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The molecular pathogenetic role of cell adhesion in
endocrine neoplasia
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It is becoming increasingly evident that cell adhesion is an
important determinant of organised growth and the
maintenance of architectural integrity. Indeed, reduced
adhesiveness between cells and with the extracellular
matrix is a hallmark of neoplastic growth. In
neuroendocrine tissues, neural cell adhesion molecule is
implicated in modulating cell growth, migration, and
differentiation. This review will focus on the molecular
pathways involving key growth factor receptors that govern
normal adhesive forces. The extent to which disruption of
these adhesive forces contributes to the tumorigenic
process in neuroendocrine tissues will be highlighted.
Validation of the functional relevance of these adhesive
pathways will be discussed in light of targeted
pharmacotherapeutic studies that are unmasking novel
approaches to the treatment of neuroendocrine tumours.
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E
ndocrine tumours, including those of the
pituitary and pancreas, rarely harbour the
mutations of oncogenes or tumour suppres-

sor genes that are characteristic of other solid
tissue malignancies.1–3 Interestingly, tumours of
different endocrine glands occur spontaneously
or as part of the familial multiple endocrine
neoplasia (MEN) syndromes. For example,
tumours of the pituitary and pancreas occur as
part of the MEN-I syndrome, suggesting a
common vulnerability.4 Increasing evidence sug-
gests that disruption of common growth factor
signals implicated in normal endocrine gland
development are frequently involved in sporadic
tumours of the pituitary and endocrine pan-
creas.1

‘‘Endocrine tumours, including those of the
pituitary and pancreas, rarely harbour the
mutations of oncogenes or tumour suppressor
genes that are characteristic of other solid
tissue malignancies’’

Progression to neoplasia involves changes in
the ability of cells to adhere to and interact with
neighbouring cells and with their extracellular
matrix environment.5 Correlative studies in
human carcinomas and functional studies in
vitro and in transgenic mouse models have
suggested that loss of or impaired cell adhesion
are important early determinants in epithelial
neoplasia.6 Moreover, loss of the reticulin net-

work is the morphological hallmark of the
transition from hyperplasia to adenoma that is
commonly used as a diagnostic feature for true
neoplasia.7 For example, adenomatous pituitary
cells are characterised by their ability to form
solid nests or trabecula in the absence of a
stromal support or framework.7 In this review,
we will focus on the neoplastic consequences of
dysregulated signalling between cell adhesion
molecules and members of the fibroblast growth
factor (FGF) family of tyrosine kinase receptors
that are involved in modulating these functions.

NCAM AS A PIVOTAL CELL ADHESION
FACTOR
Neural cell adhesion molecule (NCAM) is a well
characterised cell membrane protein that mod-
ulates neuroendocrine cell growth, migration,
and differentiation.8 NCAM is a member of a
large family of calcium independent adhesion
molecules that contain variable numbers of
immunoglobulin (Ig)-like domains and fibronec-
tin type III repeats.9 The alternatively spliced
transcripts generate protein isoforms with five
Ig-like domains and two fibronectin type III
domains in the extracellular region (fig 1A). The
structure of NCAM is further complicated by
extensive post-translational modification with
N-terminal polysialation.10 NCAM is a multi-
valent adhesion molecule that mediates homo-
typic and heterotypic cell–cell adhesion through
a homophilic binding mechanism.9 However,
there is also evidence for heterophilic interac-
tions with L1,11 heparan sulfate proteoglycans,
and collagens I–IV and IX.12 Loss of NCAM
signalling does not result in embryonic lethality
but impairs the development of endocrine cells
within pancreatic islets of Langerhans.13 In
addition to its role in cell adhesion, NCAM has
been implicated in signal transduction. NCAM
induces neurite outgrowth in neurones by
activating FGF receptor (FGFR) signalling.
NCAM also associates with signal transducing
molecules, including focal adhesion kinase and
the src related tyrosine kinase, p59fyn.13

Interestingly, FGFs or a soluble NCAM peptide
can replace NCAM in the induction of FGFR
mediated neurite outgrowth.14 Two lines of study
in endocrine tumours have recently underscored

Abbreviations: AdsFlt, adenoviral soluble vascular
endothelial growth factor receptor 1; FGF, fibroblast
growth factor; FGFR, fibroblast growth factor receptor; Ig,
immunoglobulin; MEN, multiple endocrine neoplasia;
NCAM, neural cell adhesion molecule; ptd, pituitary
tumour derived
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the crucial contribution of NCAM heterophilic interaction
with FGFRs, as detailed below.

N-CADHERIN AND B CATENIN: NEUROENDOCRINE
ADHESION MOLECULES
N-cadherin is a member of the classic cadherin family of cell–
cell adhesion molecules of particular importance in neuroen-
docrine cell function. The type I classic cadherin family
has five members—E-cadherin, P-cadherin, R-cadherin, M-
cadherin, and N-cadherin.15 These transmembrane proteins
contain five highly homologous extracellular cadherin
domains and a conserved intracellular domain (fig 1B). N-
cadherin is the predominant member expressed in the
nervous system and interacts directly with b catenin and in
turn with a catenin as the intermediate link to the actin
cytoskeleton. This cytoskeleton linkage is crucial in stabilis-
ing cadherin clusters at the cell surface and strengthening
cell–cell adhesion. Oestradiol, a recognised promoter of
rodent pituitary cell growth, reduces membranous N-cad-
herin protein expression to barely detectable levels, whereas
anti-oestrogen treatment reverses this effect.16

‘‘Nuclear accumulation of b catenin in non-endocrine
carcinomas is recognised as a feature of malignancy’’

b Catenin is usually regarded as a transcription factor that
targets genes with a lymphoid enhancer factor response
element, including cyclin D1 and Myc.17 Typically, nuclear
accumulation of b catenin in non-endocrine carcinomas is
recognised as a feature of malignancy.17 However, in these
solid tumours, nuclear catenin accumulation is the result of a
defect in protein degradation. The normal function of
b catenin is as a membrane protein that can associate with
N-cadherin (fig 1B); this form is mainly dephosphorylated.18

NCAM is constitutively associated with N-cadherin, ensuring
the integrity of cadherin mediated adhesion through
b catenin. Conacci-Sorrell et al recently reviewed the
pleiotropic signalling and functional properties of
b catenin.15 Indeed, uncoupling of cadherins from the
cytoskeleton may be an essential aspect of neuroendocrine
cell migration. Moreover, N-cadherin mediated neurite out-
growth depends on inactivation of N-cadherin mediated
adhesion at pathway boundaries.19 The regulation of b catenin
stability is a means of effecting such changes. Several

tyrosine kinases, including members of the epidermal growth
factor receptor20 and hepatocyte growth factor receptor
families,21 also target b catenin. Suppressing the association
of epidermal growth factor receptor with b catenin increases
the association of b catenin with cadherin22 and inhibits
invasive gastric cancer growth through enhanced cadherin
mediated adhesion.23

INTEGRINS AS ENDOCRINE CELL SURFACE
MEDIATORS OF ADHESION
Integrins are a family of structurally related heterodimeric
cell surface receptors involved in adhesion to molecules in the
extracellular matrix, including collagen.24 Integrin receptors
are expressed by many cell types, including those in the
anterior pituitary,25 where they mediate a variety of processes
such as cell–matrix and cell–cell adhesion, cell migration,
growth, and differentiation.

FGF LIGANDS
The FGF family has 22 members (FGFs 1–14 and 16–23),
each possessing a conserved 120 amino acid core domain.26

Many FGF ligands display high affinity interactions with
multiple FGFRs, whereas some activate unique receptors or
receptor isoforms.27 Most FGFs have mitogenic activity in a
variety of systems. The proliferative capacity of an FGF is now
recognised as a function of the FGFR(s) to which it binds and
through which it signals.27

FGFRS: A COMPLEX FAMILY OF BINDING PROTEINS
AND RECEPTOR TYROSINE KINASES
Four mammalian FGFR genes encode a complex family of
transmembrane receptor tyrosine kinases.14 Each prototypic
receptor is composed of three Ig-like extracellular domains,
two of which are involved in ligand binding, a single
transmembrane domain, a split tyrosine kinase, and a C-
terminal tail with multiple autophosphorylation sites
(fig 1C).14 Multiple forms of cell bound or secreted forms of
FGFR1, FGFR2, and FGFR3 are generated by alternative
splicing, transcription initiation, or exon switching.28 29

Alternative splicing results in a secretable first Ig-like domain
and a separate membrane bound two Ig-like domain form
(fig 1C).30 Soluble forms of the extracellular domain of
FGFR1 may bind FGFs in blood.31 In FGFRs 1, 2, and 3,
alternative RNA splicing of one of two exons results in two
alternative forms of the second half of the third Ig-like
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Figure 1 The prototypic structures of neuroendocrine adhesion molecules. (A) Prototypic modular structures of the neural cell adhesion molecule
(NCAM). Note the potential for N-terminal modification of NCAM including polysialation (PSA). (B) Prototypic structure of the N-cadherin family as
effectors of physical interaction with the b catenin/a catenin network to maintain cytosketal architecture. (C) Prototypic modular structures of the
fibroblast growth factor receptor family. Note alternative splicing generates receptor isoforms varying in N-terminal and C-terminal structures. Receptor
isoforms generate a functionally diverse family of receptors during developmental and neoplastic transitions. (See text for further details on structural
and functional interactions between members of these adhesive molecules.)
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domain; exon 8 encodes the IIIb form and exon 9 encodes the
IIIc form of a transmembrane tyrosine kinase. Whereas
FGFRs 1–3 are known to have several isoforms, traditionally
FGFR4 was not thought to have multiple isoforms. The
FGFR4 gene has 18 exons instead of the 19 exons found in
the other FGFRs.32 The additional exon in other FGFRs is
located between exons 8 and 9 of FGFR4 and, by alternative
splicing, encodes the isoforms of the third Ig-like domain.

NCAM–FGF–FGFR SIGNALLING IN ENDOCRINE
TUMORIGENESIS
Pancreatic islet cell tumours: the role of NCAM
One of the better animal models of pancreatic endocrine
tumorigenesis is transgenic mice that overexpress the SV40
virus oncoprotein under control of the insulin promoter. This
so called Rip1Tag2 mouse model develops pancreatic endo-
crine tumours in a multistep pathway characterised by the
appearance of distinctive hyperplastic islets, angiogenic
dysplastic islets, solid nests of tumours with well defined
margins and fibrous capsules, and eventually invasive
lesions.33 Moreover, loss of NCAM in this model was shown
to promote the development of locoregional lymph node
metastases.33 Consistent with these observations, B cell
tumours in NCAM deficient Rip1Tag2 transgenic mice show
pronounced disaggregation of tissues.33 More strikingly, cell
lines established from these primary tumours exhibit reduced
adhesion to various extracellular matrix components.
Furthermore, NCAM deficient neoplastic B cells lack the
ability to generate neurites. This combined loss of neurite
formation and cell–matrix adhesion of tumour cells sug-
gested a functional dependency on NCAM signalling inter-
actions. Biochemical and pharmacological analyses of
neoplastic B cells led to the development of a model that is
similar but distinct from the current model of neurite
outgrowth induced by NCAM. In contrast to neurones,
where NCAM is able to induce neurite outgrowth only by
being engaged in cell–cell adhesion, in tumour cells NCAM
induces neurite outgrowth and matrix adhesion in single
cells, in the absence of cell–cell contacts. In neurones,
activation of FGFR mediated by NCAM, L1, and N-cadherin
has been shown mainly by interfering with FGFR function.
However, a direct association between NCAM and other
adhesive and signalling proteins could not be excluded.
Subsequently, there was evidence of unequivocal binding of
NCAM to FGFR4. Inhibition of FGFR4 signalling repressed
matrix adhesion induced by NCAM in pancreatic endocrine
tumour cells.33 Moreover, neurite outgrowth could not be
reconstituted in the absence of both NCAM and FGFR4
signalling.33

Pituitary adenomas: the role of NCAM
NCAM has been described as having tumour suppressor
functions; however, NCAM polysialation is a feature of
progressive pituitary tumour development that also serves as
a prognostic marker.34 Tumour grafts of pituitary cells under
the kidney capsule show an association between the
expression of polysialated NCAM and tumour growth rate
and tissue invasiveness.34

Pituitary adenomas: the role of FGFR4
Several FGF ligand family members have been identified in
abundant amounts in the pituitary. FGF-2 was originally
described in the non-hormone producing bovine pituitary
folliculostellate cell, where it is known to regulate multiple
pituitary hormones.35 FGF-2 is also expressed by adenohy-
pophysial cells that comprise pituitary adenomas,36 and
oestrogen administration in rats results in pituitary tumor-
igenesis, which is accompanied by increased FGF-2 expres-
sion.37 Increased circulating FGF-like immunoreactivity is

found in patients with MEN-I and associated pituitary
tumours,38 and in patients with sporadic pituitary adeno-
mas.36 The product of the human homologue of the
endogenous FGF antisense gene is expressed in the pituitary,
with lower expression in tumorous than non-tumorous
tissue, where it inhibits pituitary cell proliferation.39

Our laboratory identified a difference in FGFR4 kinase
expression between normal and neoplastic pituitary tissue.40

In particular, human pituitary adenomas expressed an N-
terminally deleted isoform identified as pituitary tumour
derived (ptd-) FGFR4.41 This isoform is generated by
alternative transcription initiation utilising a downstream
cryptic promoter.42 43 This oncoprotein (ptd-FGFR4) lacks the
signal peptide, and the first and second Ig-like domains of
the extracellular part of the receptor. Wild-type FGFR4 is a
110 kDa protein that localises to the cell membrane; in
contrast, ptd-FGFR4 is a 65 kDa cytoplasmic protein with
transforming properties (fig 2).41 The tumorigenic role of ptd-
FGFR4, but not wild-type FGFR4, was demonstrated by
targeted pituitary expression in transgenic mice.41 The
functional differences between FGFR4 isoforms formed the
basis for the following interaction studies.
To explain the differences between the growth behaviour

of the FGFR4 receptor isoforms identified in vivo, we
examined their ability to modulate cell adhesiveness and
assemble an NCAM multiprotein complex that contains N-
cadherin and its downstream target b catenin. NIH 3T3
fibroblasts and GH4 pituitary cells were examined for their
ability to adhere to distinct extracellular matrices. There was
no appreciable difference in the adhesion to extracellular
matrices such as fibronectin of control cells, cells over-
expressing wild-type FGFR4, or those expressing ptd-FGFR4.
In contrast, consistent and distinct differences in cell
adhesiveness were noted when cells were grown on a
collagen IV matrix.44 Cells expressing ptd-FGFR4 adhered
poorly to collagen IV. In contrast, FGFR4 overexpressing cells
showed no significant loss of adhesiveness to the collagen IV
extracellular matrix. Stimulation of wild-type FGFR4 trans-
fected cells with either the non-FGFR selective FGF-1 or the
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Figure 2 The balance between adhesion and proliferation in endocrine
cells. The membrane location of neural cell adhesion molecule (NCAM),
fibroblast growth factor (FGF) receptor 4 (FGFR4), and N-cadherin
allows the formation of a pro-adhesive multiprotein complex. Wild-type
FGFR4 resides predominantly in the cell membrane and interacts with
NCAM to maintain intact N-cadherin and b catenin stability. In contrast,
the pituitary tumour derived FGFR4 isoform (ptd-FGFR4) is cytoplasmic
and displaces FGFR4 from NCAM, thereby disrupting N-cadherin and
b catenin mediated cell–cell and cell–matrix adhesion. A similar
interference with this multiprotein pro-adhesive complex is proposed for
polysialated NCAM.
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FGFR4 selective ligand FGF-19 could not recapitulate the
effect of ptd-FGFR4 on cell adhesiveness. Moreover, pre-
incubation with a neutralising antibody to activated
b1 integrin greatly inhibited FGFR4 mediated cell adhesive-
ness, but had no significant effect on the reduced adhesive-
ness of ptd-FGFR4 expressing cells.44 These findings suggest
that FGFR4 and ptd-FGFR4 recruit distinct adhesive com-
plexes that cannot be explained on the basis of constitutive
receptor activation alone.
We showed that an important function of FGFR4 is to

orchestrate signalling events that are crucial for normal cell
adhesiveness. Our data indicate that the transforming
properties of the ptd-FGFR4 isoform are at least partially
attributable to disruption of a pro-adhesive membrane
complex, as depicted in fig 2.

‘‘Pituitary tissue derived fibroblast growth factor receptor
4 expression, which is associated with reduced and
ectopic cytoplasmic expression of N-cadherin, manifests
invasive growth in vivo’’

These differences were also associated with corresponding
differences in invasive properties in vivo.44 FGFR4 expressing
pituitary cells display non-invasive growth associated with
intact N-cadherin membranous expression.44 In contrast, ptd-
FGFR4 expression, which is associated with reduced and
ectopic cytoplasmic expression of N-cadherin, manifests
invasive growth in vivo.
Interestingly, ptd-FGFR4, but not FGFR4, in the absence or

presence of FGF stimulation, was effective at destabilising
b catenin from N-cadherin, with resultant reduced b catenin
expression.44 Reduced b catenin expression with only a
modest degree of nuclear translocation is a feature of
pituitary tumours that also correlates with tumour invasive-
ness.45 Given that nuclear b catenin accumulation is a feature
of rapidly proliferating and metastasising solid tumours, loss
of b catenin is more consistent with the indolent non-
metastasising but locally infiltrative nature of most pituitary
adenomas.1 These data are also in line with the importance of
b catenin in maintaining adherens junctions.
Immunoneutralisation of b1 integrin repressed cell adhe-

siveness in FGFR4 transfected cells33 but did not significantly
alter the reduced adhesiveness conferred by ptd-FGFR4.44

Consistent with these data, ptd-FGFR4 failed to activate
b1 integrin and, when introduced in vivo, resulted in an
increase in invasive growth into skin, nerves, and other local
structures. These findings are reminiscent of the invasive
behaviour noted in tumours of mice transgenic for ptd-
FGFR4 that invade brain,41 and suggest that integrins are
additional targets for the FGFR4–NCAM–N-cadherin adhe-
sive complex.

FGFRS AS POTENTIAL THERAPEUTIC TARGETS IN
NEUROENDOCRINE TUMOURS
The dramatic differences between FGFR4 isoforms in cell
adhesiveness are attributed to distinct interactions with
NCAM. These findings are consistent with the fact that
wild-type FGFR4 associates strongly with NCAM, whereas
ptd-FGFR4 has minimal direct interaction with NCAM.
Therefore, disruption of NCAM–FGFR4 pro-adhesive com-
plexes, as seen with ptd-FGFR4, may be an alternative
mechanism of interrupting NCAM mediated cell adhesion.
A role for FGFR4 in cell adhesion has been suggested by an

FGFR4 polymorphism in which arginine is substituted for
glycine in the transmembrane domain, resulting in increased
cell motility and acceleration in breast and colorectal cancer.46

These changes are surprising because this polymorphism has
no appreciable effect on receptor kinase activity. The

functional differences between FGFR4 isoforms are also
consistent with a C-terminally truncated breast cancer cell
derived soluble FGFR4, which serves as a dominant negative
isoform, by forming inactive heterodimers with wild-type
FGFR4.47 These data highlight the importance of FGFR
interactions in mediating the distinct actions of FGFR
isoforms.
Studies using recombinant adenovirus expressing soluble

FGFR to interfere with FGF signalling repressed endothelial
cell proliferation in vitro and inhibited tumour angiogenesis
in an ex vivo bioassay. Moreover, this soluble FGFR repressed
tumour angiogenesis and tumour growth in vivo in allograft
transplantation experiments. Whereas adenoviral expression
of a soluble form of the vascular endothelial growth factor
receptor 1 (AdsFlt) predominantly affected the initiation of
tumour angiogenesis, soluble FGFR appeared to impair the
maintenance of tumour angiogenesis. The combination of
soluble FGFR and AdsFlt had a synergistic effect on the
repression of pancreatic endocrine tumour growth. Finally,
intravenous injection of adenovirus expressed soluble FGFR
resulted in a dramatic repression of tumour growth in the
transgenic mouse model of pancreatic endocrine carcinogen-
esis. Similar to control infections with AdsFlt, tumour
associated vessel density was decreased, indicating that the
expression of soluble FGFR impaired tumour angiogenesis.
These data indicate that FGFRs may also play a crucial role in
the angiogenic phase of endocrine tumorigenesis.48

CONCLUSIONS
The emerging theme identifies important differences in the
ability of adhesion molecules, including NCAM and N-
cadherin, to interact functionally and physically with receptor
tyrosine kinase members of the FGFR family. These pivotal
differences are associated with differences in b catenin
stability and with activation of a b1 integrin matrix network.
Disruption of distinct NCAM–N-cadherin pro-adhesive com-
plexes provides a novel tumorigenic mechanism that explains
the pathobiology of proliferative and infiltrative but non-
metastatisising tumours, such as pituitary adenomas. This
may result from alterations in FGFRs, as exemplified by the
ptd-FGFR4 oncogene, or by polysialation of NCAM itself,
which would interfere with multiprotein complex formation.
More complete loss of NCAM provides a background that
better explains the phenotype of invasiveness and metastasis
in pancreatic islet cell carcinomas. The extent to which other
adhesion molecules are involved in heterophilic interactions
with other growth factor receptors or their signalling
components will prove crucial to understanding their
pathobiological contributions to other forms of endocrine
tumour.

Take home messages

N Cell adhesion is an important determinant of organised
growth and the maintenance of architectural integrity

N Reduced adhesiveness between cells and between cells
and the extracellular matrix is a hallmark of neoplastic
growth

N Neural cell adhesion molecule, N-cadherin, and
fibroblast growth factor receptors are crucial mediators
in the modulation of neuroendocrine growth

N Genetic or pharmacological interference with these
components can modify the growth patterns of
neuroendocrine tumours
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