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Neuroendocrine tumors (carcinoids) are a heteroge-
neous group of neoplasms arising from the diffuse
neuroendocrine system. Genetic changes underlying
their tumorigenesis are primarily unknown. We used
comparative genomic hybridization to screen 32 well-
differentiated neuroendocrine tumors (21 gastroin-
testinal and 11 bronchial) and three associated metas-
tases for genomic alterations. There were striking
differences of genomic imbalances between the two
subgroups of neuroendocrine tumors. Losses of chro-
mosome 18q and 18p were shown in eight (38%) and
seven (33%), respectively, out of 21 gastrointestinal
tumors and in none of the 11 bronchial tumors. Con-
versely, deletions of 11q occurred in four of 11 (36%)
bronchial tumors but only in one gastrointestinal tu-
mor. These comparative genomic hybridization find-
ings were confirmed by interphase cytogenetics. Our
data indicate that neuroendocrine tumors of the two
subgroups develop via different molecular pathways.
Inactivation of one or several tumor suppressor genes
on chromosome 18 may be important for the biolog-
ical behavior of gastrointestinal tumors, whereas
gene inactivation on 11q seems to be associated with
tumor development of the bronchi. (Am J Pathol
2000, 157:1431–1438)

Neuroendocrine tumors (NETs) are a heterogeneous
group of neoplasms arising from the diffuse neuroendo-
crine system, which include a wide histopathological
spectrum ranging from classical carcinoids with slow
growth and relatively good prognosis to highly malignant
undifferentiated neuroendocrine carcinomas.1 According
to Godwin,2 ;85% of all NETs occur in the gastrointesti-
nal tract, 10% in the lung, and the rest in various organs
such as the larynx, thymus, kidney, ovary, and skin. The
most frequent location in the gastrointestinal tract is the
appendix (40 to 50%), followed by the jejunum and ileum
(20 to 30%), and rectum and colon (10%). Bronchial
NETs, which are the most common type of NETs in the
lung, are rare lung malignancies, accounting for 2% of all
lung tumors.3 Although NETs generally exhibit a charac-
teristic growth pattern with common histological and im-
munohistochemical features, there are considerable dif-
ferences in the clinical behavior and in responsiveness to
therapy among different subgroups. Appendiceal NETs
have a very low aggressive behavior with a metastasis
frequency ranging from 1.4 to 8.8%, whereas other NETs
have a relative high metastatic potential.1,3–7 Mixed exo-
crine-endocrine tumors are extremely rare neuroendo-
crine lesions that share histological features of both en-
docrine and glandular differentiation. There is confusion
regarding the classification and nomenclature of these
neoplasms, reflected in a variety of their names, such as
adenocarcinoid, goblet cell carcinoid, crypt cell carci-
noid, mucous carcinoid, and mixed carcinoid-adenocar-
cinoma. Some of these tumors, especially the so-called
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mixed carcinoid-adenocarcinoma, are more aggressive
than classical carcinoids,8,9 suggesting that the biologi-
cal behavior of this type of tumors may be dictated by the
differentiation of the exocrine cell compartment.

Despite recent advances in the diagnosis, localization,
and treatment of NETs, no etiological factors are proven
to be associated with these tumors and little is known
about the molecular genetic changes underlying their
tumorigenesis. Several genetic alterations associated
with bronchial NETs have been reported, including loss
of heterozygosity of 11q10 and the Rb gene,11 as well as
mutations of p53.12 Recently, genome-wide surveys of
lung NETs (typical and atypical carcinoids) revealed fre-
quent 11q deletions.13,14 In contrast to lung NETs, mo-
lecular and cytogenetic data for gastrointestinal NETs are
very limited. So far, only one study on genomic imbal-
ances in eight gastrointestinal NETs including five ileal,
two duodenal, and one gastric carcinoids has been re-
ported.15 A few molecular studies have also been per-
formed to elucidate the potential role of the tumor sup-
pressor genes APC, DCC, and p5316,17 as well as the
oncogenes c-myc, bcl-2, c-erbB-2, and c-jun in the de-
velopment of gastrointestinal NETs.18 The importance of
these genes, however, remains to be clarified. With re-
gard to mixed exocrine-endocrine tumors of the gastro-
intestinal tract, a recent study by Ramnani et al,17 which
is thus far the sole molecular genetic investigation in this
type of neoplasms, showed the involvement of p53 mu-
tations in a small proportion of these tumors.

In the present study, we used comparative genomic
hybridization (CGH), which allows screening of the entire
genome of a tumor for all relative DNA copy-number
changes, to identify genomic imbalances in 35 NETs
comprising 21 well-differentiated primary gastrointestinal
(including seven mixed exocrine-endocrine tumors), 11
well-differentiated primary bronchial and three associ-
ated metastases. Our goals were: 1) to screen for fre-
quently altered chromosomal regions in these tumors;
and 2) to elucidate the molecular similarities and diversi-
ties of these tumor subgroups, which would provide an
explanation for their differences in clinical outcome. In-
terphase cytogenetics for chromosomes 18 and 11q
were additionally performed to independently confirm
some of the CGH results.

Materials and Methods

Patients and Samples

Tumor samples available from 34 patients with NETs
were either deep frozen or fixed in 4% formalin and
embedded in paraffin. The histopathological classifica-
tion was based on the recent proposed criteria.1,19–21

Among the 35 tumors collected, there were 21 primary
gastrointestinal NETs (including seven mixed exocrine-
endocrine tumors), 11 primary bronchial NETs, and three
associated metastases (Table 1). The gastrointestinal
NETs examined were well-differentiated primary tumors,
including four appendiceal, nine ileal, two colonic, four
duodenal, and two gastric tumors. The mixed exocrine-

endocrine tumors were all of the goblet-cell type. Pancre-
atic endocrine tumors (islet cell tumors) were excluded
from the study. All of the 11 bronchial tumors were so-
called typical (well-differentiated) carcinoids.20 Other
types of lung NETs, such as atypical carcinoid, were
excluded. The average diameter of the tumors was 4 cm
(range, 0.7 to 12 cm) for gastrointestinal and 2.6 cm
(range, 1 to 4.8 cm) for bronchial NETs. For some tumors,
two or three different regions were investigated to evalu-
ate intratumoral genetic heterogeneity. The three meta-
static lesions, present in three patients with NET, were lo-
cated in the liver, paraortal lymph nodes, and mesenteric
lymph nodes, respectively. For the two formers, the exact
tumor sites of the primaries in the gastrointestinal tract were
not known. The latter had arisen from a colonic NET.

DNA Preparation for CGH

Isolation of genomic DNA from frozen tumor samples was
performed using the D-5000 Puregene DNA Isolation Kit
(Gentra Systems Inc., Minneapolis, MN). Approximately 2
mm3 of frozen tumor material was homogenized and DNA
extraction performed according to the manufacturer’s
recommendations. DNA extraction from paraffin-embed-
ded tumors was done as previously described.22 Direct
fluorescence labeling of DNA was performed by nick
translation using a commercial kit (BioNick kit; Life Tech-
nologies, Gaithersburg, MD).

CGH Analysis

CGH was performed as previously described.23 The hy-
bridization mixture consisted of 200 to 400 ng of spec-
trum-green-labeled tumor DNA, 200 ng of spectrum-red-
labeled normal reference DNA, and 10 mg of unlabeled
human Cot-1 DNA dissolved in 10 ml of hybridization
buffer (50% formamide, 10% dextran sulfate, 23 stan-
dard saline citrate, pH 7.0). Hybridization took place
throughout 3 days at 37°C to sex-matched normal meta-
phase spreads (Vysis, Downer Grove, IL). Digital images
were collected from six to seven metaphases using a
cooled Photometrics charge-couple device camera (Mi-
croimager 1400; Xillix Technologies, Vancouver, British
Columbia, Canada). The VYSIS software program was used
to calculate average green-to-red ratio profiles for each
chromosome. At least five observations per autosome and
three observations per sex chromosome were included in
each analysis.

Thresholds used for definition of DNA sequence copy
number gains and losses were based on the results of
CGH analyses of normal tissues. A gain of DNA se-
quences was assumed at chromosomal regions where
the hybridization resulted in a green-to-red ratio of $1.20.
Overrepresentations were considered amplifications
when the fluorescence ratio values exceeded $1.5 in a
subregion of a chromosome arm. A loss of DNA se-
quences was presumed at chromosomal regions where
the tumor to normal ratio was #0.80. Because some
false-positive results were found in normal tissues at
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chromosomes 1p, 16p, 19, and 22, gains at these G-C-
rich regions were excluded from all analyses.

Fluorescence in Situ Hybridization (FISH)
Analysis

A combination of two centromere probes specific for
chromosomes 1 and 18 was used to analyze interphase
cytogenetics in 10 selected tumors, of which eight exhib-
ited losses of chromosome 18 identified by CGH, aiming
to independently confirm the CGH results of chromosome
18 abnormalities. Touch preparations were made from
five frozen tumor samples. Paraffin-embedded sections
were used for the other five tumors.

For FISH analysis on touch preparations, centromere
probes specific for chromosomes 1 and 18 were labeled
using spectrum-green dUTP and spectrum-red dUTP
(Vysis), respectively. Hybridization, posthybridization

washes, and detection of the hybridized signals were per-
formed as previously described.23

For paraffin-embedded sections, the centromere probe
of chromosome 18 was labeled using digoxigenin-11-
dUTP (Roche, Basel, Switzerland). Interphase analysis
on paraffin-embedded sections was performed accord-
ing to published protocols24 with some modifications.
Briefly, sections were deparaffinized in xylol (3 times for
10 minutes each) and washed twice for 5 minutes each in
100% methanol. Slides were immersed in 85% formic
acid/0.3% H2O2 for 10 minutes at room temperature, and
then soaked in prewarmed 1 mol/L sodium thiocyanate
(NaSCN) at 80°C for another 10 minutes. Subsequently,
sections were treated with 4 mg/ml of pepsin in 0.02 N
HCl for 30 minutes at 37°C. Ten to 15 ml of hybridization
solution containing 10 to 15 ng probes were applied on
each section. Hybridization took place overnight in a
humidified chamber at 37°C. Detection of centromere

Table 1. Clinical and Genetic Data of 32 Well-Differentiated Neuroendocrine Tumors and Three Associated Metastases

No.
Age/
sex Diagnosis Metastasis

Size
(cm)

CGH finding FISH finding

Gain Loss 18c 11q13 11q13.4-q21

1 73/m BNET Liver,
spleen

4.5 117q24-qter 26q14-qter, 211q13-qter L

2 68/f BNET nk 3 17p, 17q, 117p, 117cen-
q21

21p, 211q13-qter L L

3 34/f BNET nk 4.8 15p, 15q24-qter, 114q24-
qter

ndc ndc

4 72/f BNET nk 3.2 19q, 116q, 120q ndc ndc
5 30/f BNET nk 2.5 ndc ndc
6 44/m BNET nk 1.4 15p, 15q, 18p, 18q,

116q
ndc ndc

7 47/f BNET nk 1.3 19q34 215q, 222q ndc ndc
8 45/f BNET nk 2 211cen-p14, 211q13-

qter
ndc L

9 45/m BNET nk 2 211p15, 211q13.2-qter ndc L
10 45/f BNET nk 1 ndc ndc
11 55/m BNET nk 3 ndc ndc
12 42/f GINET Local LN nk 218p, 218q ndc
13 68/f GINET Local LN 1 216q13-q24, 218p,

218q
L

14# 63/f GINET Area 1 Local LN 2 L*
Area 2 2 218p, 218q L

15 26/f GINET Liver 5 19q34, 117p, 117q 21q22-qter
16 79/m GINET Local LN 1 218p, 218q L
17 89/f GINET Local LN 4 218p, 218q L
18 70/f GINET nk 110p, 110q 218q22-qter
19# 70/m GINET LN 2
20 38/f GINET Local LN 0.7
21 16/f GINET 3.5 19q34 ndc
22 19/f GINET Local LN 2
23 53/m GINET 10 117p, 117q
24 50/m GINET Liver and

LN
2.5 11q, 17p, 17q, 115q,

110q22-qter, 120q
23q21-qter, 2y

25 55/m GINET LN 12 13p, 13q, 19p13-pter,
19q21-qter

210p, 210q, 213q,
216p, 216q, 217p,
218p, 218q, 221q,
222q

26 68/m GINETa Liver 1.5
27 73/f GINETa Local LN 2
28 27/m GINETa nk nk
29# 70/m GINETa nk ndc
30 68/f GINETa nk
31 65/f GINETa Local LN 1 21q13.2-qter, 218p,

218q
L

32 65/m GINETa primary nk
metastasis Stomach nk 23p, 23q

33 35/f NET’s metastasis Liver 10 14p, 14q, 120q 29p21-qter, 213q21-q22,
216q21-qter, 218p,
218q

L

34 46/m NET’s metastasis Paraortal
LN

4 15p, 15q, 17p, 17q

#Two or three different regions of the tumors were examined for genetic heterogeneity; m, male; f, female; BNET, bronchial neuroendocrine tumors;
GINET, gastrointestinal neuroendocrine tumors; a, mixed endocrine-exocrine tumors; nk, not known; LN, lymph node; ndc, no detectable change; L,
loss; 18c, centromere 18 probe; 11q13, MEN1 gene; 11q13.4-q21, cClll-270.

*Deletion of chromosome 1 was also detected, suggesting monosomy.
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signal for chromosome 18 was achieved using sheep
anti-digoxigenin-rhodamine (Roche).

Two cosmid probes containing the chromosomal re-
gion of 11q13 (MEN1) and 11q13.4-q21 (cCl11-270),
respectively, were used in a combination with a centro-
mere 11 probe to analyze the 11 bronchial NETs, of which
four showed 11q losses and seven no detectable alter-
ations as revealed by CGH. The cosmid probes were
labeled with spectrum-green dUTP, whereas the centro-
mere 11 probe was labeled using biotin-16-dUTP (Vec-
tor, Vector Laboratories, Burlingame, CA). Detection of
hybridized cosmid probes was performed using rabbit
anti-fluorescein isothiocyanate (DAKO, Glostrup, Den-
mark) and swine anti-rabbit Ig fluorescein isothiocyanate
(DAKO). Biotin-labeled chromosome 11-specific centro-
mere probe was detected by using avidin-tetramethylrho-
damine B isothiocyanate (Vector) and biotinylated goat
anti-avidin.25

At least 100 interphase nuclei with strong hybridization
signals were scored for each tumor. Normal frozen spec-
imen or connective tissue in the vicinity of tumors served
as control that exhibited two copies of centromere or 11q
signals in $95% of nuclei. A loss was assumed if .30%
of nuclei exhibited only one signal of centromere, 11q13
or 11q13.4-q21.

Statistics

Contingency table analysis and Student’ t-test were used
to compare the number of alterations and the frequency
of individual changes between tumors of different types.

Results

Genomic Alterations Detected by CGH

DNA copy number changes were observed in 12 of 21
primary gastrointestinal NETs and eight of 11 primary
bronchial NETs (Table 1). The average number of alter-
ations per tumor was 2.2 6 3.3 for gastrointestinal NETs
and 2.5 6 2 for bronchial NETs. In gastrointestinal NETs,
75% of the tumors with metastasis exhibited genomic
alterations. All three of the metastatic tumors examined
also showed genomic aberrations. These findings indi-
cate that genomic imbalances are associated with NET
progression. However, such an association could not be
determined for the bronchial tumor group, because of
lack of the follow-up data on metastasis. Comparing the
mean number of total genomic changes of the mixed
exocrine-endocrine tumors (0.5 6 1.3) with that of the
remaining gastrointestinal NETs (2.9 6 3.7) showed an
obvious difference which, however, did not reach statis-
tical significance (P 5 0.1467). One tumor (tumor 14)
exhibited intratumoral heterogeneity.

Regions of Frequent Genomic Aberrations

The chromosomal regions with DNA copy number alter-
ations (losses and gains) identified by CGH are illustrated
in Figure 1. The most common DNA copy number

changes were losses of chromosome 18q (38%) and 18p
(33%) in gastrointestinal NETs and losses of 11q in 36%
bronchial NETs (Table 2). Other areas with less frequent
alterations included 19q34 (14% each), 23q, 216q, and
110q (each 10%), 29p, 211q, 213q, 17p, 17q, and
120q (each 5%) in gastrointestinal NETs, as well as
211p, 15p, 15q, 19q, and 116q (each 18%) in bron-
chial NETs. Among all of the alteration differences be-
tween gastrointestinal and bronchial NETs, only 211p
and 116q reached statistical significance. No high-level
gains (amplifications) were observed in this study.

Losses of Chromosomes 18 and 11q
Confirmed by FISH

FISH analyses confirmed losses of chromosome 18 iden-
tified by CGH in seven of eight gastrointestinal NETs. In
the other two NETs, which exhibited no CGH detectable
alterations of chromosome 18, FISH also showed no al-
terations of this chromosome. CGH results of bronchial
NETs regarding 11q losses were confirmed using the
FISH method, too. FISH showed deletions of 11q13.4-q21
in all four tumors with CGH-detected 11q losses, and
deletions of 11q13 only in two of the four tumors (Table 1).
In the seven remaining bronchial NETs, FISH demon-
strated no alterations of 11q, confirming the CGH data.
Taken together, both techniques provide highly compa-
rable results of chromosome 18 losses in nine of 10
gastrointestinal NETs. Representative examples of CGH
images and corresponding profiles as well as interphase
cytogenetics are illustrated in Figure 2, A and B).

Discussion

CGH allows a rapid detection of DNA sequence copy
number changes anywhere in the entire genome, provid-
ing an overview of genomic imbalances in a given tumor.
The present CGH results show different patterns of
genomic alterations in gastrointestinal and bronchial
NETs, thereby pinpointing different genetic events re-
sponsible for the initiation and development of the two
subgroups of NETs.

The CGH results of the present study on gastrointesti-
nal NETs demonstrate frequent losses of chromosome
18, which represent characteristic genomic imbalances
involved in this type of tumors. Previous molecular stud-
ies have shown that loss of heterozygosity on chromo-
some 18q is also a frequent event in gastrointestinal
adenocarcinomas,26–28 suggesting an important role of
18q in the tumorigenesis and progression of these tu-
mors. Several tumor suppressor genes are known to be
located on chromosome 18, including DCC (deleted in
colorectal carcinoma), DPC4 (deleted in pancreas carci-
nomas at locus 4), and Smad2. These genes have been
implicated to be associated with tumorigenesis through
inactivation in a variety of human tumors such as colo-
rectal cancer.29–31 Our present CGH data indicate that
all three of the genes may be involved in gastrointestinal
NETs. Additional studies are under way to further clarify
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the role of these tumor suppressor genes in NET tumor-
igenesis and progression of the gastrointestinal tract.
Recently, Terris et al15 detected extensive genomic im-
balances in eight gastrointestinal NETs. Characteristic

genomic changes, however, were difficult to recognize
from the small series of tumors. The tumors they exam-
ined were probably high-grade neuroendocrine neo-
plasms rather than typical carcinoids as examined in this

Figure 1. Summary of all DNA copy number alterations detected by CGH in 21 gastrointestinal NETs and three associated metastases (A) and 11 bronchial NETs
(B). The vertical green lines on the right of the chromosome ideograms indicate gains, the red on the left losses of the corresponding chromosomal regions. The
solid and dotted lines in (A) represent genomic alterations detected in primary gastrointestinal NETs and associated metastases, respectively. Each line represents
one alteration.
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study, which would also explain for the discrepancies of
their results from our data.

Our CGH results on bronchial NETs show that these
tumors are characterized by prevalent 11q deletions, a

finding that is in accordance with previous studies.13,14

The region of 11q13 has been known to harbor the tumor
suppressor gene MEN1 that was recently cloned.32 Loss
of heterozygosity studies have demonstrated frequent
allelic losses at or around the 11q13 locus involved in
NETs of the lung associated or not with the multiple
endocrine neoplasia type 1 (MEN1) syndrome.10,33,34 So-
matic mutations of the gene have also been found in
sporadic lung carcinoids, albeit only in a subset of tu-
mors.35 In our FISH analyses, deletions were revealed at
the region of cCl11-270 (11q13.4-qter) but not at the
MEN1 locus in two tumors (tumors 8 and 9) which showed
losses of 11q13-qter in the CGH examination. This finding
suggests that, in addition to MEN1, one or more other
possible tumor suppressor genes located distal from the
MEN1 gene on 11q may be involved in the pathogenesis
of bronchial NETs. Previous molecular studies have
shown the involvement of the genes Rb and p53 in lung
NETs.11,12 In contrast, the present study did not demon-
strate losses of 13q and 17p in the bronchial NETs, at
which the Rb gene and p53 are located, respectively.
However, our data could not rule out a possible role of the
both genes in the bronchial NETs because small chromo-
somal alterations (,10 Mb) may be not detected by CGH.

Table 2. Genomic Aberrations of Neuroendocrine Tumors

Locus of
alterations

Bronchial
NETs

(n 5 11)

Gastrointestinal
NETs

(n 5 21)
P

value*

23q 0 2 (10%) NS
29p 0 1 (5%) NS
211p 2 (18%) 0 0.0436
211q 4 (36%) 1 (5%) 0.0194
213q 0 1 (5%) NS
216q 0 2 (10%) NS
218p 0 7 (33%) 0.0303
218q 0 8 (38%) 0.0181
15p 2 (18%) 0 NS
15q 2 (18%) 0 NS
17p 1 (9%) 1 (5%) NS
17q 1 (9%) 1 (5%) NS
19q 2 (18%) 3 (14%) NS
110q 0 2 (10%) NS
116q 2 (18%) 0 0.0436
120q 1 (9%) 1 (5%) NS

*Contingency table analysis. NS, not significant.

Figure 2. A: Representative examples of CGH digital images and corresponding profiles illustrating losses of chromosome11q and 18. Tumor DNA was labeled
using green dUTP and normal reference DNA with red dUTP. The color ratio values 0.8, 1.2, and 1.5 were used as thresholds for chromosomal losses, gains, and
amplifications, respectively. B: Representative pictures of FISH analysis. I: Signals of centromere probes specific for chromosomes 1 (green) and 18 (red) on
metaphase from normal human lymphocytes. II: Deletions of chromosome 18 detected on paraffin-embedded section. III: Losses of chromosome 18 on interphase
touch preparation. For the FISH analysis on paraffin-embedded sections, the centromere probe of chromosome 18 was labeled using digoxigenin-11-dUTP and
then detected using sheep anti-digoxigenin-rhodamine (red). The centromere probe specific for chromosome 1 was directly labeled using spectrum-green dUTP.
In the interphase analysis on touch preparations, centromere probes specific for chromosomes 1 and 18 were labeled using spectrum-green dUTP and
spectrum-red dUTP, respectively.
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CGH and FISH are two complementary powerful tools
for detection and mapping of genetic alterations in tu-
mors. Both methods used in the present study provide
well-consistent results regarding losses of chromosomes
18 and 11q, which were most frequently observed in
gastrointestinal and bronchial NETs, respectively. At-
tempting to evaluate genetic heterogeneity of a tumor, we
investigated two or three different regions in three neo-
plasms. One tumor (tumor 14) exhibited a clearly intratu-
moral genetic heterogeneity, which may implicate the
presence of two or more neoplastic cell populations in
these tumors. In one tumor (tumor 12), losses of chromo-
some 18 were revealed by CGH, but not by FISH. These
conflicting results are most likely also because of intratu-
moral genetic heterogeneity.

The number of genomic alterations detected by CGH
could be used as a predictor of tumor progression or
recurrence, as suggested by studies on a variety of tumor
types.23,36 In the present study, genomic alterations were
observed in 75% of the advanced gastrointestinal NETs
and in all of the three investigated metastases, thus sup-
porting the predictive value of the number of genomic
changes. Surprisingly, however, genomic alterations
were only seen in two of seven mixed exocrine-endocrine
tumors (goblet-cell carcinoids) examined, including one
metastasis in the stomach. The average number of
genomic changes found in these tumors was 0.5, which
was much lower than that in the remaining gastrointesti-
nal NETs (mean, 2.9). This finding would explain why
goblet-cell carcinoids usually exhibit an indolent clinical
course. Another explanation would be that the sensitivity
of CGH in these tumors was compromised by the pres-
ence of high amounts of normal cells. Remarkably, how-
ever, losses of chromosome 18 were also found in one of
the two goblet-cell carcinoids that exhibited genomic
alterations. This implies that the tumorigenesis of these
neoplasms may be driven by the same genetic events
involved in the remaining gastrointestinal NETs.

In conclusion, our data indicate that NETs of the gas-
trointestinal tract and the lung develop via different mo-
lecular pathways. Inactivation of one or several tumor
suppressor genes on chromosome 18 may be important
for the biological behavior of gastrointestinal NET,
whereas gene inactivation on 11q seems to be associ-
ated with bronchial NET development.
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