
pressed in murine NIH3T3 fibroblasts stably expressing EWS/FLI1 or
parental NIH3T3 cells alone (7, 30) failed to detect differences; (c)
reporter constructs were transiently cotransfected along with an EWS/
FLU expression construct (7, 30) or vector alone into parental
NIH3T3 cells, but no difference in luciferase activity was observed
(data not shown); and (d) Northern blots of EWS/FLI1 positive cell
lines transfected with EWS/FLI1 antisense RNA (31) did not appear to
affect GRP expression (data not shown). We therefore conclude that
it is unlikely that EWS/ETS chimeric proteins directly activate the
GRP promoter.

In Vitro Cell Growth Studies. Preliminary studies were done to
assess the effect of GRP-R antagonists and agonists on pPNET cell

growth. Treatment of pPNET cell line 6647 grown in 2.5% serum in
the presence of GRP-R antagonist DC-28-33B resulted in a slowing of
cell growth as measured by [3H]thymidine uptake. Conversely, treat

ment of these cells with the GRP-R agonist, DC-28-45B, stimulated

cell growth compared with the RMS cell line RD (Fig. 7). Likewise,
exposure of 6647 to the receptor antagonist for 24 h resulted in a 50%
decrease in cell growth compared with control cells, as demonstrated

Table 2 Bioactive GRP peptide expression demonstrated h\ ratiioimmunoa.'isay

Cell lines were grown to confluence, and their respective cell lysate and culture media
preparations were tested for expression of GRP using a radioimmunoassay. Quantitation
of GRP was standardized per 10 cells after first subtracting background GRP activity
from the total.

CelllineH345

6647
San2
RDCell

lysates
(netpg GRP/IO6cells)42.55

Â±5.30
27.90 Â±4.10

5.20 Â±1.41
10.55 Â±1.06Culture

media
(net pg GRP/106cells)100.00

Â±9.76
71.60 Â±10.04

0
4.45 Â±6.29

Fig. 6. Immunohistochemislry of primary pPNETs. A. representative photomicrograph
showing positive immunostaining of a primary pPNET using antibody directed against the
bioactive form of GRP (X400). B. photomicrograph demonstrating negative staining of a
RMS tumor using the same anti-GRP antibody (X400).
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Fig. 7. In vitro response of SRCT cell lines to
GRP-R agonist and antagonist. Treatment of pP-
NETcell line 6647 with GRP-R antagonist DC-28-

33B resulted in a net decrease in cell growth com
pared with control levels as measured by
i'HIlhymidine uptake. Treatment with GRP-R ag

onist. DC-28-45B. resulted in stimulation of cell
growth of 6647. whereas neither peptide had any
appreciable effect on the growth of RMS cell line
RD. Data points are means of triplicate experi
ments; /wjr.v.SD.

10 nM 100 nM
Antagonist (DC-25-33B)

10 nM 100 nM
Agonist (DC-25^t5B)

by direct cell counting, whereas agonist stimulated growth by 140%
(data not shown). These early results support the potential role of GRP
as an autocrine growth factor in pPNETs, and we are expanding these
studies with additional SRCT cell lines and a potential in vivo model.

DISCUSSION

Using DD-PCR, we have shown that pPNETs differentially express

a gene with virtually complete sequence homology to human GRP.
Expression of GRP. although variable, was found in 100% of a series
of pPNET cell lines, all of which are known to be positive for
EWS/ETS gene fusions. In contrast, GRP expression was not detect
able in other SRCT cell lines screened, including NB, embryonal and
alveolar RMS, and one pPNET lacking a demonstrable EWS/ETS gene
fusion. These results were confirmed by Northern blot analysis of a
series of SRCT cell lines using a GRP cDNA probe. Moreover, using
RIA we were able to demonstrate bioactive GRP peptide expression
from a GW-expressing pPNET cell line. Little to no GRP peptide was
detectable in two non-pPNET SRCT cell lines tested in the same

series of RIA experiments.
GRP is a member of the bombesin family of peptides and plays an

important role in the control of gut motility and gastroenteropancre-
atic secretion, in thermorÃ©gulation, and other central nervous system-

mediated regulatory processes (reviewed in Ref. 15). It also functions
as a growth factor in developing gastrointestinal and lung tissues and
is expressed at high levels in fetal lung (15). In mature lung, pulmo
nary neuroendocrine cells express GRP, as do many of the SCLCs that
arise from these cells (32). GRP has been shown to function as an
autocrine growth factor in SCLC (17) and other tumors which produce
the peptide, such as pancreatic (33), colon (34), and breast cancers
(35). Inhibition of the growth of these and other tumors has been
demonstrated using GRP-R antagonists in vitro and in animal models

(36-39). One of these antagonists is presently undergoing clinical

trials in SCLC studies (40).
Sequencing of GRP cDNA amplified from tumor cell lines, primary

tumors, and human fetal lung tissue revealed consistent base changes
at bp 365 and 551 as compared with the originally published cDNA
sequence (28). The switch from thymine to cytosine at position 365
likely represents a polymorphism because it produces no change in the
amino acid sequence of the peptide product. However, the replace
ment of the adenine residue at position 551 results in an amino acid
change in the 3'-untranslated region of preproGRP. Whether this

replacement of serine by arginine at amino acid position 184 affects
the predicted structure, function, or processing of the prepro-, pro-, or

mature GRP molecules will require further investigation.
It is interesting to note that although GRP was uniformly expressed

by pPNET cell lines, only 43.7% of primary tumors tested were
positive for gene expression. However, it is also noteworthy that none
of the other primary SRCTs expressed GRP, consistent with the cell
line experiments. It is well known that aggressive primary tumors can
be established in cell culture with greater ease than less aggressive
tumors. It is conceivable that GRP expression is correlated with the
degree of tumor aggressivity among pPNETs, and thus, tumor cells
from established cell culture would be more likely to express GRP
than a cohort of primary tumor samples. Analysis of the seven positive
primary tumors revealed that all were associated with clinical features
associated with poor prognosis at diagnosis, including chest wall and
pelvic primaries or metastatic disease. Conclusions about GRP ex
pression as a marker of disease prognosis cannot be drawn from this
small group of patients, but the need for further studies is clearly
indicated. Thus, we are presently evaluating a larger series of tumor
samples to determine whether clinico-pathological correlates can be

identified.
In contrast to GRP, expression of GRP-R was variable and equiv-
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ocal in both cell line and primary tumor analysis. Although there
appeared to be a trend toward differential expression of the receptor
among pPNETs as compared with other SRCTs, this was not defin
itive nor easily reproducible. GRP and other bombesin-like peptides

exert their function by binding to high affinity receptors on the surface
of the target cell. At least four different receptors have been described
and because of the high homology among the bombesin-like peptides,

there is potential for interaction between different ligands and recep
tors (41). We tested SRCT cell lines and primary tumors for the
presence of the GRP-preferring subtype of receptor alone (24). It is
possible that other members of the GRP-R family are important in
pPNETs, and this could explain the lack of detection of GRP-R among
all G/?P-expressing pPNETs. Also, there is often low level expression

of growth factor receptor mRNAs in cells, even when protein expres
sion may be high. In fact, screening for GRP-R mRNA expression is

reported to be problematic, even in SCLC cells (24). Therefore,
RT-PCR may not be the best method by which to study receptor
expression, and quantitation may be better established using I2SI-

labeled GRP-binding assays. Detection of GRP-R mRNA in non-

pPNET tumors lacking concomitant GRP expression may simply
indicate that other related peptides are important in the growth of
these SRCTs and that these growth factors may interact with the
bombesin family of receptors.

Expression of GRP mRNA has been described previously in SK-
N-MCIXC, an undifferentiated peripheral neuroepithelioma cell line

(42). These cells coexpressed several neuropeptide genes, suggestive
of a pluripotent neuronal cell. Additionally, Sawin and Brockenbro-

ugh (43) have described GRP production from several primary child
hood retroperitoneal tumors, including a pPNET, and have demon
strated its role as an autocrine growth factor in a neuroblastoma cell
line, SK-N-SH (44). These data, together with our own. support the

proposed neural origin of pPNETs and suggest that they might rep
resent another tumor group in which growth is influenced by GRP.

We found variable immunoreactivity for GRP in primary pPNET
tumors. The prepro-GRP gene demonstrates a three-exon structure
and encodes the three known forms of the prepro-GRP transcript by

alternative RNA processing (21). Common to all three transcripts is
the mature 27-amino acid biologically active peptide, which has
COOH-terminal domain homology with amphibian bombesin and is

responsible for the biological activities of GRP and its related peptides
(reviewed in Ref. 15). Once cleaved from the biologically inactive
proGRP hormone, GRP is detectable using LR-148 and the commer

cially available DAKO antibody to GRP. Previous investigators have
shown that immunostaining for the proGRP peptides appears to be the
most sensitive way of detecting GRP gene expression in routinely
processed tumor tissues (45). This may be because intracellular GRP
is rapidly secreted from cells once it is cleaved from the prohormone,
or alternatively, mature GRP may be much more unstable than pro
GRP. Either way, it is not surprising that many of our primary tumor
specimens showed variable GRP immunoreactivity, and we are pres
ently testing whether antibodies to proGRP show more consistent
staining of pPNETs.

Histopathologically. the members of the pPNET family express
varying degrees of neural differentiation. This may also contribute to
the variability of GRP expression among pPNETs given that identi
fication of GRP mRNA in lung tumors and its translation to the
mature peptide appears to depend on the degree of neuroendocrine
differentiation (15). Studies with lung tumors have demonstrated that
GRP and its receptors can be up-regulated in non-SCLC cells if they
are grown in serum-free and growth factor-free conditions (24). Cell

cultures of pPNETs may facilitate expression of neuroendocrine ele
ments, leading to increased levels of GRP expression in cell lines as
compared with primary tumors.

Transfection studies and reporter assays failed to demonstrate direct
targeting of the GRP promoter by EWS/FLI1 oncoproteins. Also,
Northern analysis of pPNET cell lines transfected with EWS/FLI 1
antisense mRNA did not reveal a direct relationship between EWS/
FLU expression and the level of GRP expression. These data suggest
that although pPNETs differentially express GRP. this expression
does not appear to be directly activated by EWS/ETS chimeric tran
scription factors. GRP expression in these tumors may instead reflect
the differentiation capacity of the cell of origin of pPNETs and
provides further evidence for neuroectodermal histogenesis of these
tumors. Whether expression of the GRP gene, the peptide. and/or its
receptor is somehow indirectly influenced by EWS/ETS fusion prod
ucts remains to be determined.

The potential autocrine function of GRP peptides in pPNETs re
quires further study. Our preliminary cell culture data suggest that
GRP-R antagonists inhibit growth in vitro, whereas agonists appear to
be stimulatory. If GRP acts as a growth factor in vivo. GRP-R

antagonists may prove to be useful therapeutic agents for patients with
pPNETs. Moreover. GRP expression may prove to be useful as a
marker for microscopic mÃ©tastases,minimal residual disease, or dis
ease recurrence, given the demonstration of immunoreactive GRP in
the plasma of patients with SCLC (46).

ACKNOWLEDGMENTS

We thank Drs. James Battey (NIH). Frank Cuttitta (National Cancer Insti
tute). Chris Denny (University of California-Los Angeles), Mark Elliot (St.
Paul's Hospital. Vancouver). Eliot Spindel (Oregon Regional Primate Re

search Center. Beaverton, Oregon). David Coy (Tulane University. New
Orleans. LA), and Robert Sawin (Children's Hospital and Medical Center.

Seattle. WA) for helpful discussions and probes (JB). cells and tissue samples
(CD and ME), peptides (DC), and GRP promoter constructs (ES). We are also
indebted to Joan Mathers and Heather Wildgrove (British Columbia's Chil
dren's Hospital. Vancouver) and Christine Moogt (University of Western

Ontario. London. Ontario) tor technical support.

REFERENCES

1. Triche, T. J. Pathology of pediatrie malignancies. In: P. A. Piz/o and D. G. Poplack
(eds.l. Principles and Practice of Pediatrie Oncology, pp. 115-152. Philadelphia: J. B.

Lippincott. 1993.
2. Delattre. O.. Zucman. J.. Plouslagcl. B.. Desmame. C.. Melo!. T.. Peter. M.. Kovar. H..

Joubert. !.. de Jong, P.. Rouleau. G.. Aunas. A., and Thomas. G. GÃ¨nefusion with an
ETS DNA binding domain caused by chromosome translocation in human cancers.
Nature (Lond.). 359: 162-165. 1992.

3. Sorensen. P. H. B.. Lessnick. S. L.. Lopez-Terrada. D.. Liu, X. F.. Triche. T. J.. and
Denny. C. T. A second Ewing's sarcoma translocation. 1(21:22). fuses thÃ©KWS gÃ¨ne

to another ETS-family transcription factor. ERG. Nat. Genet.. 6: 146-151. 1994.

4. Peter. M., Couturier. J.. Pacquement. H.. Michon. J., Thomas. G.. Magdelenat. H., and
Delattre. O. A new member of the ETS family fused lo EWS in Ewing tumors.
Oncogene. 14: 1159-1164. 1997.

5. Jeon. I-S.. Davis. J. N.. Braun. B. S.. Sublett. J. E.. Roussel. M. F.. Denny. C. T.. and
Shapiro. D. N. A variant Ewing's sarcoma translocation (7:22) fuses the F.WSgene lo

the ETS gene ETVI. Oncogene. IO: 1229-1234, 1995.
6. Urano. F.. Umezawa. A.. Hong. W.. Kikuchi. H., and Hata. J. A novel chimera gene

between EWS and El A-F. encoding the adenovirus EIA enhancer-binding protein, in
extraosseous Ewing's sarcoma Biochem. Biophys. Res. Commun.. 21V: 60X-612.

1996.
7. May. W. A., Gishizky. M. L.. Lessnick. S. L., Lunsford. L. B.. Lewis, B. C. Delallre.

O.. Zucman. J.. Thomas. G.. and Denny. C. T. Ewing sarcoma 11;22 translocation
produces a chimeric transcription factor that requires the DNA-binding domain
encoded by FLU for transformation. Proc. Nati. Acad. Sci. USA. 90: 5752-5756.

1993.
8. Bailly, R-A.. Bosselut, R.. Zucman. J.. Cornier, F.. Delattre, O., Roussel. M., Thomas.

G., and Ghysdael. DNA-binding and transcriptional activation properties of the
EWS-FLI-I fusion protein resulting from the t(ll;22) translocation in Ewing sar
coma. Mol. Cell. Biol.. 14: 3230-3241. 1994.

9. Sorensen. P. H. B.. and Triche. T. J. Gene fusions encoding chimaeric transcription
factors in solid tumours. Semin. Cancer Biol.. 7: 3-14. 1996.

10. Braun. B. S.. Frieden, R., Lessnick. S. L.. May. W. A., and Denny. C. T. Identification
of target genes for the Ewing's sarcoma EWS/FLI fusion protein by representational

difference analysis. Mol. Cell. Biol.. IS: 462.3-4630. 1995.

2475

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2469/2466596/cr0580112469.pdf by guest on 19 M

ay 2023



GRP EXPRESSION IN pPNETs

11. May. W. A.. Arvand. A.. Thompson. A. D.. Braun. B. S.. Wright. M., and Denny.
C. T. EWS/FLI-1 induced manic fringe renders NIH-3T3 cells lumorigenic. Nat.
Genet., 17: 495-497, 1997.

12. Liang. P., and Pardee. A. B. Differential display of eukaryotic messenger RNA by
means of the polymerase chain reaction. Science (Washington DC). 257. 967-971.

1992.
13. Liang. P.. Averboukh, L.. Keyomarsi. K., Sager, R., and Pardee. A. B. Differential

display and cloning of messenger RNAs from human breast cancer versus mammary
epithelial cells. Cancer Res., 52: 6966-6968. 1992.

14. Watson. M. A., and Fleming, T. P. Isolation of differentially expressed sequence tags
from human breast cancer. Cancer Res.. 54: 4598-4602. 1994.

15. Spindel. E. R.. Guadi, E.. Segerson, T. P., and Nagalla. S. Bombesin-like peptides: of
ligands and receptors. Recent Prog. Horm. Res., 48: 365-391, 1993.

16. Moody. T. W.. Bertness, V., and Camey. D. N. Bombesin-like peptides and receptors
in human tumor cell lines. Peptides. 4: 683-686. 1983.

17. Cuttitta, F., Carney, D. N., Mulshine, J.. Moody, T. W., Fedorko, J.. Fischler. A., and
Minna. J. D. Bombesin-like peptides can function as autocrine growth factors in
human small-cell lung cancer. Nature (Lond.), 316: 823-826, 1985.

18. Bostwick, D. G.. and Bensch. K. G. Gastrin releasing peptide in human neuroendo-
crine tumours. J. Patho!., 147: 237-244, 1985.

19. Chomczynski. P., and Sacchi. N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem., 762: 156-

159, 1987.
20. Sambrook. J., Fritch, E. F., and Maniatis, T. Molecular Cloning: A Laboratory

Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory, 1989.
21. Sausville. E. A.. Lebacq-Verheyden. A-M.. Spindel. E. R., Cuttitta, F., Gazdar, A. F.,

and Battey, J. F. Expression of the gastrin-releasing peptide gene in human small cell
lung cancer. Evidence for alternative processing resulting in three distinct mRNAs.
J. Biol. Chem.. 261: 2451-2457. 1986.

22. Sorensen. P. H. B., Liu, X. F., Thomas. G., Delattre, O.. Rowland. J. M., Biggs, C. A.,
and Triche, T. J. Reverse transcriptase PCR amplification of EWS/Fli-1 fusion
transcripts as a diagnostic test for peripheral primitive neuroectodermal tumors of
childhood. Diag. Mol. Pathol., 2: 147-157, 1993.

23. Argatoff, L. H., O'Connell. J. X., Mathers. J. A.. Gilks, C. B.. and Sorensen, P. H. B.

Detection of the EWS/WTI gene fusion by reverse transcriptase-polymerase chain
reaction in the diagnosis of intra-abdominal small round cell tumor. Am. J. Surg.
Pathol.. 20: 406-412. 1996.

24. Siegfried, J. M., Han. Y-H., DeMichele, M. A. A.. Hunt. J. D.. Gaither, A. L., and
Cuttitta. F. Production of gaslrin-releasing peptide by a non-small cell lung carcinoma
cell line adapted to serum-free and growth factor-free conditions. J. Biol. Chem.. 269:
8596-6903. 1994.

25. Fraser. M.. McDonald. T. J.. Spindel, E. R.. Fahy, M.. Hill, D.. and Challis. J. R. G.
Gastrin-releasing peptide is produced in the pregnant ovine uterus. Endocrinology,
135: 2440-2445. 1994.

26. Nagalla, S. R., and Spindel. E. R. Functional analysis of the 5'-flanking region of the

human gastrin-releasing peptide gene in small cell lung carcinoma cell lines. Cancer
Res., 54: 4461-4467. 1994.

27. Fulton, R., and Van Ness, B. Luminescent reponer gene assays for luciferase and
ÃŸ-galactosidase using a liquid scintillation counter. Biotechniques. 14: 762-763,

1993.
28. Spindel. E.. Chin, W., Price. J.. Rees, L.. Besser. G., and Habener. J. Cloning and

characterization of cDNAs encoding human gastrin-releasing peptide. Proc. Nati.
Acad. Sci. USA. Â«/;5699-5703. 1984.

29. Kovar, H., Jug, G., Aryee, D., Zoubek. A., Ambros, P., Gruber. B., Windhager. R.,
and Gadner, H. Among genes involved in the RB dependent cell cycle regulatory
cascade, the piÃ² tumor suppressor gene is frequently lost in the Ewing family of
tumors. Oncogene. 15: 2225-2232. 1997.

30. Lessnick, S. L., Braun, B. S.. Denny. C. T., and May, W. A. Multiple domains
mediate transformation by the Ewing's sarcoma EWS/FLI-1 fusion gene. Oncogene.

10: 423-431. 1995.

31. Kovar, H., Aryee, D. N. T., Jug. G.. Henockl, C.. Schemper. M.. Delattre, O.,
Thomas, G., and Gadner, H. EWS/FLI-1 antagonists induce growth inhibition of
Ewing tumor cells In Vitro. Cell Growth Differ., 7: 429-437, 1996.

32. Moody. T. W., Pert, C. B.. Ga/.dar, A. F.. Carney. D. N., and Minna. J. D. High levels
of intracellular hombesin characterize human small-cell lung carcinoma. Science
(Washington DC). 214: 1246-1248. 1981.

33. Hajri, A., Balboni. G.. Koenig. M.. Garoud. J. C., and Damge. C. Gaslrin-releasing
peplide: in vivo and in vitro growth effects on an acinar pancreatic carcinoma. Cancer
Res.. 52: 3726-3732. 1992.

34. Narayan, S., Guo. Y-S.. Townsend. C. M., and Singh, P. Specific binding and growth
effects of bombesin-related peptide on mouse colon cancer cells in vitro. Cancer Res.,
50: 6772-6778, 1990.

35. Yano. T.. Pinski. J.. Groot. K.. and Schally, A. V. Stimulation by bombesin and
inhibition by bombesin/gastrin-releasing peptide antagonist RC-3095 of growth of
human breast cancer cell lines. Cancer Res.. 52. 4545-4547, 1992.

36. Qin. Y.. Erti, T.. Cai. R-Z., Halmos. G., and Schally. A. V. Inhibitory effect of
bombesin receptor antagonist RC-3095 on the growth of pancreatic cancer cells in
vivo and in vitro. Cancer Res., 54: 1035-1041, 1994.

37. Pinski, J., Schally, A. V., Halmos, G., Szepeshazi, K., Groot, K.. O'Byrne, K., and

Cai, R-Z. Effects of somatostatin analogue RC-160 and bombesin/gastrin-releasing
peptide antagonists on the growth of human small-cell and non-small-cell lung
carcinomas in nude mice. Br. J. Cancer. 70: 886-892. 1994.

38. Radulovic. S.. Schally, A. V., Reile, H.. Halmos. G., Szepeshazi. K., Groot, K.,
Milovanovic. S., Miller. G., and Yano, T. Inhibitory effects of antagonists of bomb-
esin/gastrin releasing peptide and somatostatin analog (RC-160) on growth of HT-29
human colon cancers in nude mice. Acta Oncol., 33: 693-701. 1994.

39. Shirahige. J., Cai, R-Z., Szepeshazi. K.. Halmos, G.. Pinski. J.. Grool. K., and Schally.
A. V. Inhibitory effects of bombesin/gastrin releasing peptide (GRP) antagonists
RC-3950-II and RC-3095 on MCF7 Mill human breast cancer xenografts in nude
mice. Biomed. Pharmacotherapy. 48: 465-472. 1994.

40. Nagy. A.. Armatis. P.. Ren-Zhi, C.. Szepeshazi. K.. Halmos, G., and Schally, A. V.
Design, synthesis and in vitro evaluation of cytotoxic analogs of bombesin-like
peptides containing doxorubicin or its intensely potent derivative. 2-pyrrolinodoxo-
rubicin. Proc. Nati. Acad. Sci. USA. 94: 652-656, 1997.

41. Halmos. G.. and Schally. A. V. Reduction in receptors for bombesin and epidermal
growth factor in xenografts of human small-cell lung cancer after treatment with
bombesin antagonist RC-3095. Proc. Nati. Acad. USA, 94: 956-960. 1997.

42. Verbeeck, M. A. E.. and Burbach. P. H. The cholecystokinin gene is abundantly
co-expressed with gastrin-releasing peptide. enkephalin and neuropeptide Y genes in
a clonal human neuroepithelioma cell line. FEBS Lett.. 268: 88-90, 1990.

43. Sawin, R. S., and Brockenbrough. J. Secretion of gastrin-releasing peptide by retro-
peritoneal tumors. Am. J. Surg.. 169: 550-552. 1995.

44. Sawin. R. S.. Brockenbrough. J.. and Ness, J. C. Gastrin releasing peptide is an
autocrine growth factor for human neuroblastoma. Surg. Forum. 43: 606-608, 1992.

45. Sunday. M. E.. Choi, H.. Spindel. E. R., Chin. W. W., and Mark. E. J. Gastrin-

releasing peptide gene expression in small cell and large cell undifferentiated lung
carcinomas. Hum. Pathol.. 22: 1030-1039. 1991.

46. Maruno. K.. Yamaguchi. K.. Abe. K.. Suzuki. M.. Saijo. N.. Mishima. Y.. Yanaihara.
N.. and Shimosato, Y. Immunoreactive gastrin-releasing peptide as a specific tumor
marker in patients with small cell lung cancer. Cancer Res.. 49: 629-632. 1989.

47. Hay, R.. Caputo. J.. Chen. T. R.. Macy, M.. McClintock, P., and Reid, Y. (eds.).
ATCC Cell Lines and Hybridomas, Ed. 8, pp. 78-337. Rockville. MD: American

Type Culture Collection, 1994.
48. Whang-Peng. J.. Triche, T. J.. Knutsen. T.. Miser. J.. Douglass. E. C., and Israel.

M. A. Chromosome translocation in peripheral neuroepithelioma. N. Engl. J. Med..
311: 584-585. 1984.

49. Yee. D., Favoni. R. E.. Lebovic, G. S., Lombana, F.. Powell. D.. Reynolds. C. P., and
Rosen, N. IGF-I expression by tumors of neuroectodermal origin with the HI 1:22)
L-hromosomal translocation. A potential autocrine growth factor. J. Clin. Invest., 86:
1806-1814, 1990.

50. Sorensen. P. H. B.. Shimada. H.. Liu. X. F.. Lim. J. S., Thomas, G.. and Triche, T. J.
Biphenotypic sarcomas with myogenic and neural differentiation express the Ewing's

sarcoma EWS/FLII fusion gene. Cancer Res.. 55: 1385-1392. 1995.

51. Sorensen, P. H. B., Wu. J. K., Berean. K. W., Lim. J. F.. Donn, W., Frierson, H. F.,
Reynolds, C. P., Lopez-Terrada, D.. and Triche. T. J. Olfactory neuroblastoma is a

peripheral primitive neuroectodermal tumor related to Ewing sarcoma. Proc. Nati.
Acad. Sci. USA. 93: 1038-1043, 1996.

52. Jalava. A. M.. Heikkila. J. E.. and Akerman. K. E. Decline in c-myc mRNA
expression but not the induction of c-fos mRNA expression is associated with
differentiation of SH-SY5Y human neuroblastoma cells. Exp. Cell. Res., 179: 10-17,

1988.
53. Whang-Peng. J.. Knutsen, T.. Thiel. K.. Horowitz, M. E., and Triche, T. J. Cytoge-

netic studies in subgroups of rhabdomyosarcoma. Genes Chromosomes Cancer, 5:
299-310. 1992.

54. Houghton, J. A., Houghton. P. J.. and Webber, B. L. Growth and characterization of
childhood rhabdomyosarcomas as xenografts. J. Nati. Cancer Inst., 68: 437-443,
1982.

2476

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2469/2466596/cr0580112469.pdf by guest on 19 M

ay 2023




