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Replication Error-positive Samples
Found in Pheochromocytomas
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Abstract. Background: Adenomatous polyposis coli, (APC)
and E-cadherin (CDHI) tumor suppressor genes were
investigated in human pheochromocytoma. Both genes are
components of adherens junctions, but are also involved in wnt
signalling in which one of the target molecules is c-myc protein.
Materials and Methods: Fifteen sporadic pheochromocytomas
were tested for gene instability by PCR/loss of heterozygosity.
Detection of c-myc protein was performed using
immunohistochemistry. Results: One sample with allelic
imbalance of the APC gene and one with allelic imbalance of
the CDHI gene were found. Interestingly, another type of
genomic instability was detected — replication error-positive
samples (RER+). Four out of 13 heterozygous samples were
RER-positive (30.8%). The instability is the result of impaired
cellular mismatch repair. Immunohistochemistry showed
increased levels of c-myc in comparison to normal adrenal
tissue. Conclusion: Our results suggest that microsatellite
genetic instabilities of the E-cadherin gene have a role in
pheochromocytoma development and progression. Detected
instability indicates that mismatch repair may be targeted in
pheochromocytoma. Increased expression of c-myc protein as
well as allelic imbalances of APC and CDH 1 genes suggest
that the wnt signalling pathway may have a role in this
malignancy.

Pheochromocytomas are neuroendocrine tumors that
produce catecholamines and originate from chromaffin
cells, derived from the neural crest. They can cause
endocrine hypertension by oversecretion of catecholamines.
Pheochromocytomas are mostly located in the adrenal
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medulla, but also in the ganglia of the sympathetic nervous
system. These extra-adrenal pheochromocytomas occur in
15% of cases (1). About 10% of the pheochromocytoma
cases are malignant. Forty percent of cases of the malignant
tumor localize in the extra-adrenal tissues (1, 2).
Pheochromocytomas may be either sporadic or a
manifestation of a familial cancer syndrome, for instance
Multiple Endocrine Neoplasia type 2 (MEN 2), von Hippel-
Lindau (VHL) disease, or neurofibromatosis type 1 (NF 1).

Our knowledge of the etiology and pathogenesis of
pheochromocytoma still needs to be elucidated, although great
progress has been achieved along with the increasing advances
in molecular genetics. Specific genetic alterations have been
found to be associated with hereditary-predispositioned-
pheochromocytomas (2-4). All patients with MEN 2 have
germline mutations in the RET proto-oncogene (2, 5). Von
Hippel-Lindau-associated ~ pheochromocytomas  exhibit
mutations in the VHL tumor suppressor gene (6, 7) and
patients with NF-associated pheochromocytoma show loss of
the wild-type allele of the NF1 tumor suppressor gene (8, 9).

On the other hand, the genetic basis of sporadic
phaeochromocytoma is unclear, and much work is still
required to determine the final list of genes involved, as well
as the point in time of their activation/inactivation.
Although it was suspected that the RET protooncogene may
also be involved in the pathophysiology of sporadic
pheochromocytoma, only about 8% of cases show RET
protooncogene mutation. The mutations of the VHL and
NF1 genes are also uncommon (10).

Our study analyzed genetic changes in sporadic
pheochromocytoma with regards to the roles of two
tumour suppressor genes—adenomatous polyposis coli
(APC) and E-cadherin (CDH1). Both gene products are
components of the adherens junction, where E-cadherin is
bound to B-catenin, which in turn binds to the central part
of the APC protein (11, 12). Our interest in elucidating the
role of the APC gene stemmed principally from the
findings that wild-type APC protein is highly expressed in
the central nervous system and that there are strong
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indications that this wild-type APC protein is critically
involved in the initiation of neuronal differentiation (13).
In developmental processes the neural crest gives rise to
sympathoadrenal progenitor cells. If a sympathoadrenal
progenitor cell migrates into the adrenal primordial
region, due to adrenal coricosteroids, it will differentiate
into a chromaffin cell precursor and demonstrate
endocrine chromaffin phenotype.

Besides the structural roles of the APC and E-cadherin
genes in cellular architecture, the protein product of the
APC gene plays a signalling role as a component of the wnt
signal transduction pathway (14). APC acts as a negative
regulator of the wnt signalling pathway, being a critical
component of the beta-catenin destruction machinery
heading to the proteosome. Wnt genes, together with other
components of the wnt signalling pathway, are also
implicated in cancer, especially in neoplasms of epithelial
origin. Mutations in the adenomatous polyposis coli gene
are responsible for familial adenomatous polyposis and the
majority of sporadic colorectal cancers. However, a large
variety of other cancers exhibit mutations of this suppressor
gene (15). The APC gene (chromosome 5q21) (16) is
organized in 16 translated exons and encodes a 2843 amino
acid protein that is expressed in specific (frequently post-
replicative) epithelial and mesenchymal cells of several fetal
and adult human tissues.

The other gene investigated, E-cadherin (maps to 16q21),
is one of the most important molecules of cell-cell adhesion
in epithelial tissues. It is a member of a large family of
genes that code for calcium-dependent cell-adhesion-
molecules (17). The human epithelial E-cadherin gene
encompasses 16 exons (18) and encodes a 120 kDa
transmembrane glycoprotein that mediates cell-to-cell
adhesion through homotypic interactions of its extracellular
domain. A number of epithelial cancers demonstrate loss of
expression as well as mutations of the E-cadherin gene.
Recently, a tumour invasion/suppressor role has been
assigned to this gene. Loss of heterozygosity on 16q is
frequently detected in metastasizing malignancies derived
from the liver, prostate and breast. Mutations in CDH1
have been described in a number of human cancers
including breast, stomach, endometrium, ovary and thyroid
(19). A transgenic mouse model with loss of E-cadherin
expression developed invasive carcinoma from well-
differentiated adenomas and germ-line mutations have
recently been reported in early onset, diffuse-type stomach
cancers (20). Nevertheless, classical cadherins—E- and N-
cadherins being the best characterized—play important roles
in the formation of tissues during gastrulation, neurulation
and organogenesis (21). Another fact inspired us to analyze
this gene in pheochromocytoma. There is a marked
similarity between E-cadherin and ret-protein (22, 23).
Although the extracellular domain of this transmembrane
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tyrosine kinase has several similar repeats with putative
Ca** binding motifs, the ret gene lacks matching of the
splice sites to the CDHI1 gene. It is possible that this kinase
has acquired its cadherin-like motifs by convergent
evolution (18).

One of the target molecules in the wnt signalling cascade
is the c-myc oncogene product (24). Pheochromocytoma
samples were also tested to the level of c-myc protein
expression in order to determine potential changes.

The aim of our investigation was to detect genetic
changes of two tumor suppressor genes, both components
of the wnt pathway, in order to identify new molecular
targets of neuroendocrine carcinogenesis.

Materials and Methods

Fifteen sporadic pheochromocytomas, together with 15
autologous normal adrenal tissues, were collected from The
Department of Pathology, Sisters of Charity University
Hospital, Zagreb, Croatia. Tumor tissue was in all cases from
the primary and not from a metastatic site. The samples were
formalin-fixed and paraffin-embedded. Among those fifteen
cases, 13 were benign and 2 malignant. All samples were
located in the adrenal medulla and were unilateral. The age of
patients varied from 28 to 66 years (mean age = 49.4), and
there were 9 females and 6 males. The histopathological
classification was pheochromocytoma.

The local Ethical Committee approved our study and all the
patients gave their informed consent.

DNA extraction. Tumor samples used for DNA isolation were parts
of the obvious tumor mass. Prior to DNA extraction, the
pheochromocytoma samples were microdissected, so that the DNA
extraction could be performed exclusively on tumor cells.

Twenty-micrometer paraffin sections were separated from the
slide, transferred to a microtube and repeatedly extracted with
xylene for a couple of hours. The tissue was then rinsed with
absolute ethanol and incubated for two days at 37°C in digestion
buffer (50 mM Tris-HCl, 1 mM EDTA, 0.5% Tween 20, pH 8.5)
together with proteinase K. The digestion was stopped by heating
the mixture for 10 min at 95°C (25).

One sample investigated was immediately frozen in liquid nitrogen
and transported to the laboratory, together with 5 ml of
corresponding blood sample in order to compare the amounts of
DNA extracted from fresh tissue to the DNA from paraffin blocks
and to optimize PCR reactions. Approximately 0.5 g of this tumor
tissue was homogenized with 1 ml extraction buffer (10 mM Tris-HCIl,
pH 8.0; 0.1 M EDTA, pH 8.0; 0.5% sodium dodecyl sulfate) and
incubated with proteinase K (final concentration 100 pg/ml; Sigma,
USA) overnight at 37°C. Phenol chloroform extraction and ethanol
precipitation followed. The corresponding blood sample was lysed
with 7 ml distilled water and centrifuged (15 min/5000 g). The pellet
was then processed as for DNA extraction from the tissue sample.

Polymerase chain reaction. The optimal reaction mixture (25 ul) for
APC’s exon 11 amplification was: 20 pmol of each primer (5’-
GGACTACAGGCCATTGCAGAA-3’ and 5’-GGCTACATCTCC
AAAAGTCAA-3’), 200 uM of each dNTP, 200-400 ng template
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Figure 1. A) 3% agarose gel (stained with ethidium bromide) showing RFLP of the APC gene’s exon 11. Lane 1 - molecular marker; lane 2- heterozygous
normal tissue sample (patient no. 1); lane 3- homozygous normal tissue sample (patient no.11); lane 4- heterozygous normal tissue sample (patient no.
5), both alleles are shown; lane 5 - LOH of the APC gene in a corresponding pheochromocytoma sample. B) 13% polyacrylamide gel showing a
pheochromocytoma sample suspicious of LOH. Lane 1 - DNA from normal tissue sample showing three bands; lane 2 - corresponding
pheochromocytoma sample. Faint band at 133 bp demonstrates the allelic imbalance; lane 3 — molecular marker.

DNA, 1 ul (0.5 U) of Taq polymerase, 1 mM MgCl,, 5 ul 10 X
reaction buffer II (500 mM KCIl, 100 mM Tris-HCI, pH 8.3).
Polymerase chain reaction (PCR) conditions were: initial
denaturation, 4 min/95°C; denaturation, 1 min/94°C; annealing, 2
min/58°C; extension, 1.5 min/72°C; 35 cycles.

The D16 S752 (GATAS51G03) polymorphic region linked to the
E-cadherin gene was amplified in a total volume of 25 pl, each
primer (5-AATTGACGGTATATCTATCTGTCTG-3’; and 5’-
GATTGGAGGAGGGTGATTCT-3’) 5 pmol, 200 ng DNA, 2.5 ul
10X buffer II, 1.5 mM MgCl,, 2.5 mM of each dNTP, 0.25 U Taq
polymerase (Eppendorf, Germany). PCR conditions: initial
denaturation, 3 min/96°C; denaturation, 30 sec/96°C; annealing, 35
sec/55°C; extension, 30+1 sec/72°C; final extension, 10 min/72°C;
35 cycles. The PCR products were analyzed on 2% agarose gels.

Loss of heterozygosity. Loss of heterozygosity (LOH) of the APC
gene was detected on the basis of restriction fragment length
polymorphism (RFLP) of the PCR products. A Rsa I polymorphic
site in exon 11 was investigated. PCR amplification of exon 11
generated a 133- bp fragment that is cleaved to 85- and 48- bp
fragments by Rsa I restriction if the polymorphic site is present, and
remains uncleaved if the site is absent. PCR aliquots (10-15 ul)
were digested with 6 U Rsa I (Gibco, USA; 12 h at 37°C) and were
electrophoresed on 3% agarose and 15% polyacrylamide gels.
LOH/Rsa I was demonstrated only in informative (heterozygous)
persons when the tumor DNA showed loss of either the single uncut

band (133 bp) or of the two cut bands (85448 bp) compared to
autologous blood DNA.

To discover loss of heterozygosity of the E-cadherin gene, a
polymorphic marker D16S752 (GATA 51G03), linked to the CDH1
gene, was chosen from the Genome DataBase on the basis of its
location, heterozygosity percentage and allele length. Heterozygous
samples were visualized on 15% polyacrylamide gels run in 1X TBE
(Tris/borate/EDTA, stained with silver) and on Spreadex EL 300
gels (Elchrom scientific, Switzerland), stained with SyberGold
(Molecular Probes, Netherlands). Loss of heterozygosity of the
CDHI1 gene was established as one of the D16 S752 alleles missing
in comparison to bands from the autologous blood sample.

Immunohistochemistry.  Immunohistochemistry (IHC) was
performed, according to the method described previously (26),
using mouse monoclonal antibodies raised to human c-myc protein
(diluted 1 : 100 in PBS/0.1% BSA) (Oncogene Science). Secondary
antibodies were rabbit to mouse immunoglobulins (Dako) and the
chromogen was DAB (Sigma).

The positive control for the IHC assay was normal adrenal gland
medulla, while in the negative control primary antibody was
omitted.

For each tumor the c-myc-positive cells were evaluated in at
least four randomly selected areas. Each section was assessed
independently by two observers. There was 95% initial agreement
between the observers.
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Results

Genomic instabilities. First the Rsa I polymorphic site in
APC’s exon 11 was analyzed. From 15 pheochromocytoma
samples analyzed, 11 (73.3%) were informative for this
polymorphism. On 3% agarose gel one sample
demonstrated LOH. We repeated the analysis of this sample
on 13% polyacrylamide gel stained with silver and it showed
a faint band at 133 bp. The sample was then reamplified and
attacked with 10 U of Rsa I enzyme. The band reappeared
on the polyacrylamide gel ruling out a problem of partial
digestion. Bearing in mind that the tumor sample was
microdissected, this finding led us to conclude that our
sample comprised an allelic imbalance of the APC gene
(1/11, 9%), as shown in Figure 1.
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Figure 2. 15% polyacrylamide gel stained with silver showing D16 S752
marker linked to the E-cadherin gene (GATA repeat). A) Allelic imbalance
of the E-cadherin gene. Lane 1 - heterozygous normal tissue DNA sample;
lane 2 - allelic imbalance in the corresponding pheochromocytoma (patient
no. 10); lanes 3, 4 — molecular markers; lane 5 — heterozygous sample; lane
6 — heterozygous normal tissue sample; lane 7 — RER-positive corresponding
pheochromocytoma sample (patient no. 8); lane 8 — RER-positive
pheochromocytoma sample (patient no. 9); lane 9 — corresponding normal
tissue sample; lane 10 — molecular marker. B) Spreadex gel showing RER-
positive samples. Lane 1 - RER-positive pheochromocytoma sample
(patient no. 11); lane 2 - corresponding normal tissue DNA; lane 3 — RER-
positive pheochromocytoma sample (patient no. 4); lane 4 — corresponding
normal tissue sample; lanes 5, 7 — heterozygous pheochromocytoma
samples; lanes 6, 8 — corresponding heterozygous normal tissue samples.

The polymorphic marker for the E-cadherin gene was
highly informative 13/15 (86.6%), which was consistent with
our previous results with this marker in renal carcinoma
samples (27). We discovered three new allelic variants in
the Croatian sample. Each allele differs by a 4-nucleotide
repeat from the preceding one; therefore, allele number 1
is 102 bp long, while allele number 7 is 126 bp long (28).

From 13 informative patients, only 1 demonstrated allelic
imbalance of the E-cadherin gene (7.7%), as shown in
Figure 2.

When searching for LOHs of the E-cadherin gene, the
D16 S752 microsatellite tetranucleotide marker revealed
samples with replication error (RER)-positive phenotype.
RER-positive samples have bands on different positions in
comparison to bands of autologous normal adrenal tissue due
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Figure 3. Immunohistochemistry showing c-myc protein in a malignant pheochromocytoma (patient no. 1). The protein is localized in nuclei or

cytoplasms of cells.

Table 1. Genetic changes of the APC and E-cadherin (CDHI1) tumor
suppressor genes and immunohistochemistry analysis (IHC) of c-myc
product in pheochromocytomas.

Patient APC gene E-cadherin c-myc
No. exonll/Rsa I D16S752 IHC
1* heterozygous heterozygous +++
2 heterozygous heterozygous ND
3 heterozygous heterozygous ND
4% homozygous b RER+ +++
5 A L heterozygous +++
6 heterozygous heterozygous ND
7 heterozygous homozygous +

8 heterozygous RER+ ++
9 homozygous b RER+ ++
10 heterozygous Al +++
11 homozygous a RER+ ND
12 homozygous a heterozygous ++
13 heterozygous homozygous ND
14 heterozygous heterozygous +++
15 heterozygous heterozygous ++

Heterozygous = without A.I. or RER+

a = both alleles 133 bp

b = both alleles have restriction sites (85+48 bp)
A.lL = allelic imbalance

RER+ = replication error-positive sample;
*malignant

ND = not determined; adrenal gland IHC = +

to a defect in the replication/repair machinery in tumor cells
(29). Interestingly, four pheochromocytoma samples were
RER-positive samples (4/13, 30.8%) indicating, for the first
time to our knowledge, that replication-repair machinery
could be targeted in pheochromocytoma. All RER-positive
samples were reamplified and repeatedly analyzed on both
Spreadex and polyacrylamide gels (Figure 2).

Pheochromocytoma samples were also tested to the level
of expression of the c-myc protein by IHC. Nine samples
out of 10 available for IHC analysis (90%) showed increased
levels of myc protein in comparison to normal adrenal
tissue, as shown in Figure 3.

Genomic instabilities of two tumor suppressor genes
investigated and the results of c-myc protein expression are
summarized in Table I.

Discussion

The mechanisms of neuroendocrine tumor initiation and
progression have not yet been completely investigated and
elucidated. As with other tumors, pheochromocytoma is the
result of multiple consecutive genetic changes that represent
a critical factor in tumor evolution. Although genes for
mitochondrial complex II subunits (SDHB, SDHC and
SDHD) have recently been suspected to be implicated in
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sporadic pheochromocytoma development, new reports
show that the frequency of their mutation is quite low and
the findings on their role are inconsistent (30). Further
susceptibility gene(s) remain to be identified.

The genes involved in tumor initiation and progression
are not only those responsible for cell proliferation and
survival, but also genes responsible for the control of cell
adhesion and cell motility (17, 31). It is now apparent that
tumor malignancy can, in certain aspects, be explained by
alterations in the adhesive properties of neoplastic cells.
With this in mind, we investigated two new candidates, APC
and CDH]1, tumor suppressor genes in a set of 15 sporadic
pheochromocytomas.

Our analysis showed one sample demonstrating allelic
imbalance of the APC gene, which indicates that gross
deletions of APC are not the genetic basis of this tumor.
Allelic imbalance of the CDHI1 gene is also not very
frequent, occurring in one sample, tested with a marker that
is 86.6% informative. Allelic imbalances could not be the
result of normal cellss DNA interference, because of
microdissection. The explanation is that all tumor cells of
the sample did not undergo this sort of alteration. The
relatively low number of allelic losses of the APC and E-
cadherin genes in our sample may be explained by random
variation in pheochromocytoma, but also by the use of a
limited number of markers.

Many immunohistochemical studies have examined
changes in expression of the E-cadherin gene in human
malignancies. In almost all non-colonic tumors examined,
the patterns of changes in the expression of this gene are
similar to those seen in colorectal cancer, i.e., loss of protein
expression is positively correlated with loss of tumor
differentiation (17). Since the majority of the
pheochromocytoma samples investigated in this study were
benign and well-differentiated, as is typical with this tumor
type, it is possible that E-cadherin alterations are destined
to happen in later stages of pheochromocytoma progression.
Finally, one must not rule out the additional genetic and
epigenetic events that might have happened in our samples.
E-cadherin promotor hypermethylation is known to be an
inactivating event in some tumors (32) and APC gene
hypermethylation has also been reported.

When searching for LOHs of the CDHI1 gene, we came
across a type of genomic instability that characterizes
tumor development and progression-replication error
RER. We found replication/repair machinery to be
targeted in 30.8% of our sample. Considering that our
analysis with only one marker revealed this frequency, our
results suggest that, among other things, pheochromo-
cytoma may be caused by a defect in the replication/repair
machinery. Although the exact culprit for this defect in
tumor cells is not known yet, deletion mutations may be
due to slippage during replication/repair by strand
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misalignment. Simple repeated sequences are genetically
unstable, as judged by their increased mutation rate in vivo
and in vitro and by their polymorphic nature in the human
population (29, 33). The results obtained regarding RER+
samples are indicative of involvement of replication/repair
genes (hMLHI1 located on proximal chromosome 3p; or
hMSH2, hPMS1, hPMS2) in pheochromocytoma, opening
a potential new area of interest in neuroendocrine tumor
studies. In both the sporadic and familial form of
pheochromocytoma, allelic loss at 1p, 3p, 17p and 22q has
been reported (34) and, according to the Weizmann
Institute of Science Gene Card web site (http://bioinfo.
weizmann.ac.il/cards/), chromosomes 1 and 3 harbor a lot
of genes involved in human mismatch repair.

The genetic alterations found in our sample were not
correlated with either age or sex. Genetically predisposed
patients are younger at diagnosis of pheochromocytoma
compared to patients with sporadic pheochromocytomas,
which is consistent with the mean age of our patients (=49.4).

The increased levels of myc protein expression in
pheochromocytoma as compared to normal adrenal tissue
was also an interesting finding, and consistent with the
results of other authors. Goto et al. (35) found the
expression of c-fos c-myc transcripts in
pheochromocytoma to be constitutive. Since benign
pheochromocytomas are characterized by cells with near
absence of mitoses, our results might indicate the
appearance of proliferative signals that precede malignant
phenotype. The only sample that did not show increased c-
myc expression in comparison to normal adrenal tissue
(patient no. 7) harbored a point mutation in the ret
oncogene (personal communication). This suggests that
another carcinogenic pathway is targeted in this sample.

Evidence of mutation in different components of the
single signaling pathway that have the same physiological

and

consequences are very important for understanding
carcinogenesis and hereditary diseases.
Our results suggest that microsatellite genetic

instabilities of the E-cadherin gene have a role in
pheochromocytoma development and progression. The
detected instability indicates that mismatch repair may
be targeted in pheochromocytoma. Increased expression
of the c-myc protein as well as allelic imbalances of the
APC and CDHI1 genes suggest that the wnt signalling
pathway may have a role in this tumor. This is, to our
knowledge, the first indication of replication error
involvement in the clinical evolution and progression of
pheochromocytomas.

Acknowledgements

This work was supported by grants 0108 215 and 0098 095 from the
Ministry of Science and Technology, Republic of Croatia.



Pecina-Slaus et al: Replication Error in Pheochromocytomas

References

1 Nakao K, Itoh H and Takaya K: Current topics in
pheochromocytoma. Biomed Pharmacother 54: 124-128, 2000.

2 Koch CA, Vortmeyer AO, Huang SC, Alesci S, Zhuang Z and
Pack K: Genetic aspects of pheochromocytoma. Endocr Regul
35: 43-45, 2001.

3 Dannenberg H, Komminoth P, Dinjens WN, Speel EJ and de
Krijger RR: Molecular genetic alterations in adrenal and extra-
adrenal pheochromocytomas and paragangliomas. Endocr
Pathol 14: 329-50, 2003.

4 Gimm O, Koch CA, Januszewicz A, Opocher G and Neumann
HP: The genetic basis of pheochromocytoma. Front Horm Res
31: 45-60, 2004.

5 Eng C, Crossey PA, Mulligan LM, Healey CS, Houghton C,
Prowse A et al: Mutations in the RET proto-oncogene and the
von Hippel-Lindau disease tumor suppressor gene in sporadic and
syndromic pheochromocytomas. J Med Genet 32: 934-937, 1995.

6 Friedrich CA: Genotype-phenotype correlation in von Hippel-
Lindau syndrome. Hum Mol Genet 10: 763-767, 2001.

7 Neumann HP, Hoegerle S, Manz T, Brenner K and Iliopoulos
O: How many pathways to pheochromocytoma. Semin Nephrol
22: 89-99, 2002.

8 Xu W, Mulligan LM, Ponder MA, Liu L, Smith BA, Mathew
CG et al: Loss of NF1 alleles in pheochromocytomas from
patients with type I neurofibromatosis. Genes Chromosomes
Cancer 4: 337-342, 1992.

9 Gutmann DH, Cole JL, Stone WJ, Ponder BA and Collins FS:
Loss of neurofibromin in adrenal gland tumors from patients
with neurofibromatosis type 1. Genes Chromosomes Cancer 10:
55-58, 1994.

10 Brauch H, Hoeppner W, Jahnig H, Wohl T, Engelhardt D,
Spelsberg F et al: Sporadic pheochromocytomas are rarely
associated with germline mutations in the vhl tumor suppressor
gene or the ret protooncogene. J Clin Endocrinol Metab 82:
4101-4104, 1997.

11 Rubinfeld B, Souza B, Albert I, Muller O, Chamberlain SH,
Masiarz FR et al: Association of the APC gene product with -
catenin. Science 262: 1743-1745, 1993.

12 Sieber OM, Tomlison IP and Lamlum H: The adenomatous
polyposis coli (APC) tumour suppressor - genetics, function and
disease. Mol Med Today 6: 462-469, 2000.

13 Dobashi Y, Katayama K, Kawai M, Akiyama T and Kameya T:
APC protein is required for initiation of neuronal
differentiation in rat pheochromocytoma PC12 cells. Biochem
Biophys Res Commun 279: 685-691, 2000.

14 Peifer M and Polakis P: Wnt signaling in oncogenesis and
embriogenesis - a look outside the nucleus. Science 287: 1606-
1609, 2000.

15 Kinzler KW and Vogelstein B: Lessons from hereditary
colorectal cancer. Cell 87: 159-170, 1996.

16 Groden J, Thliveris A, Samowity W, Carlson M, Gelbert L,
Albertsen H et al: Identification and characterization of the
familial adenomatous polyposis coli gene. Cell 66: 589-600, 1991.

17 Guilford P: E-cadherin downregulation in cancer: fuel on the
fire? Mol Med Today 5: 172-177, 1999.

18 Berx G, Staes K, van Hengel J, Molemans F, Bussemakers MJ,
van Bokhoven A et al: Cloning and characterization of the
human invasion suppressor gene E-cadherin (CDHI1).
Genomics 26: 281-289, 1995.

19 Pecina-Slaus N: E-cadherin in normal and tumor cells. Cancer
Cell Int E 3: 17-24, 2003.

20 Guilford P, Hopkins J, Harraway J, McLeod M, McLeod N,
Harrawira P et al: E-cadherin germline mutations in familial
gastric cancer. Nature 392: 402-405, 1998.

21 Barth AI, Nathke IS and Nelson WJ: Cadherins, catenins and
APC protein: interplay between cytoskeletal complexes and
signaling pathways. Curr Opin Cell Biol 9: 683-690, 1997.

22 Schneider R: The human protooncogene ret: a communicative
cadherin? Trends Biochem Sci 77: 468-469, 1992.

23 Iwamoto T, Taniguchi M, Asai N, Ohkusu K, Nakashima I and
Takahashi M: cDNA cloning of mouse ret proto-oncogene and
its sequence similarity to the cadherin superfamily. Oncogene
8: 1087-1091, 1993.

24 Stockinger A, Eger A, Wolf J, Beug H and Foisner R: E-
cadherin regulates cell growth by modulation proliferation-
dependent beta-catenin transcriptional activity. J Cell Biol 154:
1185-1196, 2001.

25 Cawkwell L and Quirke P: Direct multiplex amplification of
DNA from a formalin fixed, paraffin wax embedded tissue
section. Mol Pathol 53: 51-52, 2000.

26 Poljak LJ, Pecina N, DZubur A, Uzarevic B, Vitale B and
Pavelic K: Modulation of p62 c-myc expression in a single case
of non-T acute lymphoblastic leukemia (ALL) assessed by
image analyser. Tumordiagn u. Ther 74: 158-162, 1993.

27 Pecina-Slaus N, Gall-Troselj K, Slaus M, Radic K, Nikuseva-
Martic T and Pavelic K: Genetic changes of the E-cadherin and
APC tumour suppressor genes in clear cell renal cell carcinoma.
Pathology 36: 145-151, 2004.

28 Pecina-Slaus N, Gall-Troselj K, Kapitanovic S, Pavelic J and
Pavelic K: Novel alleles of the D16S752 polymorphic genetic
marker linked to E-cadherin gene-a potential population
marker. Coll Antropol 26: 85-88, 2002.

29 Ionov Y, Peinado MA, Malkhosyan S, Shibata D and Perucho
M: Ubiquitous somatic mutations in simple repeated sequences
reveal a new mechanism for colonic carcinogenesis. Nature 363:
558-561,1993.

30 Aguiar RCT, Cox G, Pomeroy SL and Dahia PLM: Analysis of
the SDHD gene, the susceptibility gene for familial
paraganglioma syndrome (PGL1), in pheochromocytomas. J
Clin Endocrinol Metab 86: 2890-2894, 2001.

31 Gumbiner BM: Cell adhesion: The molecular basis of tissue
architecture and morphogenesis. Cell 84: 345-357, 1996.

32 Tycko B: Epigenetic gene silencing in cancer. J Clin Invest 105:
401-407, 2000.

33 Cabhill DP, Kinzler KW, Vogelstein B and Lengauer C: Genetic
instability and darwinian selection in tumours. Trends Cell Biol
9: 57-60, 1999.

34 Dannenberg H, Speel EJ, Zhao J, Saremaslani P, van Der Harst E,
Roth J et al: Losses of chromosomes 1p and 3q are early genetic
events in the development of sporadic pheochromocytomas. Am J
Pathol 157: 353-359, 2000.

35 Goto K, Ogo A, Yanase T, Haji M, Ohashi M and Nawata H:
Expression of c-fos and c-myc proto-oncogenes in human adrenal
pheochromocytomas. J Clin Endocrinol Metab 70: 353-357, 1990.

Received September 1, 2004
Revised November 24, 2004
Accepted December 27, 2004

365



