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Abstract The review assesses immunohistochemical find-
ings of somatostatin receptors and of metalloproteinases in
different pituitary adenoma types and the significance of mo-
lecular genetic data. Current evidence does not support routine
immunohistochemical assessment of somatostatin or dopa-
mine receptor subtype expression on hormone-secreting or
nonfunctioning pituitary adenomas. Further prospective stud-
ies are needed to define its role for clinical decision making.
Until then we suggest to restrict membrane receptor profiling
to individual cases or for study purposes. The problems of
adenoma expansion and invasion are discussed. Despite par-
tially contradictory publications, proteases clearly play a ma-
jor role in permission of infiltrative growth of pituitary adeno-
mas. Therefore, detection of at least MMP-2, MMP-9, TIMP-
2, and uPA seems to be justified. Molecular characterization is

important for familial adenomas, adenomas in MEN, Carney
complex, and McCune-Albright syndrome and can gain in-
sight into pathogenesis of sporadic adenomas.
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Introduction

The histopathological, immunocytochemical, and electronmi-
croscopical features of the different adenoma types according
to the current WHO classification of pituitary adenomas [36]
and their clinical significance are subjects of a recent review in
this journal [53]. In this second review, further methods are
discussed. Immunostainings of somatostatin receptors and do-
pamine receptors in the different adenoma types may be im-
portant for further treatment of patients with somatostatin an-
alogs or dopamine agonists. Metalloproteinases influence the
invasive character of adenomas. Finally, molecular genetic
analyses deliver important results in different adenomas to
account for familial adenomas, adenomas in MEN,
McCune-Albright syndrome, Carney complex, gsp mutations,
X-linked acrogigantism syndrome, and mutations of the
deubiquitinase gene USP8. Details will be reviewed.

Expression of Membrane Receptors

Several somatostatin receptor (SSTR) and dopamine receptor
(DR) subtypes are expressed in normal human pituitaries [41,
42]. These receptors are also present on a subset of hormone-
secreting and nonfunctioning pituitary adenoma cells [10, 21,
41, 42] and can be pharmacologically targeted to control hor-
mone over-secretion and tumor growth.
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Information about the expression pattern of specific receptors
on adenoma cells may predict the therapeutic outcome to recep-
tor agonist treatment and may thus be helpful in therapeutic
decision making. In this respect, the immunohistochemical ex-
pression pattern of SSTRs on somatotroph adenoma cells is the
best studied membrane receptor system so far. Somatostatin
analogs like octreotide and lanreotide are widely used in the
medical treatment of acromegaly and exert their therapeutic re-
sponse predominantly through activation of SSTR2A. Several
studies reported a significant correlation between the in vitro
immunohistochemical SSTR2A expression on somatotroph ad-
enoma tissue with the clinical in vivo response [2, 11, 17, 21,
33]. There are, however, potential confounders that must be
considered, e.g., material representativeness, heterogeneous re-
ceptor expression, antibody specificity, scoring system, pretreat-
ment with somatostatin analogs, etc. This may well limit in the
individual patient the applicability of routine immunohisto-
chemical assessment of SSTR expression for therapeutic deci-
sion making. Given that disease activity and the therapeutic
response to somatostatin analogs can be easily and timely mon-
itored by measuring GH and/or IGF-1, there appears to be no
added clinical value by immunohistochemical receptor profil-
ing. To date, there is no evidence that routine immunohisto-
chemical assessment of SSTR subtype or DR2 expression pat-
terns may distinctly affect therapeutic decision making in pa-
tients with hormone-secreting pituitary adenomas.

In nonfunctioning adenomas, the clinical situation is some-
what different. Growth control is the prime therapeutic aim,
but there are nomarkers that could easily and promptly predict
the efficacy of receptor agonists like dopamine agonists or
somatostatin analogs on controlling adenoma growth.
Unfortunately, existing data do not support a predictive value
of SSTR subtype or DR2 expression profiles on growth con-
trol by the respective agonists that would justify their routine
immunohistochemical assessment [7, 22].

Expression of certain membrane receptors may be associ-
ated with adenoma phenotypes with distinct biological behav-
ior [33, 38, 60] which could be of prognostic value and thus
may influence therapeutic decisions or follow-up care. This,
however, has not been prospectively studied in any adenoma
subtype so far.

At present immunohistochemical evaluation of SSTR sub-
type or DR2 expression on hormone-secreting or nonfunction-
ing pituitary adenomas does not seem to impact on clinical
decision making that would warrant routine assessment and
the extra costs.

Perisellar Extension of Pituitary Adenomas

Extension of pituitary adenomas into the perisellar compart-
ments is the main cause of incomplete tumor resection in
transsphenoidal surgery. Especially the involvement of the

parasellar space (synonymous: cavernous sinus, CS) frequent-
ly limits surgical success {17055}. However, the assessment
of Bparasellar infiltration^ varies significantly in different in-
vestigations dealing with properties of Binfiltrative^ vs. Bnon-
infiltrative^ pituitary adenomas: radiological (preoperative)
vs. surgical (intraoperative) vs. histological (in case the
anterior sellar envelope has been investigated) vs. postopera-
tive imaging [1, 9, 27, 39, 48]. Therefore, the comparability of
case allocation in different series may not be given and explain
some of the contradictory data published so far. Moreover,
insufficient surgery may be a cause for primarily accessible
tumor remnants [37].

Expansion vs. Invasion

Intrasellar tumor growth may be directed by anatomical vari-
ations, e.g., a strong diaphragma sellae [6, 32]. Therefore, it
still is a matter of debate, whether extension of pituitary ade-
nomas into CS is a consequence of their biological properties
only or whether it may be facilitated by low anatomical resis-
tance of the medial wall of CS against chronic tumor growth
[25, 31, 65]. On the other hand different markers have been
identified, which may correlate to the aggressiveness of ade-
nomas [15, 16, 28, 40, 54]. Parasellar extension of pituitary
adenoma may therefore be a result of expansion and/or
invasion.

Invasion and Proteases

BTrue^ invasion of tumors into their surroundings is a three-
step process starting first with receptor-mediated adhesion of
tumors cells, which involves cell-adhesion molecules.
Secondly, the neighboring extracellular matrix (ECM) is de-
graded by proteases (synonymous: proteinase, endopeptidase).
Lastly, the tumor cells migrate into the intercellular space [13].
Endopeptidases are distinguished by their active site into four
main classes: serine, cysteine, aspartic, and metallo-
endopeptidases and play a physiological role in tissue remod-
elling [20]. Serine-proteases (urokinase-type plasminogen
activator, uPA, and tissue type plasminogen activator, tPA)
gain their proteolytic activity by transforming plasminogen
to plasmin, which bears a broad substrate-specificity for
glykoproteins and precursors of metalloproteinases. The ac-
tivity of uPA is mediated by a cellular surface receptor (uPAR)
and modulated by plasminogen activator inhibitors PAI-1 and
PAI-2 [13, 46]. Metalloproteinases (MMP) are zinc-
containing proteases specified by their substrate-specificity:
e.g., collagenases (MMP-1 and MMP-9), gelatinase (MMP-
2), and stromelysine (MMP-3). They are regulated by tissue
inhibitors of metalloproteinases (TIMP); physiologically, they
also play a permissive role in angiogenesis [46].
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Interaction with ECM and Sampling Artefact

Since proteases maymainly be overexpressed adjacent to their
substrate (ECM) [15, 63] in pituitary surgery, a sampling ar-
tefact may result with sampling of the accessible sellar tumor
areas only, whereas the lateral parts of the tumors are rather
sucked away.

Type III collagen is the main component of fetal CS walls
[31]; the lateral wall of the sella turcica (synonymous: medial
wall of CS) in adults mainly is composed of type IV collagen
[23, 44]. Therefore, MMP-9 which is said to specifically
ferment type IV collagen is a candidate to be a biological
marker of laterally infiltrative pituitary adenomas [14].

Expression of Proteases and Invasion of Pituitary
Adenomas

Overexpression of MMP-9 in invasive pituitary adenomas
compared to non-invasive adenomas has been reported by
different groups [14, 18, 19, 46, 61], as well as its mRNA
[50]. Other groups could not confirm these findings [23, 64,
65]. Using Western blot analysis, MMP-1, MMP-2, and
MMP-3 could not be correlated to invasiveness of 28 pituitary
adenomas [4] ; fo r MMP-2, th i s was conf i rmed
immunohistochemically in 75 tumors [24]. Contrarily, one
group reported an overexpression of MMP-2 in 12 invasive
tumors compared to 42 non-invasive adenomas and of its
mRNA [35]. MMP-1 was overexpressed in 50 non-secreting
adenomas compared to 19 silent ACTH cell adenomas, which
are supposed to be more aggressive. A correlation to invasive-
ness was not given in this report [40]. Others reported that in
cases with pituitary adenomas, those with a homozygous 2G
allele of the promoter region of the MMP-1 gene tend to be
invasive more often [3]. Sophisticated analysis of different
secreting and non-secreting adenoma types with respect to
their infiltrative behavior uncovers peculiarities of the
adenoma subgroups concerning their pattern of expression
of proteases, e.g., tendency for overpression of MMP-2 and
MMP-9 in ACTH-secreting tumors, which often are infiltra-
tive although of small size [26] compared to their non-
infiltrative counterparts and, likewise, of uPA in infiltrative
non-secreting adenomas [24]. A protective role of TIMP-2
and TIMP-3 against infiltrative behavior of pituitary adeno-
mas seems to be elucidated by the relative overexpression of
both factors in non-invasive adenomas [4], which for TIMP-2
is supported by others [24].

Determination of MMP-2, MMP-9, TIMP-2, and uPA in a
large scale of pituitary adenomas, like in tumor registries, may
be helpful, when modifications of tumor classification as
proposed in part I of the manuscript are implemented. By
this way, the limitations of the previous data concerning (a)
definition of infiltration, (b) sampling artefact, (c) underesti-
mation of tumor type, and (d) surgical technique may be

overcome, and thus the correlation of proteases to infiltrative
adenoma growth could be further elucidated. However, a
systemic therapeutic approach for modulation of proteases is
not yet available and principally would also act on their
physiologic role in tissue remodelling.

Genetic Analysis of Pituitary Tumor Samples

Pituitary adenomas arise in a sporadic setting or rarely as part
of the hereditary syndromes. Clear structural especially
histopathological differences between sporadic and familial
or MEN-associated adenomas do not exist (Figs.. 1 and. 2).
Molecular characterization has allowed for a deeper under-
standing of the pathogenesis both in familial and isolated
pituitary adenomas. Such information may be clinically
important with respect to the choice of treatment and the
prognosis. Furthermore, it allows for early detection of other
manifestations in neoplastic syndromes as well as screening of
family members. Recent publications have summarized
suggestions whom to screen for germline mutations [29, 56],
whereas molecular analysis of tumor samples in routine use is
less established. This part aims to summarize the molecular
pathology from a pathologist’s perspective, trying to answer
the questions, whether if any genetic investigation of tumor
samples is required in routine care.

Germline Syndromes

To raise suspicion for germline mutations, a thorough history
of the patient with a pituitary adenoma is necessary, with
special emphasis on other affected family members and
further clinical manifestations related to the known
syndromes.

Multiple endocrine neoplasia type 1 (MEN1) is an
autosomal-dominant disorder with a mutation in the menin
gene. Affected patients are especially prone to develop

Fig. 1 Sparsely granulated GH cell adenoma inMEN: diffusely arranged
medium-sized cell with slightly eosinophilic cytoplasm and fibrous
bodies. Hematoxylin-eosin stain, magnification ×440
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parathyroid hyperplasia (>90 %) and pancreat ic
neuroendocrine neoplasia (30–40 %), next to pituitary
adenomas (25–40 %). Comparison of MEN1-positive pitui-
tary tumors with an unselected group of non-MEN1 sporadic
pituitary adenomas revealed that MEN1 tumors were signifi-
cantly larger and more often invasive by histology [59].
Whereas no predominance of any hormone-producing sub-
type was found, plurihormonal and multiple adenomas were
more frequent in MEN1. Therefore, in such rare conditions,
either germline or tumor sample investigations for MEN1mu-
tations may be justified. Somatic MEN1 mutations are very
rare [49].

More recently, a germline nonsense mutation in the cyclin-
dependent kinase inhibitor 1B (CDKN1B or p27/KIP1) was
found in a family withMEN1-like condition that was negative
for menin mutations [45]. MEN1-related tumors in this family
included acromegaly, hyperparathyreoidism, and renal
angiomyolipoma. The mutation resulted in the loss of func-
tional p27, which plays an important role as a tumor-suppres-
sor. The condition was subsequently termed MEN4, and also
includes the development of neuroendocrine neoplasia.
However, mutations of CDKN1B appear to be exceptionally
rare in families with familial isolated pituitary adenomas, as
only 2 germline changes were found among 88 AIP-negative
families with familial isolated pituitary adenomas [57].
Screening for MEN4 should therefore be limited to patients
with MEN1-like syndrome, found to be negative for menin
mutations.

The syndrome of familial isolated pituitary adenomas is
defined as familial presentation of any type of pituitary ade-
noma in the absence of clinical and genetic evidence for syn-
dromes likeMEN 1 and Carney complex [62]. It is inherited in
an autosomal-dominant pattern with variable penetrance.
Affected family members may either experience homogenous
demonstration of the same type of pituitary adenoma or dem-
onstrate heterogenous expression of different pituitary tumor
types in the same family. PRL-secreting (40 %) and GH-
secreting (30 %) adenomas are the most common types, with

somatoprolactinomas (7 %), gonadotropinomas (4 %),
ACTH-secreting (4 %) adenomas, and TSH-secreting adeno-
mas much rarer [62]. Inactivating mutations in the gene for the
aryl-hydrocarbon receptor interacting protein (AIP) are found
in approximately 25 % of patients with familial isolated pitu-
itary adenomas, whereas the genetic cause for the remaining
familial isolated pituitary adenoma patients is currently un-
clear. Over 50 different mutations are spread over the entire
length of the gene, without any genotype-phenotype correla-
tion. Although the exact molecular mechanisms remain to be
elucidated, loss of heterozygosity in tumor tissues suggests the
function as a tumor-suppressor gene. AIP mutations in famil-
ial isolated pituitary adenoma patients are associated with a
younger onset of disease and a more aggressive tumor behav-
ior, as well as difficulties in therapeutic control, e.g., more
frequent resistance to medical treatment with dopamine ago-
nists and somatostatin analogs in prolactinomas and acromeg-
aly, respectively. In addition to patients with a pituitary ade-
noma and a positive family history, screening in apparently
sporadic tumors may be justified in young patients <30 years
of age, withmutations present in approximately 12% (20% in
pediatric patients) [8].

Carney complex is a rare, dominantly inherited disease
characterized by multiple manifestations including acromega-
ly. Diagnostic criteria include spotty skin pigmentation (lips,
conjunctiva and inner or outer canthi, vaginal and penil mu-
cosa), myxomas (cutaneous, mucosal, heart, breast),
schwannomas of the peripheral nerves, large cell calcifying
Sertoli cell tumors, (epitheloid) blue nevus, breast ductal ade-
nomas, osteochondromyxomas, and various endocrine tumors
[8]. The latter contain GH-secreting pituitary adenomas, thy-
roid carcinoma or nodules, and primary pigmented nodular
adrenocortical disease (PPNAD). It is the PRKAR1A gene
coding for the type I-A regulatory subunit (R-Ia) of protein
kinase A (PKA) (situated at chromosome 17q and referred to
as CNC1 locus) that is mutated in more than 70 % of patients
with Carney syndrome. A second genetic locus associated
with Carney complex in PRKAR1A-negative patients is a
10MB region at chromosome 2p16 (termed CNC2 locus).
The genes in this region responsible for the phenotype are
currently unknown.

Several lines of evidence suggest a role of PKA as a tumor-
suppressor gene; in cells carrying mutations of PKA, its activ-
ity is irregularly activated by cAMP. In patients with GH-
secreting pituitary adenomas, any combination with other
Carney manifestations should trigger suspicion of the syn-
drome and subsequent genetic investigation.

McCune-Albright syndrome is caused bymosaicism for the
gsp mutation (a mutation of the Gsalpha gene), resulting in
constitutive activation of the cAMP pathway. The disorder is
characterized by polyostotic fibrous dysplasia, pigmented skin
lesions, and over-activity of endocrine organs [12].
Autonomous GH secretion is found in up to 20 % of patients,

Fig. 2 Sporadic sparsely granulated GH cell adenoma: same features as
Fig. 1. Hematoxylin-eosin stain, magnification ×300
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but defined pituitary adenomas are rarely detected. Screening
for gspmutations is therefore rarely required in this syndrome.

Sporadic Tumors

The gspmutation found inMcCune-Albright syndrome has also
been demonstrated in a relevant proportion of sporadic pituitary
tumors, occurring in approximately 30–40 % of GH-secreting
pituitary adenomas. Tumors with this mutation tend to be small-
er and have a higher GH secretion and are more sensitive to
dopamine- or somatostatin-inducedGH inhibition [55]. As there
are no clear cutoffs to determine treatment response, investiga-
tion of gspmutations in sporadic tumors is not part of the routine
procedures.

X-linked acrogigantism is a new syndrome of gigantism
due to GH excess, caused by microduplications on chromo-
some Xq26.3 [58]. It was initially observed in 13 patients with
disease onset during early childhood, including 4 patients
from two unrelated kindreds and 9 patients with sporadic
disease. In a subsequent study including a total of 18
patients (13 sporadic), rapid growth started as early as
2 months (median 12 months), with a median height and
weight standard deviation scores (SDS) of >+3.9 SDS at
diagnosis after a median of 27 months [5]. The inheritance
pattern in the two families was dominant, and all patients
demonstrated marked hypersecretion of GH and usually
PRL due to a pituitary macroadenoma or hyperplasia.
Disease control was challenging due to tumor size and
frequent partial resistance to somatostatin analogs. In
another study of 208 patients with gigantism, X-LAG was
found in 2 familial isolated pituitary adenoma kindreds and
in 10 sporadic patients [52]. Further molecular characterization
of the duplicated genomic region shared by all affected patients
did not reveal any single-nucleotide variants of likely pathoge-
nicity but considerably upregulation of the GPR101 gene which
encodes an orphan G protein-coupled receptor [58].
Investigation of 248 patients with sporadic acromegaly revealed
an absence of microduplications on chromosome Xq26.3 but a
c.924G→C substitution (p.E308D) in GPR101 in 4.4 % of
DNA in tumor samples and in 1.9 % of peripheral blood cells
(with at least one patients demonstrating a clear de novo somatic
mutation). Overexpression of the mutation in GH3 cells signif-
icantly increased GH secretion and cell proliferation. Although
the X-LAG syndrome awaits further characterization, screening
for microduplications on Xq26.3 and/or GPR101 mutations
may improve early diagnosis and treatment in selected cases.

Except for the rare manifestation as part of one of the
germline syndromes described above, the pathogenesis of
corticotropic pituitary adenomas was largely unclear.
However, two recent studies applying genome sequencing iden-
tified somatic mutations of the USP8 deubiquitinase gene in
4/10 and 8/12 adenomas, respectively [30, 51]. Further evalua-
tion of larger cohorts confirmedUSP8 variants in 48/145 (33%)

and 67/108 (62 %) of tumor samples, respectively [30, 47]. Of
interest, the former cohort included 11 silent corticotropic ade-
nomas, of which none demonstrated an USP8 mutation. USP8
mutants diminished epidermal growth factor receptor
ubiquitination with subsequent activation of EGF receptor sig-
naling and induced POMC promoter activity in a cell model.
With respect to the clinical presentation, mutations were associ-
ated with a younger age at diagnosis. Biochemical activity was
lower in patients with USP8 mutations, at least with respect to
preoperative cortisol levels after suppression by 8mg dexameth-
asone, potentially explaining a lower rate of postoperative adre-
nal insufficiency. In contrast, maximum adenoma size was not
significantly different between USP8 mutant and wild-type ad-
enomas. The prevalence of USP8 mutants was higher in adults
than in pediatric cases (41 vs 17 %) and in females than in
males. As clarification of the underlying molecular changes
may allow the development of new therapeutic strategies for
these adenomas, screening for these mutations may become
clinically important in the future.

Alterations in other well-known tumor suppressor genes
(e.g., P53, RB) or oncogenes (e.g., Ras) are rarely involved
in pituitary adenoma development and are therefore not rou-
tinely analyzed in sporadic adenomas [12]. However, cell sig-
naling abnormalities may play some role for the induction of
invasive behavior and recurrence. In this line, 9 % of invasive
(vs. 0 % of non-invasive) pituitary adenomas harbored muta-
tions of the phosphoinositol-3-kinase (PI3K) gene [34] (18),
which could lead to phosphorylation of Akt and subsequently
other proteins that affect cell growth. Of note, these mutations
were also associated with a higher frequency of recurrence. In
another study, tumors with a high level of expression of phos-
phorylated Akt, phosphorylated mitogen activated protein ki-
nase (MAPK), and pituitary tumor transforming gene PTTG1
were associated with early recurrence [43]. In contrast, in the
same study high levels of expression of phosphorylated cyclic
AMP response element binding protein (CREB) and the zinc-
finger protein ZAC1 were inversely correlated with recur-
rence. It remains to be seen, whether these observations have
significant prognostic implications or lead to detection of new
therapeutic targets, and may therefore gain relevance as part of
routine investigation of pituitary adenomas.

In conclusion, there has been significant progress in the
understanding of the pathogenetics of pituitary adenomas as
part of germline syndromes, leading to the potential of screen-
ing for the molecular abnormalities in patients and relatives to
detect and treat disease manifestations at an early stage. In
contrast, the pathogenesis of sporadic pituitary adenomas is
much less characterized, with the exception of recent advances
for corticotropic adenomas and patients with gigantism.
Although a number of molecular alterations have been pub-
lished, the association with prognosis and tumor response to
the various treatment options is weak, precluding any routine
use during follow-up of these tumors so far. Therefore, further
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efforts are necessary to establish clear parameters to help us
caring for patients with pituitary adenomas.
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