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Abstract

Pituitary adenomas are usually benign tumors that cause symptoms by compression of sur-
rounding structures or impaired hormone secretion. Treatment, whether surgical or medical 
depends, on the tumor subtype and degree of compression; however, a significant proportion 
of patients do not achieve optimal control of mass effects or hormonal hypersecretion. Unrave-
ling the pathogenesis of pituitary adenomas is a critical step in the quest for new subcellular 
treatment targets that will decrease morbidity and mortality related to these tumors. A large 
diversity of pathogenetic mechanisms has been described so far including deregulation of cell 
cycle, molecular pathways and angiogenesis. Major signaling pathways such as Notch, Wnt 
and Hedgehog, which are mainly active in the early phase of pituitary organogenesis and are 
essential for the development of somatotrophs, lactotrophs thyrotrophs and corticotrophs, have 
been implicated in the pathogenesis of pituitary adenomas. In this review we present novel data 
regarding the role of Notch and Hedgehog regulatory networks in pituitary development and 
pathogenesis of pituitary adenomas.
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an expanding mass causing compression and excessive 
hormone secretion or insufficiency.2 Surgical resec-
tion remains the first-line treatment for most pituitary 
tumors, with the exception of prolactinomas, which 
respond successfully to medical treatment. Despite 
the recent advances in molecular genetics, the mo-
lecular pathogenesis of pituitary adenomas remains 
largely unknown, while the current classification of 
clinically functional and nonfunctional tumors does 
not reflect possible molecular distinctions between 
the subtypes. 

Over the past 30 years, developmental biology 
studies have identified the role of evolutionarily highly 

1. Introduction

Pituitary adenomas are among the most frequent 
intracranial tumors. Series of radiological and autopsy 
studies suggest a prevalence as high as 22.5%.1 Al-
though the majority of pituitary adenomas are benign 
and malignancy rarely occurs, they usually behave as 
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conserved intracellular signaling pathways such as 
Wnt, Notch and Hedgehog in pituitary development 
and disease. Through these pathways, specific secreted 
proteins control differentiation and function of recipi-
ent cells in a paracrine and/or autocrine manner. Tight 
concerted actions of these signals lead to specific cell 
fates and the formation of distinct cell populations in 
the developing pituitary, while in the adult pituitary 
they regulate proliferation and hormonal secretion 
of pituitary cells.

In this review, we outline current knowledge re-
garding the role of Notch and Hedgehog signaling 
pathways in the development of the pituitary and their 
involvement in the pathogenesis of pituitary adenomas.

2. Notch signaling 

Notch signaling regulates cell fate through lateral 
inhibition and formation of boundaries, both of which 
represent patterning processes of critical importance in 
the regulation of spacing of different cell types within 

tissues.3,4 During “lateral inhibition”, Notch signaling, 
having mainly a permissive role, contributes to binary 
cell fate choices in populations of developmentally 
equivalent cells by inhibiting one of the fates in some 
cells and allowing them to later adopt an alternative 
one. Notch may also regulate the adoption of a third 
cell fate at the border of neighbouring populations 
of different cell types.5,6

The formation of boundaries takes place between 
distinct cell populations and promotes the exhibition 
of discrete physiological functions in specific organs 
and tissues.7 Embryogenesis undergoes a variety of 
boundary formations and Notch signaling is a critical 
regulator of this process.8

2.1 Ligands and Receptors
There are four Notch receptors in mammals 

(Notch1, Notch2, Notch3, Notch4) and five classic 
DSL (Delta/Serrate/Lag-2) ligands: Jagged 1, Jagged 2, 
Delta-like 1, Delta-like 3 and Delta-like 4 (Figure 1).

Notch receptors are single-pass transmembrane 
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Figure 1. Notch receptors and ligands. (A) Notch receptors are type I proteins that contain multiple extracellular EGF (epidermal 
growth factor) repeats. There are four mammalian Notch variations (Notch1-4) that differ in the number of repeats (29-36). EGF repeats 
11-12 (green) and 24-29 (blue) mediate ligand interactions. EGF repeats are followed by the negative regulatory region (NRR), which 
is composed of three cysteine-rich Lin repeats (LNR) and a heterodimerization domain (HD). Notch also contains a transmembrane do-
main (TMD), a RAM domain, nuclear localization sequences (NLS), a seven ankyrin repeats (ANK) domain and a transactivation do-
main (PEST). Mammalian Notch proteins are cleaved by furin-type convertases, which convert the Notch polypeptide into an NECD-
NICD (Notch extracellular domain-Notch transmembrane and intracellular domain) heterodimer that is connected by noncovalent 
interactions between the halves of the heterodimerization domain. After ligand binding, Notch is cleaved at site 2 by metalloproteases. 
γ-secretase can cleave multiple bonds at sites 3 and 4. (B) The ligands of Notch receptors can be divided into several groups on the basis 
of their domain composition. Classical DSL ligands contain the DSL (Delta/Serrate/LAG-2), DOS and EGF motifs. Non-canonical 
ligands lacking DSL and DOS domains have been reported to activate Notch in some contexts.
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proteins composed of a functional extracellular domain 
(NECD), a transmembrane domain and an intracellular 
domain (NICD). Notch ligands are also transmembrane 
proteins in the signal-sending cells and both ligands 
and receptors require a catalytic process to become 
active. Some of the Delta-like ligands can undergo 
cleavage in the membrane by a specific metallopro-
tease and thus act not only in neighbouring cells but 
in distant tissues as well. In this way, both the signal 
sending and receiving cell are affected through the 
ligand-receptor crosstalk.

2.1.1 Ligand endocytosis and processing
Endocytic transfer and processing of the Notch 

ligands are considered a critical step for their signaling 
activity. Ligand endocytosis is initiated by ubiquitina-
tion that is mediated by E3 ubiquitin ligases. After 
endocytosis, a largely unknown process takes place 
leading to a more active cell surface ligand. Current 
views as to the nature of ligand modification include 
clustering of the ligand, posttranslational modifica-
tions to the ligand and recycling of the ligand into 
specific membrane microdomains.9,10 Interestingly, 
certain protein members, which negatively regulate 
ligand activity and thus reduce the efficiency of Notch 
activation, are themselves Notch target genes.11 This 
notch-mediated regulation of ligand proteins constitutes 
a negative feedback loop that is further regulated by 
micro RNAs (miRNAs) that target specific mRNAs.12 
In addition, miRNAs can also regulate Delta ligands 
expression.13 

2.1.2 Non-canonical Notch ligands

Apart from the canonical ligands, a multitude of 
non-canonical ligands have also been reported to 
activate or suppress Notch signaling. The most well 
studied non-canonical ligand is Delta-like homolog 
1 (DLK1), which is structurally similar to the DLK 
ligands but lacks the DSL domain. In the anterior 
pituitary, DLK1 is localized in all hormone-producing 
cells supporting several regulatory functions.14 The 
observed expression pattern of DLK1 in the developing 
pituitary suggests that DLK1 may have a role in the 
regulation of differentiation of pituitary cell types by 
altering Notch signaling activity. Corroborating such 
a role, the pituitary of adult knockout mice contains 
a significantly lower number of somatotrophs and a 
reduction in cell-specific gene expression in gonado-
trophs compared to wild-type mice.

2.2 The intracellular cascade 
Ligand binding leads to the cleavage of Notch 

receptors by a TNF-a converting enzyme (TACE), 
which belongs to the ADAM family of disintegrin 
and metalloproteases. The clipping of the extracellular 
domain creates a membrane–tethered intermediate 
called Notch extracellular truncation (NEXT), which 
is a substrate for an intramembrane cleaving protease, 
γ-secretase. After the γ-secretase-induced cleavage, 
NICD is free to enter into the nucleus where it in-
teracts with the CSL (CBF1/Suppressor of Hairless/
LAG-1) DNA-binding protein (RPBJ in Drosophila) 
and activates transcription of target genes. The CSL 
protein is bound to transcriptional co-repressors in the 
absence of NICD. The formation of the NICD-CSL 
complex displaces transcriptional co-repressors and 
recruits co-activators such as MAML (mammalian 
Mastermind/Lag-3) and MED8 (Mediator of RNA 
polymerase II transcription subunit 8), promoting the 
transcription of target genes. The downstream effec-
tors of canonical Notch signaling are the transcription 
factors Hairy Enhancer of Split (HES) 1, 5, 6 and 7 
and HES-related with YRPW motif (HEY) 1, 2 and 
HEY L (Figure 2).

HES belong to a family of basic helix-loop-helix 
(bHLH) genes and participate in the regulation of cell 
fate decision and boundary formation. Some of them 
have been implicated in specific disorders in humans. 
In particular, HES1 is essential for Notch-induced 
T-cell acute lymphoblastic leukemia.15 On the other 
hand, HES7, which is both a direct target of the Notch 
signaling pathway and part of a negative feedback 
mechanism required to attenuate Notch signaling,16 
was found mutated and non-functional in a family 
with autosomal recessive spondylocostal disorder.

Co-activators and co-repressors that are recruited 
during activation of Notch signaling are shared with 
other signaling pathways, and thus overexpression of 
NICD can affect the transcription of genes that are 
regulated by proteins apart from the Notch pathway. 
Elucidation of the nuclear environment is the key that 
will determine which targets are available to Notch-
CSL-induced activation (many recent and compre-
hensive reviews are available for further reading).17-19 

Since the protracted function of NICD can have seri-
ous adverse effects, optimal signal strength is primarily 
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regulated by ensuring that NICD half-life is short. Most 
Notch-mediated processes require a transient pulse 
of activity. In most cases the transcriptional activa-
tion process is followed by NICD phosphorylation 
within the PEST domain by cyclin-dependent kinase 8 
(CDK8) and targeted for proteasomal degradation by 
E3 ubiquitin ligases.20 This process eliminates NICD, 

disassembles the transcription of activation of the 
ternary complex and resets the cell for the next round 
of signaling. Other as yet uncharacterized kinases and 
E3 ubiquitin ligases are also likely to participate in 
NICD regulation. For every new round of signaling 
synthesis an assembly of new receptor molecules is 
a prerequisite.
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Figure 2. The intracellular cascade of Notch signaling.
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and differentiating cells, and the lack of expression 
in PROP-1 mutants, make it a plausible candidate 
for explaining the profound organ disorganization 
characteristic of Prop-1 mutant mice.25 

According to recent data, Notch signaling in the 
pituitary controls the transition from proliferation to 
differentiation and potentially, through lateral inhibi-
tion, influences the differentiation of cells into the 
five hormone producing cell types. Notch-2 knockout 
mice display early embryonic lethality and there is 
potential for redundancy of NOTCH 2 and NOTCH 
3 function because of their overlapping expression 
patterns. Thus, it is difficult to discern the function 
of NOTCH 2 in the development of the pituitary 
using simple loss-of-function approaches. Certain 
studies have shown that persistent expression of ac-
tivated NOTCH 2 interferes with the development of 
gonadotropes and, to a lesser extent, of thyrotropes 
(Figure 3).

Moreover, fully differentiated gonadotropes ex-
tinguish NOTCH 2 transgene expression, suggesting 
that NOTCH 2 can inhibit cell differentiation in the 
pituitary gland similarly to what it does in the nervous 
system and pancreatic endocrine cells. In contrast, the 
proliferation of pituitary cells expressing activated 
NOTCH 2 does not seem to be affected.

In the adult gland, components of the Notch signal-
ing pathway are expressed by cells in the same loca-
tions suggested as containing progenitor/stem cells.29

Exclusive deletion of Rbp-j (Rbp-J-/-) in Rathke’s 
pouch results in premature differentiation of corti-
cotropes. Such a phenotype is also observed when 
the HES1 gene is deleted30 and is correlated with 
decreased proliferation, although one study also re-
ported increased cell death.31 Mice deficient for Hes1 
and Hes5 exhibit severe pituitary hypoplasia due to 
increased differentiation of progenitor cells and also 
fail to form neurohypophysis because of incomplete 
evagination of the diencephalon,30 pointing to the 
crucial role of Notch effectors together with ligands 
and receptors in development of both the posterior 
and anterior lobe of the pituitary. 

 It appears that Notch signaling is required to 
prevent early (corticotrope) differentiation and main-
tain undifferentiated progenitors fated for a later 

3. Notch signaling and the pituitary 
gland

3.1 Development
The development of the pituitary gland is based on 

the interaction between the neural ectoderm, which 
becomes the posterior pituitary, and the oral ectoderm 
fated to become Rathke’s pouch. 21,22 The definitive 
Rathke’s pouch initially contains undifferentiated 
proliferative progenitors. Gradually, these will dif-
ferentiate and give rise to the five endocrine cell types 
present in the anterior pituitary. 

During pituitary development, Notch signaling 
components are expressed in the invaginating pouch. 
They are then quickly down-regulated from the dif-
ferentiating zone ventrally but are maintained dorsally 
around the lumen of Rathke’s pouch.23,24 NOTCH 2 is 
expressed in the periluminal cells of Rathke’s pouch 
that are undergoing rapid proliferation but not in the 
differentiated cells that express αGSU (α-subunit of 
glycoprotein) and are able to secrete glycoprotein 
hormones, such as TSH, FSH and LH.25 NOTCH 2 
expression decreases as pituitary development pro-
ceeds, indicating that it may need to be absent for 
cell differentiation to occur. The time and location 
of NOTCH 2 expression appears coincident with the 
expression of PROP-1 (prophet of pituitary transcrip-
tion factor), which precedes and is required for the 
expression of PIT-1 (Pou domain transcription factor 
1), the master transcription factor of pituitary devel-
opment and hormone expression.26 Mutations in the 
PROP-1 gene have been associated with deficiencies 
in luteinizing hormone, follicle-stimulating hormone, 
growth hormone, prolactin and thyroid-stimulating 
hormone.27 Expression of NOTCH 2 is not detectable 
in PROP-1 mutant pituitaries.23 On the other hand, in 
mice with early embryonic conditional loss of NOTCH 
2, PROP-1 expression is affected, whereas early 
embryonic pituitary proliferation remains unaltered.28 

There are several Notch family members expressed 
in the pituitary in similar spatiotemporal patterns to 
NOTCH 2, although their expression is maintained in 
PROP-1 mutants. These include NOTCH 3, DELTA-
LIKE 1 and HES 1. HES1 expression overlaps with 
expression of NOTCH 2 in undifferentiated cells in 
Rathke’s pouch.23 The normal location of NOTCH 2 
expression at the juncture between highly proliferating 
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Figure 3. The main sites of action of the Notch, Wnt and sonic Hedgehog (Shh) during pituitary development. Notch2 and Notch3 are 
present in pituitary progenitors with diminishing presence as Prop1 increases its expression, allowing the beginning of differentiation. 
Shh controls mainly the corticotroph differentiation in co-ordination with members of the fibroblast growth factor (FGF) family. Wnt 
signaling controls the expression of Pit1.
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Pit-1-dependent fate. In this way, Notch signaling 
enables the generation of different endocrine cell 
types by controlling the time and the context in which 
they differentiate. The failure of multiple cell types to 
differentiate in PROP-1 mutants is probably attributed 
to lack of NOTCH 2 expression.

3.2 Pituitary adenomas
Hypogonadotrophic hypogonadism (HH) is charac-

terized by low levels of serum gonadotropins, delayed 
puberty and infertility. Although the genetic causes 
of HH are heterogeneous, activation of NOTCH 2 
has been found sufficient to delay gonadotrope dif-
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ferentiation and it has been proposed that some cases 
of gonadotrope dysfunction in HH might be due to 
aberrant Notch 2 signaling.25

NOTCH3 and JAGGED1 expression was found 
significantly increased in non-functioning pituitary 
adenomas, compared to normal human pituitary tis-
sue.32 In prolactinomas there was also a 1.5 to 5.3-fold 
increase in NOTCH 3 mRNA expression, while in 
somatotropinomas there was a significantly reduced 
expression of NOTCH 3.33 Although data on pituitary 
adenomas are scarce, activation of Notch seems to 
be associated with more undifferentiated and aggres-
sive tumors.

4. Hedgehog signaling  
and its components

The Hedgehog (Hh) signaling pathway is com-
prised of a family of evolutionary conserved sign-
aling molecules that play a significant role during 
embryonic development and remain active in adult 
life regulating a variety of cellular processes in both 
vertebrates and invertebrates. In adult organisms, it 
is implicated in the maintenance and homeostasis of 
stem cells and therefore a variety of skin (i.e. basal 
carcinomas) muscle and brain cancers develop when 
this pathway is impaired.

4.1 Ligands
There are three mammalian homologs of the Dros-

ophila Hh gene: Sonic Hh (Shh), Indian Hh (Ihh) and 
Desert Hh (Dhh). Sonic Hedgehog is coded by the 
SHH gene, which is located on the long (q) arm of 
chromosome 7 at position 36 and is the most studied 
ligand.

The precursor forms of Hedgehog signaling proteins 
have a molecular weight of 45kDa; they undergo an 
autocatalytic internal cleavage of the C-terminal lead-
ing to a 19-kDa N-terminal domain, which displays 
Hedgehog signaling activity and a 25-kD C-terminal 
domain, which is active in precursor processing. 
This post-translational auto-processing consists of 
a simultaneous peptide bond cleavage and attach-
ment of a lipophilic moiety to the newly exposed 
carboxyl-terminal of the amino-terminal molecule. 
The lipophilic modification is critical for the spatially 
restricted localization of the Hedgehog proteins on 

plasma membranes. Further modification to mature 
forms includes signal peptide cleavage and amino-
terminal palmitoylation.34

This dual lipidation makes mature Hh proteins 
highly hydrophobic, and thus their release from the 
plasma membrane is an active process that is medi-
ated by two transmembrane proteins: the 12 pass 
transmembrane protein Dispatched (Disp), which is 
required for release of membrane anchored Hedgehog 
protein and initiation of signaling to non-adjacent 
cells, and the Tout-velu (Ttv) protein, a homolog of 
the mammalian EXT tumor suppressor gene family, 
that regulates the synthesis of proteoglycans enabling 
the movement of Hedgehog ligands after their release 
and promoting long-range signaling.

Due to their lipophilic nature, the majority of 
secreted Hh are found in soluble multimeric forms 
reminiscent of intestinal micelle.35,36

4.2 Receptors
In vertebrates, Hh proteins bind to12 pass trans-

membrane receptors Patched 1 (Ptch1) and Ptch2 
on responding cells. The transmembrane loops of 
Patched proteins are divided into two groups. Five 
loops compose the sterol sensing domain (SSD) of 
the receptor, which is important for the internaliza-
tion of Ptch and the repression of Hh target genes. 
This sterol-sensing domain is found in HMGCoA 
(3-Hydroxy-3-methylgluatryl coenzyme A) reductase, 
Niemann-Pick C1 protein (NPC1) and SCAP (sterol 
regulatory element binding protein)—all proteins 
involved in cholesterol metabolism—and is consid-
ered to be an important regulator of the activity and 
stability of the proteins that contain them, in response 
to local sterol concentrations.37 In the absence of 
Hedgehog proteins, Ptch receptors repress the activity 
of Smoothened (Smo), a seven-pass trans-membrane 
protein, which is attached to membranes of cytoplas-
mic microsomes that belong to G-protein-coupled 
receptors and are related to the Frizzled class of Wnt 
receptors. In contrast to the Frizzled receptors family, 
however, Smo is not connected to the trimeric complex 
of G-proteins and does not bind directly to the ligand. 
Moreover, it is constitutively active and is associated 
with lipid rafts, biochemically defined fractions of 
membranes enriched in cholesterol, sphingo-lipids 
and certain proteins, which are related to intracellular 
trafficking events.38,39
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Mutant Ptch-SDD leads to inappropriate activation 
of the Smo protein and downstream target genes.40 

Movement of Smo on the cell surface leads to 
interactions with elements of the cellular membrane 
and is protected by destabilization from protein phos-
phatases.

Loss-of-function mutations in Ptch receptors are 
associated with Gorlin syndrome which predisposes 
to basal cell carcinomas, medulloblastomas and rhab-
domyosarcomas.41 In addition, activating mutations 
of Smo have been implicated in the development of 
basal cell carcinomas.42

4.3 The intracellular cascade
In the absence of the Hedgehog ligand, the Patched 

receptor represses activity of Smo by preventing its 
membrane incorporation from endosomes. Downstream 
of Smo is a multi-protein complex, the Hedgehog 
signaling complex (HSC), which includes the Gli 
(glioblastoma proteins) family of zinc finger tran-
scription factors in mammals, the serine/threonine 
kinase Fused (Fu), the kinesin-like molecule, Costal 
2 (Cos2) and the Suppressor of Fused (Sufu). Cos2 is 
a docking protein that also binds to protein kinase A 
(PKA), casein kinase 1 (CK1) and glycogen synthase 
kinase 3 (GSK3).43

The HSC is bound to microtubules/membranes 
and associates with Smo through Cos2. There are 
three Gli genes in mammalian cells, Gli1, Gli2 and 
Gli3, which have partially overlapping functions. 
Gli1 and Gli2 are transcriptional activators, while 
Gli3 functions as a transcriptional repressor. When 
the Hedgehog signaling is inactive, the Sufu and Cos2 
allow phosphorylation of the microtubule-bound pool 
of Gli transcription factors, leading to their degrada-
tion through ubiquitination.44-46

In the un-stimulated cells, Gli2 and Gli3 are ex-
pressed at significant levels, while Gli1 transcription is 
increased in the presence of Hedgehogs and activates 
expression of Hh target genes. Binding of Hedgehog 
signaling proteins to Ptch receptors promote their 
internalization and de-represses the activity of Smo. 
Phosphorylation of the intracellular carboxyltermi-
nal part of Smo35 promotes its translocation from 
intracellular vesicles to plasma membrane. In turn, 
activation of Smo inhibits the proteolytic processing 

of Gli2 and Gli3 and enhances the production of full-
length EXP transcription-activating forms of these 
proteins that translocate to the nucleus and activate 
transcription of target genes (Figure 4). Gli1 acts in 
conjunction with Gli2 and Gli3, although the loss of 
Gli1 alone does not cause Hh signalling defects.47 
Hh target genes include several components of the 
pathway itself including Gli1, which is considered 
the earliest response of Hh activation, Gli3 which is 
regulated by a negative manner,48 Ptch1 and Hedgehog 
interacting protein (Hip). Hip is a transmembrane 
glycoprotein that functions as a putative antagonist 
of the pathway binding to Hh proteins with similar 
affinity to Ptch1 and sequesters them in a negative 
feedback loop.49,50 Among the Hh target genes, the 
expression of Gli1 particularly, which is not observed 
in the absence of Hh, is a very useful marker of Hh 
signaling activation.51,52

5. The role of Sonic Hedgehog Homolog 
in pituitary development

During embryogenesis, Shh is expressed in the 
early oral ectoderm and ventral diencephalon at 8 
dpc in the mouse embryo. The pituitary placode, 
which arises from a patch of oral ectoderm by 9 dpc 
is negative for Shh expression, reflecting the role of 
Shh signaling as the molecular boundary that defines 
the area of the developing pituitary.53,54 The PTC1 gene 
is expressed in the Rathke pouch, demonstrating that 
these cells can receive Hh signaling. Expression of 
SHH, however, is excluded from the pouch as soon 
as it becomes morphologically visible, allowing the 
proliferation of the anterior pituitary cells.53 

Shh null mice display pituitary agenesis but is not 
clear whether Shh is directly required for pituitary 
development since these mice also have disrupted 
ventral diencephalon.49 Expression of SHH in ventral 
diencephalon is necessary for restriction of pituitary 
expansion to the middle brain and attenuation of 
the Shh signaling leads to pituitary enlargement.55 
However, it has been shown that increased expres-
sion of Hip under the control of the Pitx1 enhancer, 
which is active in the oral ectoderm and Rathke’s 
pouch, leads to pituitary agenesis but normal ventral 
diencephalon,54 indicating a direct role of Hh signal-
ing. On the other hand, overexpression of Shh in the 
pituitary under the control of a GSU promoter leads 
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to pituitary hyperplasia, particularly of the ventral 
pituitary cell types (gonadotrophs and thyrotrophs).54 
It has been shown that Shh regulation of ventral pitui-
tary cell specification and proliferation is mediated, 
at least in part, through bone morphogenetic proteins 
(BMPs). Gli2 null embryos have reduced expression 
of BMP4 and fibroblast growth factor expression 8 
(FGF8), demonstrating the essential role of the Gli 
family of transcription factors in proliferation of early 
progenitors and induction of transforming factors dur-
ing embryogenesis.56 In line with the mouse model, 
inactivating GLI2 germline mutations in humans is 
associated with severe pituitary developmental defects 
and holoprosencephaly.57 

6. The role of Sonic Hedgehog Homolog 
in the adult pituitary and pathogenesis 
of pituitary adenomas

Expression of SHH, PTCH2, but not PTCH1, 
and GLI1 at the level of RNA and protein has been 
detected in normal anterior pituitary gland in cor-

ticotroph cells.58 Cells that express other pituitary 
hormones did not show SHH expression. Τherefore, 
since GLI-1 expression requires activation of Shh 
signaling, this study demonstrated that Shh/Pth2/
Shh signaling is active in the corticotrpoph cells of 
the adult pituitary.58 PTCH1 expression was found in 
thyreotrophs and gonadotrophs, and PTCH2 was also 
expressed in somatotrophs and, at a lower percentage, 
in lactotrophs.59 In addition, Shh administration in a 
rat primary pituitary cell culture and mouse cortico-
tropinoma cell line (AtT20) induced ACTH and pro-
opiomelanocortin secretion through a Gli1-dependent 
transcriptional activity.58 Co-stimulation of mouse 
corticotropinoma cells with Shh and CRH showed 
an additive effect on ACTH and POMC secretion. 
Moreover, Shh increased the expression of the CRH 
receptor, while CRH stimulated Gli1-transcriptional 
activity, demonstrating a crosstalk between CRH and 
Shh pathways that converge at the Gli-1 transcrip-
tion factor.

Although Shh was found to be selectively produced 

Figure 4. The intracellular cascade of Hedgehog signaling.
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by corticotrophs, addition of Shh in rat pituitary pri-
mary cultures increased secretion of growth hormone 
(GH) and prolactin (PRL).

In pituitary adenomas, PTCH1 and PTCH2 pro-
teins are expressed at variable levels.59 Unlike data 
concerning the normal pituitary, the Shh protein is 
not expressed in corticotropinomas. However, in 
primary cell cultures established from pituitary ad-
enomas, exogenous Shh increased secretion of GH, 
PRL and ACTH from somatotropinomas, lactotropino-
mas and Cushing tumors, respectively.59 In addition, 
administration of Shh in pituitary tumor cell lines 
exerted antiproliferative effects, thus its significant 
downregulation in pituitary adenomas could play a 
pathogenetic role in their development. Collectively, 
the data reported so far are indicative of a functional 
role of Shh signalling in pituitary tumorigenesis.

7. Notch and Hedgehog signaling 
crosstalk

Interaction between the Notch and Hedgehog 
signaling pathways is of critical importance during 
organogenesis where their concerted actions modulate 
survival, proliferation and differentiation of target 
cells ensuring the appropriate development of organs 
and the specialized functions of tissue-specific cells. 

Recent data have demonstrated the importance of 
this crosstalk in cancer biology and in the development 
of chemotherapy-resistant cancer stem cells.60 In ad-
dition, Notch and Hedgehog interaction is implicated 
in the regulation of the fate of embryonic stem cells,61 
neural progenitors in zebrafish62 and eye precursors 
in Drosophilla.63

In adult tissues, Notch and Hedgehog crosstalk stim-
ulates hepatic stellate cells to become myofibroblasts 
through activation of epithelial-to-mesenchymal-like 
transition.64 When Hedgehog signaling is suppressed 
in liver myofibrolasts/hepatic stellate cells, Notch 
is also blocked inducing a mesenchymal-like-to-
epithelial transition. In this way, Notch/Hedgehog 
interaction regulates adult liver repair of damaged 
cells by modulating mesenchymal-like-to-epithelial 
and epithelial-to-mesenchymal-like transition.64 In 
particular, regulation of Notch signaling by Hh pro-
teins in liver cells is downstream of Jagged 1 and 

is mediated, at least in part, through modulation of 
NOTCH 2 expression.64

In the central nervous system, neural progenitor 
cell proliferation is regulated by Hes1 independent 
of Notch signaling and is activated by Shh through 
transcriptional activation of Gli2.65 The stability of Gli 
proteins66 enhances Gli2 binding to Hes1 promoter at 
two Gli consensus sites only in the presence of Shh 
signaling, suggesting the mechanistic link between Shh-
Gli2 signaling and Hes1 in regulating the proliferation 
of neural progenitor cells.65 On the other hand, in brain 
tumors such as medulloblastoma and glioblastoma, 
Notch signaling via Hes1 suppresses Shh activity 
by directly inhibiting expression of Gli1.67 Primary 
human-derived glioblastomas presented a dramatic 
response to co-inhibition of Notch and Hedgehog 
signaling. However, these inversed expression levels 
between Hes1 and Gli1 were not found in all subtypes 
of glioblastomas in humans,68 implying that other 
factors, such as binding partners, heterochromatin 
structure or methylation, may also contribute.

The exact molecular mechanisms that underlie 
this feedback mechanism in cancer remain unknown 
and require further investigation. Co-treatment with 
Hedgehog and Notch inhibitors in advanced breast 
cancer (NCT01071564) is currently underway and 
may pave the way for examining the safety of such 
co-treatment potential.

In pituitary adenomas this interaction has not been 
studied yet. However, it seems that the increased 
expression of NOTCH 3 and JAGGED 1 reported in 
some studies32,33 and the low expression or absence 
of Shh and Patched 1 and 2 found by others59 could 
be more than coincidental and reflect an underlying 
feedback regulation between the two that is implicated 
in the pathogenesis of pituitary adenomas.

8. Concluding remarks

During embryonic development, the question re-
mains as to how Notch, Wnt and Hh signaling inte-
grate their activity with other cell inputs to control 
specific developmental events (Figure 5). Another 
important issue is the mechanisms by which these 
signaling molecules activate distinct target genes ac-
cording to cell type and time. Genomic studies will 
undoubtedly increase the number of target genes and 
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facilitate development of a systematic approach for 
understanding these different responses in the future. 

Impaired signaling activity of these pathways is 
implicated in the pathogenesis of cancer and disease, 
but it remains to be determined whether modulation 
of such pleiotropic and cross-talking pathways could 
be a promising target for therapeutic approach. 

Notch 3 and Jagged 1 have been implicated in 
the pathogenesis of human non-functioning pituitary 
adenomas thereby providing a potential therapeutic 
target for the medical treatment of these tumors. 
Several elements of the Notch pathways have also 
been identified in the transcriptome of prolactinomas 
and multihormonal pituitary adenomas.69 

In addition, Notch and Wnt signaling are impor-
tant regulators of cell to cell communication which 
is used by pituitary stem cells during self-renewal 
and differentiation into multiple types of special-
ized cells.70 Evidence from studies in humans and in 
mice has shown that the effector of Wnt signaling, 
β-catenin, exerts a dramatic effect on the expansion 
of the pituitary progenitor pool and the decision to 
differentiate.71 Moreover, a very common intracranial 
tumor in children, craniopharyngiomas, seems to arise 
from activation of β-catenin in pituitary progenitors 
during embryogenesis, this shedding more light on 
the pathophysiology of pituitary adenomas.

Hh signaling also exerts differential effects on 
pituitary cell growth (with stimulating effects on 

Figure 5. An integrative diagram of Notch, Hedgehog and Wnt signaling crosstalk in the regulation of normal development and tu-
morigenesis.
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progenitor cells and inhibiting effects in differenti-
ated cells) and is able to modulate hormone secretion 
and proliferation in pituitary adenomas. Moreover, 
exogenous treatment with Hh proteins in cell cultures 
has been shown to increase hormone secretion from 
pituitary tumor cells, reflecting their role as hypo-
physiotropic factors that regulate pituitary hormone 
release in normal and tissue cells.

Taken together, Hh and Notch signaling pathway 
crosstalk appears to play significant roles in pituitary 
development and tumorigenesis, this evidence pointing 
to novel targets for therapeutic interventions. Ongoing 
research will definitely increase our understanding 
of the role of these pathways in the development of 
pituitary adenomas and pave the way for their potential 
therapeutic targeting in humans.

References
	 1.	Ezzat S, Asa SL, Couldwell WT, et al, 2004 The preva-

lence of pituitary adenomas: a systematic review. Cancer 
101: 613-619.

	 2.	Ezzat S, Asa SL, 2006 Mechanisms of disease: The 
pathogenesis of pituitary tumors. Nat Clin Pract En-
docrinol Metab 2: 220-230.

	 3.	Lewis J, 1998 Notch signalling and the control of cell 
fate choices in vertebrates. Semin Cell Dev Biol 9: 
583-589.

	 4.	Bray S, 1998 Notch signalling in Drosophila: three ways 
to use a pathway. Semin Cell Dev Biol 9: 591-597.

	 5.	Ehebauer M, Hayward P, Martinez-Arias A, 2006 Notch 
signaling pathway. Sci STKE 2006: cm7.

	 6.	Ehebauer M, Hayward P, Arias AM, 2006 Notch, a 
universal arbiter of cell fate decisions. Science 314: 
1414-1415.

	 7.	Dahmann C, Oates AC, Brand M, 2011 Boundary 
formation and maintenance in tissue development. Nat 
Rev Genet 12: 43-55.

	 8.	Tossell K, Kiecker C, Wizenmann A, Lang E, Irving C, 
2011 Notch signalling stabilises boundary formation at 
the midbrain-hindbrain organiser. Development 138: 
3745-3757.

	 9.	Le Borgne R, 2006 Regulation of Notch signalling by 
endocytosis and endosomal sorting. Curr Opin Cell 
Biol 18: 213-222.

	10.	Nichols JT, Miyamoto A, Weinmaster G, 2007 Notch 
signaling--constantly on the move. Traffic 8: 959-969.

	11.	Lai EC, Bodner R, Posakony JW, 2000 The enhancer 
of split complex of Drosophila includes four Notch-
regulated members of the bearded gene family. Devel-
opment 127: 3441-3455.

	12.	Stark A, Brennecke J, Russell RB, Cohen SM, 2003 

Identification of Drosophila MicroRNA targets. PLoS 
Biol 1: E60.

	13.	Kwon C, Han Z, Olson EN, Srivastava D, 2005 Mi-
croRNA1 influences cardiac differentiation in Dro-
sophila and regulates Notch signaling. Proc Natl Acad 
Sci U S A 102: 18986-18991.

	14.	Puertas-Avendano RA, Gonzalez-Gomez MJ, Ruvira 
MD, et al, 2011 Role of the non-canonical notch ligand 
delta-like protein 1 in hormone-producing cells of the 
adult male mouse pituitary. J Neuroendocrinol 23: 
849-859.

	15.	Wendorff AA, Koch U, Wunderlich FT, et al, 2010 
Hes1 is a critical but context-dependent mediator of 
canonical Notch signaling in lymphocyte development 
and transformation. Immunity 33: 671-684.

	16.	Sparrow DB, Guillen-Navarro E, Fatkin D, Dunwoodie 
SL, 2008 Mutation of Hairy-and-Enhancer-of-Split-7 
in humans causes spondylocostal dysostosis. Hum Mol 
Genet 17: 3761-3766.

	17.	Yavropoulou MP, Yovos JG, 2014 The role of Notch 
signaling in bone development and disease. Hormones 
(Athens) 13: 24-37.

	18.	Takebe N, Nguyen D, Yang SX, 2014 Targeting notch 
signaling pathway in cancer: clinical development ad-
vances and challenges. Pharmacol Ther 141: 140-149.

	19.	Azizidoost S, Shanaki Bavarsad M, Shanaki Bavarsad 
M, et al, 2014 The role of notch signaling in bone mar-
row niche. Hematology.

	20.	O’Neil J, Grim J, Strack P, et al, 2007 FBW7 mutations 
in leukemic cells mediate NOTCH pathway activation 
and resistance to gamma-secretase inhibitors. J Exp 
Med 204: 1813-1824.

	21.	Zhou Y, Atkins JB, Rompani SB, et al, 2007 The mam-
malian Golgi regulates numb signaling in asymmetric 
cell division by releasing ACBD3 during mitosis. Cell 
129: 163-178.

	22.	Watkins-Chow DE, Camper SA, 1998 How many ho-
meobox genes does it take to make a pituitary gland? 
Trends Genet 14: 284-290.

	23.	Raetzman LT, Ross SA, Cook S, Dunwoodie SL, Camper 
SA, Thomas PQ, 2004 Developmental regulation of 
Notch signaling genes in the embryonic pituitary: Prop1 
deficiency affects Notch2 expression. Dev Biol 265: 
329-340.

	24.	Zhu X, Zhang J, Tollkuhn J, et al, 2006 Sustained Notch 
signaling in progenitors is required for sequential emer-
gence of distinct cell lineages during organogenesis. 
Genes Dev 20: 2739-2753.

	25.	Raetzman LT, Wheeler BS, Ross SA, Thomas PQ, 
Camper SA, 2006 Persistent expression of Notch2 
delays gonadotrope differentiation. Mol Endocrinol 
20: 2898-2908.

	26.	Rainbow LA, Rees SA, Shaikh MG, et al, 2005 Muta-
tion analysis of POUF-1, PROP-1 and HESX-1 show 
low frequency of mutations in children with sporadic 
forms of combined pituitary hormone deficiency and 



Notch and Hedgehog signaling in pituitary development	  17

septo-optic dysplasia. Clin Endocrinol (Oxf) 62: 163-
168.

	27.	Osorio MG, Kopp P, Marui S, Latronico AC, Mendonca 
BB, Arnhold IJ, 2000 Combined pituitary hormone 
deficiency caused by a novel mutation of a highly con-
served residue (F88S) in the homeodomain of PROP-1. 
J Clin Endocrinol Metab 85: 2779-2785.

	28.	Nantie LB, Himes AD, Getz DR, Raetzman LT, 2014 
Notch signaling in postnatal pituitary expansion: pro-
liferation, progenitors, and cell specification. Mol 
Endocrinol 28: 731-744.

	29.	Chen J, Crabbe A, Van Duppen V, Vankelecom H, 2006 
The notch signaling system is present in the postnatal 
pituitary: marked expression and regulatory activity in 
the newly discovered side population. Mol Endocrinol 
20: 3293-3307.

	30.	Kita A, Imayoshi I, Hojo M, et al, 2007 Hes1 and Hes5 
control the progenitor pool, intermediate lobe speci-
fication, and posterior lobe formation in the pituitary 
development. Mol Endocrinol 21: 1458-1466.

	31.	Raetzman LT, Cai JX, Camper SA, 2007 Hes1 is required 
for pituitary growth and melanotrope specification. 
Dev Biol 304: 455-466.

	32.	Lu R, Gao H, Wang H, Cao L, Bai J, Zhang Y, 2013 
Overexpression of the Notch3 receptor and its ligand 
Jagged1 in human clinically non-functioning pituitary 
adenomas. Oncol Lett 5: 845-851.

	33.	Evans CO, Moreno CS, Zhan X, et al, 2008 Molecular 
pathogenesis of human prolactinomas identified by 
gene expression profiling, RT-qPCR, and proteomic 
analyses. Pituitary 11: 231-245.

	34.	Pepinsky RB, Zeng C, Wen D, et al, 1998 Identifica-
tion of a palmitic acid-modified form of human Sonic 
hedgehog. J Biol Chem 273: 14037-14045.

	35.	Chen MH, Li YJ, Kawakami T, Xu SM, Chuang PT, 
2004 Palmitoylation is required for the production of 
a soluble multimeric Hedgehog protein complex and 
long-range signaling in vertebrates. Genes Dev 18: 
641-659.

	36.	Goetz JA, Singh S, Suber LM, Kull FJ, Robbins DJ, 
2006 A highly conserved amino-terminal region of 
sonic hedgehog is required for the formation of its 
freely diffusible multimeric form. J Biol Chem 281: 
4087-4093.

	37.	Nicot A, Lelievre V, Tam J, Waschek JA, DiCicco-
Bloom E, 2002 Pituitary adenylate cyclase-activating 
polypeptide and sonic hedgehog interact to control 
cerebellar granule precursor cell proliferation. J Neu-
rosci 22: 9244-9254.

	38.	Denef N, Neubuser D, Perez L, Cohen SM, 2000 
Hedgehog induces opposite changes in turnover and 
subcellular localization of patched and smoothened. 
Cell 102: 521-531.

	39.	Karpen HE, Bukowski JT, Hughes T, Gratton JP, Sessa 
WC, Gailani MR, 2001 The sonic hedgehog receptor 
patched associates with caveolin-1 in cholesterol-rich 

microdomains of the plasma membrane. J Biol Chem 
276: 19503-19511.

	40.	Martin V, Carrillo G, Torroja C, Guerrero I, 2001 The 
sterol-sensing domain of Patched protein seems to 
control Smoothened activity through Patched vesicular 
trafficking. Curr Biol 11: 601-607.

	41.	Gailani MR, Stahle-Backdahl M, Leffell DJ, et al, 
1996 The role of the human homologue of Drosophila 
patched in sporadic basal cell carcinomas. Nat Genet 
14: 78-81.

	42.	Xie J, Murone M, Luoh SM, et al, 1998 Activating 
Smoothened mutations in sporadic basal-cell carcinoma. 
Nature 391: 90-92.

	43.	King PJ, Guasti L, Laufer E, 2008 Hedgehog signalling 
in endocrine development and disease. J Endocrinol 
198: 439-450.

	44.	Wang B, Li Y, 2006 Evidence for the direct involve-
ment of {beta}TrCP in Gli3 protein processing. Proc 
Natl Acad Sci U S A 103: 33-38.

	45.	Tempe D, Casas M, Karaz S, Blanchet-Tournier MF, 
Concordet JP, 2006 Multisite protein kinase A and 
glycogen synthase kinase 3beta phosphorylation leads 
to Gli3 ubiquitination by SCFbetaTrCP. Mol Cell Biol 
26: 4316-4326.

	46.	Sheng T, Chi S, Zhang X, Xie J, 2006 Regulation of 
Gli1 localization by the cAMP/protein kinase A sig-
naling axis through a site near the nuclear localization 
signal. J Biol Chem 281: 9-12.

	47.	Bai CB, Stephen D, Joyner AL, 2004 All mouse ventral 
spinal cord patterning by hedgehog is Gli dependent 
and involves an activator function of Gli3. Dev Cell 
6: 103-115.

	48.	Marigo V, Johnson RL, Vortkamp A, Tabin CJ, 1996 
Sonic hedgehog differentially regulates expression of 
GLI and GLI3 during limb development. Dev Biol 
180: 273-283.

	49.	Chuang PT, McMahon AP, 1999 Vertebrate Hedgehog 
signalling modulated by induction of a Hedgehog-
binding protein. Nature 397: 617-621.

	50.	Bak M, Hansen C, Friis Henriksen K, Tommerup N, 
2001 The human hedgehog-interacting protein gene: 
structure and chromosome mapping to 4q31.21-->q31.3. 
Cytogenet Cell Genet 92: 300-303.

	51.	Ahn S, Joyner AL, 2004 Dynamic changes in the re-
sponse of cells to positive hedgehog signaling during 
mouse limb patterning. Cell 118: 505-516.

	52.	Vokes SA, Ji H, McCuine S, et al, 2007 Genomic char-
acterization of Gli-activator targets in sonic hedgehog-
mediated neural patterning. Development 134: 1977-
1989.

	53.	Treier M, Gleiberman AS, O’Connell SM, et al, 1998 
Multistep signaling requirements for pituitary organo-
genesis in vivo. Genes Dev 12: 1691-1704.

	54.	Treier M, O’Connell S, Gleiberman A, et al, 2001 
Hedgehog signaling is required for pituitary gland 
development. Development 128: 377-386.



18	 M.P. Yavropoulou ET AL

	55.	Zhao L, Zevallos SE, Rizzoti K, Jeong Y, Lovell-Badge 
R, Epstein DJ, 2012 Disruption of SoxB1-dependent 
Sonic hedgehog expression in the hypothalamus causes 
septo-optic dysplasia. Dev Cell 22: 585-596.

	56.	Wang Y, Martin JF, Bai CB, 2010 Direct and indirect 
requirements of Shh/Gli signaling in early pituitary 
development. Dev Biol 348: 199-209.

	57.	Roessler E, Du YZ, Mullor JL, et al, 2003 Loss-of-func-
tion mutations in the human GLI2 gene are associated 
with pituitary anomalies and holoprosencephaly-like 
features. Proc Natl Acad Sci U S A 100: 13424-13429.

	58.	Vila G, Papazoglou M, Stalla J, et al, 2005 Sonic 
hedgehog regulates CRH signal transduction in the 
adult pituitary. FASEB J 19: 281-283.

	59.	Vila G, Theodoropoulou M, Stalla J, et al, 2005 Ex-
pression and function of sonic hedgehog pathway 
components in pituitary adenomas: evidence for a direct 
role in hormone secretion and cell proliferation. J Clin 
Endocrinol Metab 90: 6687-6694.

	60.	Takebe N, Harris PJ, Warren RQ, Ivy SP, 2011 Target-
ing cancer stem cells by inhibiting Wnt, Notch, and 
Hedgehog pathways. Nat Rev Clin Oncol 8: 97-106.

	61.	Kim PG, Albacker CE, Lu YF, et al, 2013 Signaling 
axis involving Hedgehog, Notch, and Scl promotes 
the embryonic endothelial-to-hematopoietic transition. 
Proc Natl Acad Sci U S A 110: E141-150.

	62.	Huang P, Xiong F, Megason SG, Schier AF, 2012 At-
tenuation of Notch and Hedgehog signaling is required 
for fate specification in the spinal cord. PLoS Genet 
8: e1002762.

	63.	Aguilar-Hidalgo D, Dominguez-Cejudo MA, Amore 
G, et al, 2013 A Hh-driven gene network controls 
specification, pattern and size of the Drosophila simple 

eyes. Development 140: 82-92.
	64.	Xie G, Karaca G, Swiderska-Syn M, et al, 2013 Cross-

talk between Notch and Hedgehog regulates hepatic 
stellate cell fate in mice. Hepatology 58: 1801-1813.

	65.	Wall DS, Mears AJ, McNeill B, et al, 2009 Progenitor 
cell proliferation in the retina is dependent on Notch-
independent Sonic hedgehog/Hes1 activity. J Cell Biol 
184: 101-112.

	66.	Huntzicker EG, Estay IS, Zhen H, Lokteva LA, Jackson 
PK, Oro AE, 2006 Dual degradation signals control Gli 
protein stability and tumor formation. Genes Dev 20: 
276-281.

	67.	Schreck KC, Taylor P, Marchionni L, et al, 2010 The 
Notch target Hes1 directly modulates Gli1 expression 
and Hedgehog signaling: a potential mechanism of 
therapeutic resistance. Clin Cancer Res 16: 6060-6070.

	68.	Verhaak RG, Hoadley KA, Purdom E, et al, 2010 In-
tegrated genomic analysis identifies clinically relevant 
subtypes of glioblastoma characterized by abnormalities 
in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 17: 
98-110.

	69.	Jiang Z, Gui S, Zhang Y, 2012 Analysis of differential 
gene expression in plurihormonal pituitary adenomas 
using bead-based fiber-optic arrays. J Neurooncol 108: 
341-348.

	70.	Camper SA, 2011 Beta-catenin stimulates pituitary 
stem cells to form aggressive tumors. Proc Natl Acad 
Sci U S A 108: 11303-11304.

	71.	Gaston-Massuet C, Andoniadou CL, Signore M, et al, 
2011 Increased Wingless (Wnt) signaling in pituitary 
progenitor/stem cells gives rise to pituitary tumors 
in mice and humans. Proc Natl Acad Sci U S A 108: 
11482-11487.


