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Abstract

The extracellular matrix is a three-dimensional network of proteins,
glycosaminoglycans and other macromolecules. It has a structural
support function as well as a role in cell adhesion, migration, prolifera-
tion, differentiation, and survival. The extracellular matrix conveys
signals through membrane receptors called integrins and plays an
important role in pituitary physiology and tumorigenesis. There is a
differential expression of extracellular matrix components and inte-
grins during the pituitary development in the embryo and during
tumorigenesis in the adult. Different extracellular matrix components
regulate adrenocorticotropin at the level of the proopiomelanocortin
gene transcription. The extracellular matrix also controls the prolifera-
tion of adrenocorticotropin-secreting tumor cells. On the other hand,
laminin regulates the production of prolactin. Laminin has a dynamic
pattern of expression during prolactinoma development with lower
levels in the early pituitary hyperplasia and a strong reduction in fully
grown prolactinomas. Therefore, the expression of extracellular ma-
trix components plays a role in pituitary tumorigenesis. On the other
hand, the remodeling of the extracellular matrix affects pituitary cell
proliferation. Matrix metalloproteinase activity is very high in all
types of human pituitary adenomas. Matrix metalloproteinase se-
creted by pituitary cells can release growth factors from the extracel-
lular matrix that, in turn, control pituitary cell proliferation and
hormone secretion. In summary, the differential expression of extra-
cellular matrix components, integrins and matrix metalloproteinase
contributes to the control of pituitary hormone production and cell
proliferation during tumorigenesis.
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The extracellular matrix (ECM) is a three-
dimensional network of proteins, glycosami-
noglycans and other macromolecules. It has
a structural support function as well as a role
in cell adhesion, migration, proliferation, and

survival. The ECM provides cells with infor-
mation essential to general control and cell
type-specific functions (1,2). One particular
type of ECM, the basement membrane, is
specialized for the support of epithelial cells.
Individual components of the ECM such as
laminin, fibronectin and collagens have spe-
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cific effects on cell proliferation, differen-
tiation, morphogenesis, and hormone pro-
duction (1-5). Laminin, for example, is a
component of the ECM that determines the
histoarchitecture of every organ and pro-
vides cells with biological information (6).
Laminin is found particularly in basement
membranes and in the extracellular matrices
that surround epithelial tissues, fat cells,
nerves, and muscles (7). It is involved in
many physiological processes including cell
proliferation, differentiation, motility, and
attachment (6,8-10). The effects of the ECM
are mediated mainly by surface receptors
called integrins, which trigger different cel-
lular responses (11,12). Individual ECM
components are able to bind to different
integrins (11). Integrins are formed by dif-
ferent o and B subunits able to produce more
than twenty different integrin combinations
(11). During ECM signal transduction, inte-
grins activate multiple downstream effec-
tors in parallel following a complex system
of signal integration (12,13). Integrin signal-
ing involves changes in the cell cytoskeleton
as well as GTPase and kinase pathways
(1,12,13). For example, Rho and Rac, mem-
bers of the small GTPase family, control the
structure of the actin cytoskeleton and cell
morphology (14-16). Fibronectin and inte-
grins regulate Rac small GTPase and deter-
mine fibroblast morphology. Rac is coupled
to the NADPH oxidase complex, which gen-
erates reactive oxygen species. An alterna-
tive pathway that transduces fibronectin and
integrin signals involves Rho, another mem-
ber of the small GTPase family (16,17). This
pathway has been shown to control cell cycle
progression in CHO cells (3,16).

Extracellular matrix effects on the
endocrine system

Relatively little is known about the role
of the ECM in the function of the endocrine
system in the adult. However, some data
show that ECM controls hormone secretion
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in different glands. ECM proteins regulate
testosterone production in Leydig cells
(18). In granulosa cells, fibronectin, lami-
nin, collagen I, and collagen IV increase
follicle-stimulating hormone receptors and
progesterone production (5). Laminin ex-
pression has also been detected in various
endocrine tissues. In adrenocortical cells,
the synthesis of laminin is regulated by
adrenocorticotropin hormone (ACTH) (19).
Laminin and fibronectin show a differential
distribution in the adrenal gland (20). Col-
lagen IV enhances the cortisol secretion in
response to ACTH or angiotensin II while
fibronectin and laminin decrease the cortisol
response (20,21). Thus, the ECM has an
important regulatory role in adrenal homeo-
stasis.

The pituitary gland

The pituitary gland is an interphase be-
tween the brain and the rest of the organism.
It receives hormonal input from neuroendo-
crine cells in the hippocampus and secretes
hormones that regulate the homeostasis in
the whole body. Different hormones are pro-
duced in different cell types in the pituitary,
such as growth hormone, prolactin, ACTH,
follicle-stimulating hormone, and thyroid-
stimulating hormone. The pituitary also con-
tains folliculo-stellate cells that have a para-
crine signaling function and stromal cells. In
the pituitary, immunohistochemical studies
have shown that laminin is not only ex-
pressed in basal membranes but also within
endocrine and folliculo-stellate cells (22-
24). Laminin is suspected to be involved in
the early steps of pituitary development (25).
It has been shown that laminin, fibronectin
and collagen IV are present among the epi-
thelial cells forming the Rathke pouch dur-
ing pituitary development (25). This sug-
gests that ECM proteins could also be in-
volved in the normal development and dif-
ferentiation of the pituitary gland. During
early postnatal development the pituitary
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undergoes architectural changes that involve
migration and ECM remodeling. This pro-
cess is regulated by epidermal growth factor
(26). Furthermore, it has been shown that
laminin controls the release of prolactin and
gonadotropins in the normal pituitary (27).
Collagen IV has also been shown to control
the release of prolactin (28).

Extracellular matrix role in
tumorigenesis

ECM components and integrins are not
only involved in normal physiological func-
tions but also in tumorigenesis. They can
modulate tumor cell proliferation and sur-
vival (9,12,29). During cell immortalization,
the process of proliferation and survival be-
comes independent of integrin-mediated cell
adhesion to the ECM. This is one of the
critical steps of tumor development (1,12).
ECM components have been shown to play
a role in the development and growth of
some types of endocrine tumors. For ex-
ample, ECM components regulate the pro-
liferative response of mammary epithelial
cells to steroid hormones (30). Recent stud-
ies connect laminin with tumorigenesis in
various endocrine tissues. It has been dem-
onstrated that laminin promotes differentia-
tion in fetal pancreatic cells and human co-
lon adenocarcinoma cells (31,32). Laminin
was demonstrated to regulate ovarian cancer
cell proliferation as well as thyroid carcino-
ma cell growth and differentiation (33,34).
Laminin is mainly involved in the organiza-
tion of the basal membrane network and the
regulation of cell differentiation in colon
cancer cells (32). Laminin was found to
regulate the development and growth of
breast, prostate and colon cancer (8,10,35).
In contrast, in endothelial cells, it has been
shown that laminin inhibits cyclin D1 trans-
lation, resulting in proliferation arrest (36).
This provides a molecular basis for the
mechanisms that mediate the proliferative
effects of laminin on tumor cells.

Pituitary adenomas

Pituitary adenomas are composed of ad-
enohypophyseal cells and comprise 15% of
all intracranial tumors. They are quite com-
mon, occurring in approximately 10% of the
general population, with equal sex incidence,
and with incidence increasing with age. Al-
though they are usually benign, they can
give rise to severe clinical syndromes due to
the hormonal excess they produce, or to
visual/cranial disturbances because of their
considerable intracranial mass. Their high
clinical importance together with the pecu-
liar biological characteristics they display,
on the one hand, and the obscurity that cov-
ers the differentiation of such a complex
cellular system as the adenohypophysis, on
the other, have made pituitary adenomas the
center of intensive study during the last de-
cades. However, very few factors are known
to be involved in the pathogenesis of pitui-
tary adenomas (37). Most of the factors in-
vestigated are expressed similarly in pitui-
tary adenomas and in normal tissue. Impor-
tant exceptions are the ECM components
and integrins, which constitute one of the
few clear examples of factors differentially
expressed during pituitary pathogenesis.

During the process of pituitary adenoma
development fibronectin isoforms are dif-
ferentially expressed (38). Pituitary adenoma
cell transformation correlates with alterations
in B1l-integrin expression (39). o-Integrins
seem not to be involved in pituitary tumori-
genesis except for a3, which is co-expressed
with B1 and therefore probably transduces
signals through B1-activation (39). In agree-
ment with these results, the proto-oncogene
c-fos expression in pituitary adenomas de-
pends on the integrity of the ECM (40).
Several laminin isoforms are differentially
expressed and distributed in the normal pitu-
itary and pituitary adenomas. Nevertheless,
the pathophysiological role of laminin in
pituitary tumors is still unclear. Interestingly,
in different types of pituitary tumors, lami-
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nin is differentially expressed and localized
as compared to the normal pituitary, sug-
gesting a regulatory role for laminin in pitu-
itary tumor development. Taken together,
these results suggest a regulatory role for the
ECM in pituitary adenoma pathogenesis.
Pituitary adenomas have one particular
feature as compared to other tumor types:
although they have a high incidence and
they are surrounded by highly vascularized
tissue, these tumors remain relatively non-
invasive and extremely seldom produce me-
tastasis. Most of the pituitary adenomas are
considered to be microadenomas, which do
not exceed a few millimeters in diameter.
Only about 20% of the pituitary tumors grow
as macroadenomas that can compress sur-
rounding tissues. These tumors show inva-
siveness in only 20-30% of the cases. The
ECM very likely plays a role in the inhibi-
tion of invasion and metastasis in these tu-
mors. However, the precise mechanism to
explain this paradox remains unknown.

Extracellular matrix effects on
ACTH-secreting tumor cells

ECM components induce functional and
morphological changes in ACTH-secreting
tumor cells. Laminin, collagen I and collagen
IV inhibit ACTH biosynthesis at the level of
POMC gene transcription (41). On the other
hand, laminin and collagen I inhibit cell prolif-
eration whereas fibronectin and collagen IV
have a stimulatory effect (41). These effects
probably involve two alternative signal trans-
duction pathways that include the Rho or Rac
small GTPases. The differential activation of
Rho or Rac and reactive oxygen species pro-
duction together with the corresponding mor-
phological changes induced by the different
ECM components result in different prolifera-
tion rates. This model in which the ECM
activates different small GTPases and in paral-
lel modifies cell morphology, gene transcrip-
tion and proliferation is consistent with the
models proposed for other cell types (42).
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Therefore, these mechanisms could also be
extended to hormone-secreting epithelial cells.
Fibronectin, laminin and collagen I inhibit
ACTH biosynthesis in the ACTH-secreting
tumor cell line AtT-20 (41). However, they
have no apparent effects on normal rat pitui-
tary cells. This difference in the regulation of
ACTH production could be related to the dif-
ferences in ECM and integrin expression be-
tween normal and adenomatous cells. More-
over, these results, together with the fact that
pituitary adenomas contain less laminin than
normal pituitary tissue (43), suggest the hypo-
thesis that ACTH-secreting adenomas might
produce high levels of ACTH due, in part, to a
reduction of laminin-induced inhibition.

Fibronectin and collagen IV significant-
ly stimulate AtT-20 cell proliferation (41).
This suggests a role for these ECM compo-
nents in the progression of pituitary ad-
enomas. Anti-B1-integrin-activating anti-
bodies also stimulate AtT-20 cell prolifera-
tion in agreement with the stimulation pro-
duced by fibronectin (41). However, this
antibody does not further stimulate prolif-
eration in the presence of fibronectin. This
could suggest that fibronectin already pro-
duces a maximal stimulation through B1-
integrins. The proliferative action of B1-in-
tegrin is consistent with the fact that only
this integrin is expressed in most cases of
pituitary adenomas (39). Accordingly, it has
been shown that paracrine and autocrine
factors such as transforming growth factor-
B1, a cytokine suspected to be involved in
pituitary tumorigenesis (44-46), can regu-
late the expression of individual integrin
subunits in other cell types (47). This mech-
anism could contribute to the change of inte-
grin expression and the consequent change
in proliferation in pituitary adenomas.

Extracellular matrix effects on
prolactin-secreting tumor cells

Laminin inhibits the production of pro-
lactin in prolactin-secreting tumor cells.
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However, normal pituitary cells cultured on
laminin substrates do not show this inhibi-
tion. These differential effects could reflect
a change in integrin expression during pitu-
itary tumor development (39). These results
suggest a possible regulatory role of laminin
in prolactin secretion in tumor cells.
Besides affecting prolactin production,
laminin also inhibits prolactinoma cell pro-
liferation, suggesting a role for laminin in
tumor progression. In fact, differential ex-
pression of laminin has been observed dur-
ing tumor formation in a mouse model of
prolactinoma. D2R~/- mice are characterized
by the spontaneous development of pituitary
hyperplasia and the later formation of pro-
lactinomas (48,49). Laminin expression is
very high in the normal pituitaries taken
from wild-type mice as well as in the normal
pituitaries from D2R~- animals before hy-
perplasia or tumor development (50). In the
normal pituitary, laminin is distributed in the
basal membrane around blood vessels and in
the parenchyma surrounding most of the
cells. Therefore, in the normal pituitary, most
of the cells are in contact with a laminin-
containing substrate. However, in hyperplas-
tic pituitary tissue from D2R~- mice, a strong
reduction of laminin expression is observed,
mainly in the intercellular parenchyma (50).
Furthermore, in fully grown prolactinomas
from D2R~"- mice, the amount of laminin
expression is dramatically reduced and is
restricted to the basal membrane surround-
ing blood vessels (50). Therefore, starting
from early stages of prolactinoma develop-
ment, pituitary cells are less exposed to lam-
inin as compared to the normal pituitary
tissue and this situation is even more evident
in prolactinomas. This reduction in laminin
expression and the restriction of laminin
localization along the sequential steps of
prolactinoma development also occur in hu-
man prolactinomas at different stages of de-
velopment. Since laminin inhibits prolacti-
noma cell proliferation, the fact that prolac-
tinomas contain less laminin than normal

pituitary tissues could create a favorable
environment for prolactin-secreting cells to
proliferate faster and increase hormone se-
cretion. Changes in the ECM already occur
at an early stage of pituitary tumor develop-
ment and may produce pathophysiological
effects on the growth of pituitary tumors.
The reduction of laminin in prolactinomas
could represent a more general reduction of
the basement membrane with the consequent
reduction in the presence of other ECM com-
ponents such as collagen IV. Therefore, other
ECM components could also play an impor-
tant role in the development of prolactino-
mas.

Extracellular matrix remodeling in
pituitary adenomas

Not only the expression of different ECM
components is involved in pituitary tumori-
genesis but also the remodeling of the exist-
ing ECM. The ECM can be degraded and
reorganized by specific enzymes from the
family of matrix metalloproteinase (MMP).
These enzymes are usually associated with
tumor invasion and metastasis. Surprisingly,
there is an exceptionally high expression of
MMPs and low levels of their endogenous
inhibitor, TIMP-1, in human pituitary ad-
enomas in contrast to the fact that these
tumors are benign and very rarely metastatic
(51). In the normal pituitary, high levels of
MMP expression have also been detected
but in this case, only the inactive forms of
the enzymes (pro-MMPs) have been found.
Although the active forms of the MMPs
have not been found in the normal pituitary,
local activation in restricted areas or under
specific physiological conditions might al-
low MMPs to control growth and hormone
secretion in normal cells. The expression of
pro-MMPs in normal pituitaries further con-
firms the putative role of MMPs in other
processes different than invasion, such as
regulation of growth and hormone secretion.
The active form of MMP-2 is only found in
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some pituitary tumors (51). The pharmaco-
logical inhibition of MMP activity with
batimastat results in an inhibition of the
proliferation and hormone secretion of pitu-
itary tumor cells (51). This suggests that
ECM remodeling is necessary to release
growth factors from the ECM. This is further
supported by our observation that after ECM
digestion with collagenase and hyalu-
ronidase, c-fos expression is abolished in
pituitary tumor cells (40). Although other
mechanisms could be involved, and further
studies are necessary to confirm this hypo-
thesis, we speculate that the release of growth
factors from the ECM would be necessary to
keep c-fos expression and hence cell prolif-
eration. These factors could be cryptic frag-
ments of ECM components that can be re-
leased after proteolysis and have been found
to regulate cell proliferation such as laminin
fragments or epidermal growth factor-like
domains. Alternatively, the MMP could re-
lease conventional growth factors that are
only anchored to the ECM.

Although MMPs are usually associated
with tumor invasiveness, they seem to play a
role in early tumor cell proliferation in the
pituitary. This interpretation is in agreement
with a previously proposed role for MMPs
in early tumor development and growth
(52,53). It was shown that matrilysin (MMP-
7) is necessary for the growth of early
adenomatous foci in colon cancer. In matri-
lysin null mutants the early stages of colon
tumor growth seem to require MMP-2. There-
fore, it was proposed that MMP-2 could be
an alternative pathway for the action of ma-
trilysin in tumor growth (54). The MMP-2
expression in pituitary adenomas agrees with
this view and further supports a role in early
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tumor development for MMP-2 that, unlike
matrilysin, is more often expressed in ag-
gressive cancer. The participation of MMPs
in the proliferation of pituitary cells could
provide the basis to understand the mechan-
isms of early development of other tumor
types and suggests that therapies based on
MMP inhibition could be applied not only to
metastatic but also to benign tumors. The
high expression of MMP-2 and MMP-9 in
pituitary adenomas and their involvement in
cell proliferation and hormone secretion
makes these two enzymes good candidates
for therapeutic intervention with pharma-
ceutical inhibitors.

Concluding remarks

There is compelling evidence for the as-
sociation between pituitary tumor develop-
ment and changes in the expression of ECM
components, integrins and MMP. The dif-
ferential expression of ECM components
and MMP is one of the few consistent find-
ings in pituitary adenomas, which are other-
wise very similar to normal tissue. There-
fore, a more detailed examination of the
different ECM components as well as inte-
grin subunits and ECM-degrading enzymes
is necessary to better understand the forma-
tion and progression of pituitary tumors.
One of the questions that remain open is why
pituitary tumors do not normally progress to
malignant carcinomas despite their high in-
cidence, high MMP activity and vascular-
ization. Understanding the role of the ECM
in the development of these tumors could
potentially be a key to our better understand-
ing and control of the mechanisms that con-
tribute to malignant tumor transformation.
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