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Abstract I 1

Abstract

The pivotal role of the Hedgehog (Hh) signalling pathway during embryonal
development of the pituitary gland is well established. However, the knowledge about
its function in the adult pituitary is still sparse. Our group recently showed that
excessive Hh signalling in murine pituitary explants (e.g. by inducible global
homozygous Ptch depletion) leads to enhanced growth hormone (Gh), prolactin (Prl),
and adrenocorticotropic hormone (Acth) production and enhanced proliferation of
Sox2*/Sox9™ pituitary cells, which are assumed to be involved in pituitary homeostasis.
Moreover, these studies also revealed that Sox2* cells of the anterior pituitary express
Gli1, a surrogate marker for active Hh signalling. This demonstrated that the Hh
signalling pathway plays a role in the homeostasis and hormone production/release of
the adult pituitary gland. Moreover, since active Hh signalling is known to be involved
in formation/maintenance of a variety of tumour entities the fact that also ACTH-,
PRL-, and GH-producing pituitary adenoma show high Hh signalling activity indicated
a role of this pathway in pituitary tumorigenesis. However, the pituitary cell type/s which
depend on Hh signalling and the regulatory mechanisms were unknown. Thus, in this
thesis the effect of a deregulated Hh signalling in Acth-expressing cells of the adult
gland was investigated by in vivo approaches. For this purpose, the Hh signalling
pathway was activated or inactivated in pro-opiomelanocortin (Pomc)-expressing cells
of adult murine pituitary glands by homozygous Ptch or Smo depletion using cell-
specific inducible Cre/loxP system. These analyses revealed that neither activation nor
inhibition of the Hh signalling pathway impact the function of Pomc™ cells during the
development nor in the adult gland. Indeed, tissue expression analyses and in vivo
lineage tracing approaches verified that Pomc* cells never express Gli1 or descent
from Gli1* cells whereas subpopulations of Gh* cells and folliculostellate cells (FSC)
do. To analyse the role of Hh signalling in Gh-producing cells in more detail a new
deleter mouse strain was generated. Additionally, in vitro media transfer experiments
and transcriptome analyses were conducted to investigate the role of Hh signalling in
FSC, which are known to regulate the activity of endocrine pituitary cells, express Sox2
and harbour stem cell-like characteristics. These approaches revealed that Hh
signalling activation in FSC leads to the secretion of vasoactive intestinal peptide from
FSC and Gh release from GH3 cells indicating that Hh signalling in FSC regulates

hormone secretion of endocrine cells in a paracrine manner.
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1.Introduction

1.1. Structure, cell types and function of the pituitary gland

The pituitary gland is a hormonal gland with a superordinate role in the regulation of
most of the body’s function via acting as a mediator between the hypothalamus and
peripheral organs and thereby forming a hypothalamus-pituitary-peripheral organ
axis (Figure 1). The pituitary gland is located in a bony cavity (sella turgica) in the skull
at the base of the brain. It is covered by meninges and in close proximity of the
hypothalamus and the optical chiasm (crossing point of optic nerves)'. Anatomically
and functionally, the gland consists of two distinct parts: (1) the adenohypophysis,
including the anterior lobe (AL) and the intermediate lobe (IL) and (2) the
neurohypophysis or posterior lobe (PL) (Figure 1). Both the adeno- and the
neurohypophysis consist of different hormone-producing (endocrine) cell types and of

pituitary-specific non-endocrine cells (Figure 2).

The endocrine cells of the AL are corticotrophs, that secrete the adrenocorticotropic
hormone (Acth), lactotrophs, that secrete prolactin (Prl), somatotrophs, that secrete
growth hormone (Gh), thyrotrophs, that secrete thyroid-stimulating hormone (Tsh) and
gonadotrophs, that secrete luteinizing hormone (Lh) and follicle-stimulating
hormone (Fsh) (Figure 2). Acth, a derivative of pro-opiomelanocortin (Pomc), mainly
regulates glucocorticoid synthesis in the adrenal gland; Prl is responsible for milk
synthesis in females; Gh regulates metabolism and linear growth; Tsh regulates growth
and iodine uptake of the thyroid gland and Lh and Fsh control the function of gonads
by initiating maturation and maintaining reproductive function (Figure 1). The specific
binding and activation of the different hormones to their respective receptor in its target
tissue is assured by the structure of the hormones. However, in this context it is
noteworthy that the hormones Lh, Tsh and Fsh possess the same alpha subunit
(glycoprotein hormones, alpha polypeptide; a GSU) but their biological activity depends
on the beta subunit (e.g. Lhf, Tshp, Fshp) that is unique for each hormone. Beside the
endocrine cells, the gland also consists of non-endocrine cells. These cells have a
supportive function in the gland and are characterized by their agranular appearance?.

In the IL alpha melanocyte stimulating hormone (aMsh), also a derivative of Pomc, is
produced that binds to melanocytes in the skin and initiates melanogenesis and

increases melanocyte proliferation (Figure 1)34.
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In the PL oxytocin (Oxt), that is involved in parturition and recovery of the uterus, and
antidiuretic hormone (vasopressin; Adh), which controls arterial blood pressure are
produced (Figure 1)59.

The secretion of the hormones from the secretory vesicles of endocrine cells is mainly
regulated by cyclic adenosine monophosphate (CAMP) signalling. Thus, after receiving
a distinct signal from another cell, intracellular cAMP concentration of the endocrine
cell increases and an influx of extracellular Ca?* leads to exocytosis of the hormone-

containing vesicles and the release of the hormone into the blood stream?°.

1.1.1. Hormone-producing cells of the adenohypophysis

1.1.1.1. Pro-opiomelanocortin and its bioactive peptide hormones

In the adenohypophysis, Pomc is expressed in both the AL and the IL (Figure 2).
However, apart from the pituitary, also several other tissues express Pomc [e.g.
arcuate nucleus of the hypothalamus (ANH), skin and placenta]'!. The Pomc protein
resembles a precursor polypeptide, which is differentially cleaved into bioactive peptide
hormones Acth, aMsh, B-endorphin and/or B-lipoprotein depending on the tissue and
the cell-type'2. In the ANH, mainly aMsh and B-endorphin are produced from Pomc.
The neurons that secrete aMsh and B-endorphin are responsive to leptin and insulin
and are involved in regulation of energy balance and food intake'3. In the AL Pomc is
cleaved to Acth, which then is secreted from corticotrophs after stimulation with the
corticotroph  releasing factor/hormone (Crf/Crh) that originates from the
hypothalamus'®. Acth exits the gland via the hypophyseal vein and activates cells of
the adrenal cortex provoking the production of glucocorticoids. Thus, Acth is the key
player in the hypothalamus-pituitary-adrenal gland axis (Figure 1). Free
glucocorticoids inhibit the release of Acth by blocking the hypothalamic neurons as well
as the corticotrophs and thereby acting as a negative feedback loop. Glucocorticoids
are a subgroup of steroid hormones and are involved in many metabolic processes.
They control gluconeogenesis in the liver'S, protein consumption in the muscles’s,
blood pressure'”'8, they increase the amount of fatty acids in the circulation’® and
increase the expression of fatty acid synthase?%2?!. One of the main representatives of
the glucocorticoid group is cortisol, also called the “stress hormone” that is mainly

produced during stress situation. However, blood serum concentration of Acth and
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cortisol vary during the day depending on the level of activity in a species?2.

1.1.1.2. Prolactin and its effects on metabolism

Prl - secreted by lactotrophs - promotes milk synthesis and preservation of lactation
postnatally?® (Figure 1). Thus, the amount of Prl secreting cells in the pituitary varies
depending on the female lactation cycle. Beyond that, Prl also increases glucose
homeostasis by increasing the mass of beta cells of the pancreas. Hence,
pathologically enhanced Prl levels can lead to insulin resistance?*25. Prl was also
shown to increase dihydroepiandrosterone?3, cortisol and aldosterone secretion from
the adrenal cortex?6. Moreover, it plays a role in immune responses?’, is involved in
osmoregulation?® and can stimulate proliferation, differentiation and migration of

neuronal stem cells?®.

The secretion of Prl is mainly regulated by endocrine neurons of the hypothalamus via
the dopaminergic system. Thereby the neurotransmitter dopamine inhibits Prl release
from the pituitary gland. Furthermore, Prl secretion is stimulated by Trh, Oxt,
neurotensin3?, angiotensin Il and acetylcholine (ACh)3'and inhibited by somatostatin,

y amino butyric acid (GABA)3°, arginine-vasopressin peptide32 and neuropeptide Y31,

1.1.1.3. Growth hormone and its biological role

The main regulatory molecules for Gh secretion from the AL are hypothalamic growth
hormone releasing hormone (Ghrh) and somatostatin33. Thereby Ghrh binds to the
Ghrh receptor (Ghrhr) on somatotrophs, which leads to an upregulation of Gh and
Ghrhr transcription and Gh release. Gh is liberated into the blood stream and regulates
the expression of insulin-like growth factor 1 (Igf-1) from the liver. High blood serum
levels of Gh and Igf-1 in turn lead to a decreased Ghrh release and an enhanced
somatostatin secretion from the hypothalamus which then blocks Gh secretion from
the pituitary.

The main function of Gh is the regulation of longitudinal growth after birth (Figure 1).
Nevertheless, it also regulates lipolysis in adipocytes and decreases body fat, it

maintains muscle mass and strength3334, It furthermore stimulates B and T cell
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proliferation, immunoglobulin synthesis3®, growth of the heart®® and axon growth of
developing nervous tissue3437:38 However, Gh is not exclusively expressed in the AL
of the pituitary since it can also be found in e.g. reproductive, respiratory and skeletal
tissue3®4! where it is involved in oocyte maturation4?, lung development*® and

regulation of cartilage growth#4,

1.1.1.4. Thyrotrophic hormone and its function

Tsh, the main regulator of thyroid gland’s function, is released from the pituitary in
response to the hypothalamic thyroid-releasing hormone (Trh). In the thyroid gland,
Tsh stimulates the release of triiodothyronine (T3) and thyroxine (T4) from follicular
cells (Figure 1). High T3/T4 blood serum levels reduce Tsh secretion from the pituitary
resulting in a negative feedback loop for Tsh production. T3/T4 act on nearly all organs
but generally their stimulation leads to increased metabolic rate and

thermogenesis?45-46.

1.1.1.5. Gonadotrophic hormones and their role in reproduction

Gonadotrophs produce the two gonadotrophic hormones Lh and Fsh. Both hormones
act in a synergistic manner to stimulate follicular growth and ovulation in
females#” (Figure 1). Lh regulates the order of the menstrual cycle and is pivotal for
ovulation and implantation of an egg in the uterus via increasing the level of oestrogen
and estradiol®. However, in males Lh is involved in the release of testosterone from
Leydig cells of the testes*?® (Figure 1). Fsh is involved in folliculogenesis, oocyte
selection and synthesis of sex steroid hormones in females®®. In males, it regulates
testicular development and spermatogenesis®!. Both Lh and Fsh are released after
stimulation with the gonadotropin-releasing hormone (Gnrh) from the hypothalamus®2.
Increased levels of testosterone and oestrogen lead to inhibition of Lh and Fsh release

in a negative feedback mechanism33,
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Figure 1 Target organs of hormones of the pituitary gland. The murine pituitary gland (center) is subdivided
into the anterior lobe (AL, grey), the intermediate lobe (IL, dark grey) and the posterior lobe (PL, black). Growth
hormone (Gh), adrenocorticotropic hormone (Acth), luteinizing hormone (Lh), follicle-stimulating hormone (Fsh),
thyroid-stimulating hormone (Tsh) and prolactin (Prl) are produced in the AL. Alpha melanocyte-stimulating
hormone (aMsh) is produced in the IL. Oxytocin (Oxt) and antidiuretic hormone (Adh) are produced in the PL.

1.1.2. Non-endocrine cells of the adenohypophysis

The major role of the pituitary gland is the release of hormones that regulate most of
the body’s function. It receives signals from the hypothalamus and controls itself via
negative feedback inhibition. However, beside the 5 endocrine cell types the adult

adenohypophysis also harbours non-endocrine cell types.

As described for other adult organs (e.g. brain, trachea, hair follicle) also the adult
pituitary harbours Sox2- [SRY (sex determining region Y)-box 2] expressing stem
cells®458. In the pituitary Sox2* cells are mainly located in a specific compartment called
marginal zone (MZ) (Figure 2). The MZ is a thin cellular layer at the border of the AL
to the IL. Besides the MZ Sox2* are occasionally found also in the AL34%. The Sox2*
cells in the pituitary are able to recreate all endocrine cell types of the gland®.
However, a major depletion of these cells does not affect the homeostasis or
remodelling of the gland and therefore the final role of these cells is not fully

elucidated®?.
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Besides these putative stem cells, the adult pituitary also contains a non-endocrine cell
type which was first discovered in 19532. These cells were encountered throughout the
complete adenohypophysis and were named folliculostellate cells (FSC) in regard to
their star-like processes and their follicles (Figure 2). FSC form a meshwork, that
comprise about 10 % of the cells of the adenohypophysis and in which they are
connected via gap junctions and signal via calcium waves®!-%4. In addition, they stain
positive for the calcium-sensing protein S1008364. Therefore, it has been assumed that
FSC display a local communication network in the pituitary. Moreover, due to their
morphology, their S100 expression and their ability to perform phagocytosis it was
furthermore suggested that FSC might represent immune cells of the
adenohypophysis®5-68. However, FSC produce a plethora of different signalling
molecules including annexin A1 (Anxa1)89, follistatin (Fst)?%"1, basic fibroblast growth
factor (bFgf)”2, vascular endothelial growth factor (Vegf)’375, pituitary adenylate
cyclase-activating peptide (Pacap)’®, transforming growth factor B1 (Tgff1) and
leptin”” as well as receptors for Pacap’®7°, glucocorticoids??, leptin 77, Vegf®!, platelet
derived growth factor (Pdgfr)®, norepinephrine®3, vasoactive intestinal peptide (Vip)®,
angiotensin® and Tsh®. Thus, FSC obviously are capable to respond to certain
signalling pathways and send signals to neighbouring cells. However, their distinct role
in the homeostasis of the adenohypophysis remains unclear and is under constant

discussion86:87,

Dorsal

I<Acth >Prl €Gh =aMsh —Sox2|

Figure 2 Schematic representation of a transverse section of an adult murine pituitary gland. The pituitary
gland is subdivided in 3 parts (anterior lobe, AL; intermediate lobe, IL; posterior lobe, PL), whereas the AL and the
IL together comprise the adenohypophysis and the PL represents the neurohypophysis. In the AL
adrenocorticotropic hormone- (Acth), prolactin- (Prl) and growth hormone- (Gh) secreting cells are located, whereas
Acth* cells are found rather at the border. In the IL alpha melanocyte stimulating hormone (aMsh) secreting cells
are observed. SRY (sex determining region Y)-box 2 (Sox2) expressing cells are located in the marginal zone (MZ),
a thin layer at the margin of the AL, as well as scattered throughout the AL. In a closer magnification of the AL
(magnifying glass) a folliculostellate cell (FSC) is shown with its characteristic morphology and the connection to
the endocrine cells. For convenience Tsh, Lh, Fsh, Oxt and Adh secreting cells are not shown.
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1.2. Pathology of the pituitary gland

The most common disease of the pituitary gland is the pituitary adenoma (PA), a
tumour that represent 10-15 % of all intracranial tumours. The prevalence of a pituitary
tumour is approximately 17 %3%-°1. In general (>95 %) PA develop from a sporadic
neoplasms and are not associated to a hereditary syndrome®2. However, 5—7 % of
patients with PA have a familial isolated pituitary adenoma (FIPA) or suffer from the
multiple endocrine neoplasia type 1 (MEN1) syndrome®3%4, PA occur predominantly in
adulthood and are localised in the adenohypophysis. They are identified by histology,
immunohistochemistry, ultrastructural analysis, biochemical findings, imaging and the
intraoperative impression. 3 groups of tumours are distinguished based on the
biological behaviour of the tumour: (1) benign PA, (2) invasive PA and (3) pituitary
carcinomas®-%7. The largest group comprises the benign adenomas that account for
approximately 65 % of all pituitary neoplasm, 35 % belong to the invasive PA that could
infiltrate the dura mater, cranial bone or the sphenoid sinus but less than 0.2 % are
carcinomas that could metastasize®®192. Clinically PA are characterised by
considerable hormonal dysfunctions and/or symptoms deriving from a neoplastic
expansion that damage neighbouring structures and lead to visual field deficits and
headache'®. In general PA grow slowly and are often incidentally diagnosed by

magnetic resonance imaging conducted for an unconnected reason'%4,

Based on the hormone production of the PA they are classified as lactotrophinomas
(PRL-secreting, 50 % of all adenomas), gonadotrophinomas (FSH- or LH-secreting,
~30 % of all adenomas), somatotrophinomas (GH-secreting, ~15-20 % of all
adenomas), corticotrophinomas (ACTH-secreting, ~5-10 % of all adenomas) and
thyrotrophinomas (TSH-secreting, <1 % of all adenomas). However, PA can secrete
more than one hormone®:1%5, Since distinct hormones affect different cell types and
tissues, the symptoms of a PA are abundant. For example, corticotrophinomas can
result in development of Cushing’s disease (Morbus Cushing) that is accompanied by
weight gain, growth of fad pads in the face and fatigue'%® whereas somatotrophinomas
can lead to a clinical manifestation of acromegaly that is characterized by excessive

skeletal growth and soft tissue enlargement!%7.

In accordance with the fact that PA go along with many different and partly severe
symptoms, PA are usually surgically removed (resection) and/or treated by radiation

and/or therapeutic therapy'®®. However, promising pharmacological therapeutic
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approaches are currently only available for lactotrophinomas (dopamine agonists) and
the somatotrophinomas (somatostatin analogues)'?®-1"" whereas so far no adequate
pharmacotherapy has been established for the treatment of clinically inactive
adenomas PA (PA without detectable hormones production). Thus, resection is the
treatment of election12113, |n addition, for patients suffering from adenomas with a high
recurrence rate (7-12 %) that require repeated surgical and/or radiotherapeutic, only
experimental therapeutic approaches are currently available intervention14-121,
Moreover, such problematic courses can only be described very insufficiently by the
actual established criteria from diagnostics (determination of hormone secretion,
determination of proliferation tendency and size of the adenoma) and thus target
molecules for pharmacotherapeutic intervention are actually unknown'22124
Altogether the molecular pathogenesis of PA and possible differences between
different adenoma subtypes, are still largely unclear which impedes the development

of new pharmacotherapeutic treatment options?25.
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1.3. Hedgehog signalling and the pituitary gland
1.3.1. The Hedgehog signalling pathway

The Hedgehog (Hh) gene was firstly described in 1980 by Nusslein-Volhard &
Wieschaus which observed that Hh depletion leads to a spike-like (“Hedgehog”-like)
phenotype in Drosophila melanogaster larvae'?s. In vertebrates the 3 Hh homologs
Sonic Hh (Shh), Desert Hh (Dhh) and Indian Hh (Ihh) were identified, all acting as
ligands for activation of the Hh signalling pathway. Shh - the best characterized
vertebrate Hh - is widely expressed in mammalian tissues especially in the limb buds,
neural tube and liver during early embryonic development!?7-130_ Hh proteins act in a
paracrine and autocrine manner and thereby affecting neighbouring cells and the
secreting cells. The bioactive form of Shh requires post-translational modifications of
the protein. Thus, newly synthesized Shh preproprotein is autoprocessed into an N-
terminal signalling domain (Shh-N) and a C-terminal catalytic domain (Shh-C). During
this process, a cholesterol molecule is added to the C-terminus and a palmitate
molecule to the N-terminus of Shh-N131-133_ Afterwards the bioactive Shh-N protein is

released by sequestering cells via the transmembrane protein Dispatched1 (Disp1)134-
136

Besides the Hh gene Nusslein-Volhard & Wieschaus also discovered the Patched (Ptc)
gene which encodes for the Hh ligand receptor'26:137.138  |n vertebrates two Ptc
homologs - Patched?1 (Ptch) and Patched2 (Ptch2) - exist130:139.140 The 12-
transmembrane Ptch protein function as a negative regulator of Hh signal transduction
since without Hh binding it suppresses the activity of the transmembrane protein
Smoothened (Smo) and thereby the whole Hh signalling pathway'37:138, Upon Hh
binding to its receptor, Ptch-meditated inhibition of the Smo protein is released which
results in the processing of transcription factors of the Glioma-associated

oncogene (Gli) family and target gene expression (Figure 3)41.

However, the functionality of the Hh signalling pathway is closely linked to the
existence of primary cilia on a certain cell type. A primary cilium is a slender protrusion
of nearly all vertebrate cells. It functions as an antenna and is involved in the
transduction of external signals into cellular responses’#2. In case of Hh signalling the
primary cilium acts as an antenna for Hh ligands since its receptor Ptch is located at

the ciliary membrane whereas Smo is enclosed in vesicles in the cytoplasm (Figure 3).
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Binding of Hh to Ptch leads to degradation of the ligand/receptor-complex from the
cilium and to the translocation of Smo to the ciliary membrane (Figure 3). Thus, Smo
signal transduction is activated which results in activation of Gli transcription factors
(Figure 3). In vertebrates, the Gli family comprises 3 members (Gli1, Gli2 and Gli3) that
can act as activators or repressors of transcription. Only Gli1 exists in a full-length
transcriptional activator (Gli1A) form, whereas Gli2 and Gli3 can act as both activator
(Gli2A/Gli3A) and repressor (Gli2R/Gli3R) depending on post-transcriptional and post-
translational modifications. In the absence of Hh ligands Gli proteins are
phosphorylated and converted into the respective repressor form or are degraded
whereas in the presence of Hh ligands Gli proteins are processed into their full-length
activator forms and are translocated into the nucleus to activate target gene
expression'43. Target genes of the active pathway include Hh signalling activators (e.g.
Gli1) as well as repressors [e.g. Ptch and Hhip (Hh interacting protein)]. Thus, Hh
signalling activation leads to a signal amplification and negative feedback regulation
simultaneously (Figure 3).

Depending on (1) the amount of Hh ligands, (2) the cell-type of the receiving cell and
(3) the time point during the cell is exposed to Hh ligands the target genes of Hh
signalling range from growth [insulin-like growth factor 2 (Igf2)'** and Pdgfr] to
vascularization (Vegf)'45, stemness [nanog homeobox (Nanog), Sox2] and epithelial-
to-mesenchymal transition (EMT) [matrix metalloproteinase (Mmp)9, Snail]'?7-128:141,146-
152 Although there are plenty of genes transcribed after activation of Hh signalling Gli1
expression is considered to be the most reliable read-out for detection of active Hh

signalling53-155,
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Figure 3 Schematic representation of the Hh signalling pathway. In the inactive state of the pathway, the Hh
receptor Ptch (red) is located at membrane of the primary cilium whereas the Smo protein (green) is localized in
intracellular vesicles. This leads to the processing of the Gli transcription factors to their repressor forms (GIiR,
yellow) that translocate into the nucleus and prevent target gene transcription (A). Binding of one of the Hh ligands
(blue) to the receptor Ptch results in Smo translocation into the primary cilium and induces the generation of Gli
activator forms (GliA, orange). GliA translocate in the nucleus and act as transcriptional activators for Hh-specific
gene transcription (B). Modified from Jiang et al. 2008156,

Ptch and Smo are the key player of Hh signalling. Therefore, depletion of one of these
genes is an effective tool to modulate Hh signalling adequately. Genetically modified
mice harbouring floxed alleles of Ptch (Ptchf, Figure 5)'57 or Smo (Smof, Figure 15)158
permit a Cre-recombinase-mediated depletion of the respective gene resulting in
constitutive activation (Ptch“/) or inactivation (Smo®/) of the pathway, respectively.
Thereby, cell-specific expression of the Cre-recombinase as well as application of a
Cre-recombinase activator (e.g. tamoxifen for CreERT2-recombinases) determine the
recombination of the floxed alleles and thus enable the analysis of a cell-specific
deregulated Hh signalling in vivo (for further details about the used genetically

engineered mouse lines see Table 17).
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1.3.2. Hh signalling in the developing and adult pituitary gland

The Hh signalling pathway is essential for the development of organs, tissues and cell
structures'®. It plays an important role during the formation of limbs and digits'€?, is
required for the development of the neural tube'®1162 and the mammary gland
epithelium'63, Additionally, the development of the pituitary gland is closely linked to

the regulation of the Hh signalling cascade'54.

The pituitary gland of vertebrates originates from two different ectodermal structures:
the oral ectoderm, which gives rise to the adenohypophysis and neural ectoderm that
develops into the neurohypophysis'65-168  During embryogenesis the oral ectoderm
invaginates and comes into close contact to a part of the neural ectoderm (ventral
diencephalon) to form Rathke’s pouch that resembles the primordium of the pituitary
gland 169170 The ventral diencephalon evaginates ventrally and forms the infundibulum
that develops into the PL and the pituitary stalk (connection between the pituitary gland
and the brain)'”1. The pouch separates completely from the oral ectoderm and the
lumen perseveres as pituitary cleft, separating the AL and IL in the mature organ.
Differentiation of the gland occurs via a ventrally relocation of the cells. Proliferative
progenitors are located in a perilumenal area that is still present in the adult34.
Glycoprotein hormones alpha subunit (Cga) encoding for aGSU is the first differential
marker that is expressed in the developing gland. Cells expressing this marker also
express the transcription factor Islet-1 (/s/7), indicating that they are determined to
become thyrotrophs. Cga is expressed by gonadotrophs and thyrotrophs of the mature
gland. Next, corticotrophs start to differentiate based on their expression of Pomc.
Afterwards explicit thyrotrophs are detected characterised by their expression of Tshb.
The somatotroph and lactotroph lineage develops nearly at the same time and are
marked by Gh and Prl expression. The last developing endocrine cell-type are the

gonadotrophs that express Lhb and Fshb'72175,

During early pituitary development Shh expression is detected in the oral ectoderm but
not in Rathke’s pouch itself'6417 However, Ptch is highly expressed in Rathke’s pouch
and Gli proteins are expressed in the ventral diencephalon and in Rathke’s pouch
indicating that the developing pituitary gland is capable to respond and react to Hh
signalling'64176, Complete depletion of Shh leads to the loss of midline structures of
the brain and cyclopia and thereby even no pituitary gland precursor is formed.
Therefore, loss of function studies of proteins implicated in Hh signalling during pituitary
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gland development are hardly to assess'?”. Nevertheless, ectopically expression of the
Hh antagonist Hhip in the oral ectoderm and in Rathke’s pouch leads to arrested pouch
development. Moreover, overexpression of Shh in early developing aGSU* cells
results in up-regulation of the bone morphogenic protein 2 (Bmp2) that is
physiologically expressed in Rathke’s pouch, and thereby to enhanced proliferation of
thyrotroph and gonadotroph cell-types'6417°. Besides aberrations in the Hh ligand also
the deletion of Gli1 or Gli2 leads to variable lack or the complete lack of the pituitary>178,
Moreover, in humans inactivating mutations in GL/2 are associated with
hypopituitarism'?®, malformation of the pituitary gland'® and aplasia’® of the
adenohypophysis. These results indicate that Hh signalling plays a pivotal role in both
development as well as differentiation of the pituitary gland. Moreover, the expression
of Gli1 and/or Gli2 rather seems to be a necessary factor/s for proliferation than for

differentiation of the gland.

Besides its crucial role in the vertebrate development Hh signalling is also implicated
in cell differentiation, stem cell maintenance, tissue homeostasis and repair of adult
organs'28182. However, the knowledge about the role of the pathway in the adult
pituitary is sparse although several lines of evidence point towards an implication of
Hh signalling in the maintenance and function of the adult gland. Thus,
immunohistological stainings of adult human pituitaries showed a PTCH expression in
gonadotrophs and thyrotrophs, a PTCH2 expression in somatotrophs and in a
subpopulation of lactotrophs and GLI1 and SHH expression in corticotrophs. Due to
these results, an active HH signalling in gonadotrophs, thyrotrophs, somatotrophs,
lactotrophs and corticotrophs was assumed'83. In vitro studies furthermore revealed
that Shh stimulation leads to increased Pomc transcription, elevated Acth secretion
and inhibition of cell growth of the murine corticotroph cell line AtT-20 and to increased
Gh and Prl secretion of the rat somatotroph cell line GH3183184  These results
suggested that activation of Hh signalling in pituitary endocrine cells triggers hormone

secretion and inhibits their proliferation.

However, our group demonstrated that Gli1 — the most reliable read-out for active Hh
signalling — is expressed in Sox2" (stem) cells of the AL in murine adult
pituitaries (Figure 4). Moreover, activation of Hh signalling via homozygous Pich
depletion in every cell of murine pituitary explants lead to a significant increased

transcription of Pomc, Gh and Prl and an elevated Acth release (Figure 4). Beyond
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that, Ptch depletion also results in an increased proliferation of Sox2* and Sox9* (SRY-
box9) pituitary cells. These results indicated that active Hh signalling indeed affects
hormone production of corticotrophs, somatotrophs and lactotrophs but also has a
proliferative effect on Sox2* and Sox9*" non-endocrine pituitary cells in the adult
adenohypophysis'®. Furthermore, Ptch and Smo were detected in a subset of pituitary
stem cells'86:187_ Additionally, Gli1 and Gli2 are increased in these stem cells after injury

of the pituitary gland88-190,

wild-type ubiquitous Ptch depletion

Pomc# Acth4 Gh+t Prit

[<Acth >Prl€Gh=uMsh-Sox2 ~Sox2/Gli1* vGli1*|

Figure 4 Schematic representation of the role of Hh signalling in the adult pituitary. In adult wild-type pituitary
glands (left) two Gli1* cell populations are detected: (1) Sox2*/Gli1* double positive cells and Sox2"9/Gli1* cells
that are located in the anterior lobe (AL). A homozygous ubiquitous Ptch depletion in adult murine pituitaries (right)
leads to enhanced proliferation of Sox2* cells and increased transcription of Pomc, Gh and Prl. Furthermore, the
glands secrete increased levels of Acth. IL: intermediate lobe; PL: posterior lobe.

1.3.3. Hh signalling and pituitary pathology

Well restricted and regulated Hh signalling is essential for proper development and
maintenance of adult organs, tissues and cell structures. Changes in the activity
pattern of the pathway play a not negligible role in the development of diseases. In
particular, pathological Hh signalling activation, e.g. due to inactivating mutations of
Ptch or activating mutations of Smo, can cause developmental defects and/or tumour
development'3é, Thus, Gorlin-Goltz-syndrome (nevoid basal cell carcinoma syndrome)
patients with a heterozygous germline PTCH mutation suffer from developmental
defects, are predisposed for the development of basal cell carcinoma (BCC) and have
a higher risk for medulloblastoma, glioma and meningioma formation'91-195, Beyond

that also somatic mutations that lead to a pathologically activated Hh signalling
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pathway (e.g. inactivating mutations of Ptch, activating mutations of Smo,
amplifications of HH or GL/) can lead to tumour development e.g. of the skin (BCC)19¢-

200 the gastrointestinal system??!, the pancreas?2 or the lung?°3.

The role of HH signalling in the pathology of the adult pituitary is sparse although
Gorlin-Goltz-patients occasionally show characteristics of acromegaly and inactivating
mutations of GL/2 correlate with holoprosencephaly and lack of the
adenohypophysis179.181,204-206  Because Hh signalling plays a significant role during
pituitary development and HH signalling proteins are expressed in healthy adult
pituitary glands it can be assumed that HH signalling may be also implicated the

pathogenesis of the gland.

However, early immunohistological studies on human PA detected SHH expression
only in exceptional cases whereas PTCH and PTCH2 were expressed in a moderate
level in the investigated samples. Therefore, the authors concluded that HH signalling
is rather downregulated than overactivated in PA'83. Since this observation stands in
clear contrast to the well-accepted role of Hh signalling in tumour formation, our group
also analysed the expression pattern of the Hh signalling activator SHH and its
downstream target GL/71 in approximately 100 human PA samples. Remarkably, this
approach revealed that the HH signalling pathway is overactivated in ACTH-, GH- and
PRL-expressing PA'85. Together with the fact that Hh signalling activation in murine
pituitaries increased the proliferation of Sox2* cells these data suggest that a
deregulation of the Hh signalling pathway might play a crucial role in the development
of pituitary neoplasia and thus might be a potential new therapeutic target for treatment
of PA18S,
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1.4. In vitro and in vivo models to study pituitary tumorigenesis

Investigations on pituitary tumorigenesis and tumour progression is ideally based on
model systems that reflect the characteristics of a pituitary tumour in an adequate
manner. Thus, the pituitary pathogenesis can be either investigated by analysing
tumour-derived cell lines or primary culture of PA-derived material or by in vitro or
in vivo studies of animal models that develop a pituitary tumour to certain frequency.
In the last decades plenty of pituitary cell lines were established that derive mainly from
rodents and belong either to a PA (including expression a specific hormone) or a
carcinoma. The most frequent used pituitary cell lines are GH3, AtT-20 and TtT/GF 297,
GH3 cells derive from a Gh secreting rat pituitary adenoma and were established
19682%8. They secrete Gh as well as Prl and express different receptors including
oestrogen receptor??, thyroid hormone receptor?'® and somatostatin receptor?!1. AtT-
20 cells were established 1966 from a murine Acth secreting PA212, In 1992, Inoue and
colleagues established the murine FSC cell line - TtT/GF - that derived from a
thyrotrophic pituitary tumour?'3. TtT/GF cells resemble morphological features and

expression of S100 of FSC and were used for cell migration and invasion studies?6:213-
219

Beyond that, also primary pituitary cell culture from human?2, rat?2! and murine??2 PA
has been used to investigate pituitary tumour behaviour. In fact, these cells more
precisely reflect the physiological status of a PA than immortalized cell lines.
Additionally, primary tumours can be used for xenotransplantation. For this purpose
the tumour cells are dissociated and afterwards transplanted in the brain or under the
skin of immunosuppressed mice?23-226_ \With this approach, the proliferation and the
invasiveness of the tumour can be investigated in more detail and
pharmacotherapeutics can be applied in a physiological-like setting. However,
prolonged cultivation of primary cultured cells is often impossible and collection of

source material, especially if human samples are requested, is difficult.

Unfortunately, cell lines and primary cultures mostly are restricted to one cell type of a
full-blown pituitary tumour. Additionally, immortalized cell lines often encountered
genetic changes, i.e. gene mutations or chromosome aberrations?27228. Therefore, this
system is not necessarily suitable to investigate early tumorigenesis. Moreover,
hypothalamic signals and feedback loops from peripheral organs cannot be recreated

appropriately in in vitro approaches. Thus, an in vivo model system is more convenient
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to address these obstructions.

There are over 30 animal (predominantly mice) models available to investigate pituitary
tumorigenesis. They were generated based on activation of an oncogene or
inactivation of a tumour suppressor gene. The targeted genes include both genes that
are known to be implicated in the development and progression of human pituitary
tumours and genes that are not directly associated to the development of pituitary
tumours. Most of the models include mutations in the Men1 or 4 gene%%229-238 patients
carrying mutations in this gene suffer from different tumours affecting the parathyroid,
pancreas and pituitary?3%-243, Heterozygous deletion of Men7 in mice results in PA
formation with an incidence of 26-45 % whereas homozygous deletion is embryonic
lethal®9:229,230,233-235,244.245 Nevertheless, also mutations in genes that are implicated in
regulation of the cell cycle can result in PA or pituitary carcinoma formation [e.g.
retinoblastoma (Rb), cyclin-dependent kinase inhibitor 2B (Cdkn2b)]. Thus,
heterozygous depletion of Rb leads to pituitary carcinoma246-24¢ and homozygous
Cdkn2b knockout leads to PA formation?4®. Not only inactivation or loss of specific
genes results in PA or carcinoma development but also the overexpression of certain
proteins. For example, human pituitary tumours overexpress the pituitary tumour
transforming gene (PTTG) which is involved in genome stability?5°. Overexpression of
PTTG in murine aGSU* cells causes focal pituitary hyperplasia?®! whereas inactivation
is associated with pituitary hypoplasia?52. Moreover, cyclin E1 expression in Pomc*
cells drives PA growth and increases PA incidence and frequency in mice?%3,

Thus, PA animal models are advantageous to understand tumour formation in this
complex organ and they provide a crucial support for the development of novel
therapies. However, available animal models have only a prevalence of PA formation
of maximum 45 %. Therefore, it is essential to develop also new model systems to

understand PA formation and maintenance in an improved way.
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2. Aim of the thesis

The pituitary gland is the master gland of the body. It regulates a vast majority of body
functions and works as a link between the brain and peripheral organs. Although the
regulation of hormone release from the gland is strictly regulated, the pituitary has a
high incidence to develop tumours that can alter the hormone regulation and thereby
can have devastating consequences for the patient. Previous data from our lab showed
that the Hh signalling pathway, which plays an important role in adult tissue
maintenance and tumour development, is also implicated in pituitary homeostasis and
pathology. However, the Hh-regulated cell type and the mechanism of Hh-mediated

hormone release in normal and diseased pituitaries was not identified so far.

Thus, the main focus of this thesis was to determine the impact of Hh signalling in the
adult pituitary on cellular level and to evaluate if active Hh signalling might be a

potential driver for PA formation.

For this purpose, first tamoxifen-inducible conditional mouse models for activation
(Ptch depletion) or inactivation (Smo depletion) of Hh signalling in corticotrophs of the
adult pituitary were established. Afterwards it was analysed if the deregulation of the
pathway in corticotrophs results in symptoms of hypo- or hypercorticolism and/or PA

development.

Secondly, an in vivo Gli1-lineage tracing approach was used to identify the pituitary
cell type/s, which descend from Gli1* cells in the normal adult gland. Since Gli1 is the
most reliable marker for active Hh signalling the lineage tracing results should be used
to determine the cellular population/s that show active Hh signalling in the adult
pituitary. Following, combined RNAScope/immunohistological stainings were used to
verify the expression of Gli1 in subpopulations of somatotrophs and FSC of normal

adult murine and human pituitaries.

In a third approach, the effect of activated Hh signalling in the murine FSC cell line
TtT/GF was investigated. Thereby, transcriptome analyses and medium transfer
experiments were applied to determine candidate molecules that might regulate

hormone production from endocrine cells in response to Hh signalling activated FSC.



3. Materials and Methods

3.1. Material

3.1.1. Technical equipment

Table 1 List of used technical equipment

Technical Equipment
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Supplier

3500xL Genetic Analyzer

Thermo Fisher Scientific Inc., Waltham, MA,
USA

7900 HT Fast Real-Time PCR System

Applied Biosystems, Waltham, MA, USA

Agarose gel electrophoresis chamber

Peglab Biotechnology GmbH, Erlangen,
Germany

Autoclave (9216E)

Fedegari Autoclavi SpA, Albuzzano, ltaly

Autoclave (Systec DX-150)

Systec GmbH & Co. KG, Linden, Germany

Blood Glucose Measurement Device
(Contour XT)

Bayer AG, Leverkusen, Germany

Centrifuge (1-15K)

Sigma Laborzentrifugen GmbH, Osterode,
Germany

Centrifuge (5427 R)

Eppendorf AG, Hamburg, Germany

Centrifuges (Biofuge pico, fresco, primo,
Multifuge 3LR)

Heraeus Holding GmbH, Hanau, Germany

COgz-Incubator (6000, BBD, 6220)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

COgz-Incubator (CB220-230V-G)

Binder GmbH, Tuttlingen, Germany

Cooling plate (EG1150 C)

Leica Microsystems GmbH, Wetzlar,
Germany

Cryostat (CM 1900-1-1)

Leica Microsystems GmbH, Wetzlar,
Germany

Digital monochrome thermal video printer
(P91D)

Mitsubishi Electric Co., Tokyo, Japan

Dispersing tool for homogenizer (DS-8/P)

Miccra GmBH, Heitersheim, Germany

Dissection tools

Karl Hammacher GmbH, Solingen,
Germany

Fragment Analyzer,

Agilent Technologies, Santa Clara, CA,
USA

Freezer (-20 °C)

Liebherr GmbH, Bulle, Switzerland

Freezer (-80 °C)

Sanyo Electric Co., Ltd., Osaka, Japan

Freezing container (Mr. Frosty™)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Fridge (4 °C)

Robert Bosch GmbH, Stuttgart, Germany

Gas burner

Campingaz, Hattersheim, Germany

Heating block shaker (ThermoMixer®)

Eppendorf AG, Hamburg, Germany

High-precision scales (Sartorius Basic plus
2100)

Sartorius AG, Goéttingen, Germany

HiSeq4000

lllumina, San Diego, CA, USA

Homogenizer (Miccra D-1)

Miccra GmBH, Heitersheim, Germany

Hybridization oven (HB-1000 Hybridizer)

Analytik Jena US, Upland, CA, USA

Inverted fluorescence microscope (Axiovert
25)

Carl Zeiss GmbH, Jena, Germany

Inverted research microscope (1X71)

Olympus Optical Co., Ltd., Tokyo, Japan

Liquid nitrogen tank

L’air liquid S.A., Paris, France

Magnetic stirrer (MR3000/3001)

Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany
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Supplier

Microplate reader (SynergyMx)

BioTek Instruments GmbH, Bad
Friedrichshall, Germany

Microscope (FV3000)

Olympus Optical Co., Ltd., Tokyo, Japan

Microscope (Olympus BX 60)

Olympus Optical Co., Ltd., Tokyo, Japan

Microtome (HN 40)

Leica Microsystems GmbH, Wetzlar,
Germany

Microwave oven (Dimension 4)

Panasonic Corp., Kadoma, Japan

Neon™ Transfection system

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Neubauer counting chamber

Brand GmbH & Co KG, Wertheim, Germany

Paraffin dispenser (PAG12)

Medite Medizintechnik GmbH, Burgdorf,
Germany

Paraffin tissue floating bath

Medax GmbH & Co. KG, Rendburg,
Germany

PCR Thermocycler (Labcycler Basic,
Labcycler Gradient)

SensoQuest GmbH, Géttingen, Germany

PCR Thermocycler (Mastercycler®)

Eppendorf AG, Hamburg, Germany

pH-meter (inoLab, pH Level 1) and
electrode (SenTix 91)

WTW, Weilheim, Germany

Pipette controller (accu-jet® pro)

Brand GmbH & Co. KG, Wertheim,
Germany

Pipettes (Multi- and single-channel pipettes)

Eppendorf AG, Hamburg, Germany

Platform shaker (Unimax1010)

Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany

Power supply for agarose gel
electrophoresis

Peglab Biotechnology GmbH, Erlangen,
Germany

Power supply for western blot transfer

Cleaver Scientific Itd., Rugby, United
Kingdom

Precision weighing balance (ALC-210.4)

Sartorius AG, Géttingen, Germany

Spectrophotometer (NanoDrop 8000)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Stereo microscope (Stemi 2000)

Carl Zeiss GmbH, Jena, Germany

Sterile workbench (Euroflow EF/A 5)

Clean Air Techniek, Woerden, Netherlands

Table centrifuge (Micro Centrifuge SD)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Tissue embedding and dehydrating
machine (TP 1020)

Leica Microsystems GmbH, Wetzlar,
Germany

Tissue processor (TP1020)

Leica Microsystems GmbH, Wetzlar,
Germany

TruSeq® RNA Sample Preparation v2;

lllumina, San Diego, CA, USA

Ultraviolet (UV) light -Transilluminator

INTAS Science Imaging Instruments GmbH,
Géttingen, Germany

Vacuum pump (EcoVac)

Schuett-biotec GmbH, Géttingen, Germany

Vibratome VT1000S

Leica Biosystems, NuBloch, Germany

Vortex mixer (Vortex-Genie2®)

Scientific Industries Inc, Bohemia, NY, USA

Water bath (1083)

GFL mbH, Burgwedel, Germany

Water purification system (Arium® 611 VF)

Sartorius AG, Géttingen, Germany

Western Blot imaging system (Azure ¢300)

Azure Biosystem, Dublin, CA, USA

Western Blot imaging system
(FluorChem™aQ)

Bio-Techne Corp., Minneapolis, MN, USA

Western Blot transfer system (Trans-Blot®
SD semi-dry electroblotting system)

Bio-Rad Laboratories GmbH, Munich,
Germany




3.1.2. Consumables

Table 2 List of used consumable materials

Consumable
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Supplier

24-well cell culture plate

Corning Incorporated, New York City, NY,
USA

384-well plate black & adhesive seal sheet

4titude® Ltd., Surrey, UK

6-well cell culture plate

Sarstedt AG & Co., Nurnberg, Germany

Cell scraper

Sarstedt AG & Co., Nirnberg, Germany

Centrifuge tubes (15 ml, 50 ml)

Greiner Bio-One International GmbH,
Kremsmunster, Austria

Combitips advanced® (0.2 ml, 0.5 ml, 2.5
ml, 5 ml, 10 ml)

Eppendorf AG, Hamburg, Germany

Coverslips

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Coverslips (round)for cultivation

TH. Geyer GmbH & Co. KG, Renningen,
Germany

CryoPure tubes

Sarstedt AG & Co., Nirnberg, Germany

Delicate task wipes

Kimberly-Clark Europe Ltd., Surrey, UK

Disposable cups (100 ml)

Sarstedt AG & Co., Nurnberg, Germany

Disposable needles (Sterican @ 0.45 x
12 mm or @ 0.30 x 12 mm)

B.Braun AG, Melsungen, Germany

Disposable syringes (BD DiscarditTM Il 1,
2,10, 20, 50 ml)

BD Biosciences, San Jose, CA, USA

Filter tips (Biosphere® 20 pl, 100 pl, 200 pl,
1000 pl)

Sarstedt AG & Co., Nurnberg, Germany

Fluted filters

Sartorius AG, Géttingen, Germany

Glass Petri dishes

TH. Geyer GmbH & Co. KG, Renningen,
Germany

Glassware

Schott AG, Mainz, Germany

Histoacryl®

B.Braun AG, Melsungen, Germany

Microscope slides & Superfrost® plus
microscope slides

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Nitrocellulose membrane (Hybond ECL),
0.2 uM pore size

GE Healthcare Europe GmbH, Freiburg,
Germany

Nunclon™ disposables for cell culture (10
cm cell culture dish, 96-well plate)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

NuPAGE Novex 4-12 % Bis-Tris Gel

Invitrogen, Carlsbad, CA, USA

Parafilm® laboratory film

Bemis Company, Inc., Neenah, WI, USA

Pasteur pipettes

TH. Geyer GmbH & Co. KG, Renningen,
Germany

PCR tear-a-way plates & cap strips

4titude® Ltd., Surrey, UK

Petri dishes

Ochs GmbH, Bovenden/Lenglern, Germany

Pipette tips (20 pul, 200 ul, 1000 pl)

Sarstedt AG & Co., Nurnberg, Germany

Reaction tubes (1.5 ml, 2 ml, 5 ml)

Sarstedt AG & Co., Nurnberg, Germany

Safeseal microtubes (1.5 ml, 2 ml)

Sarstedt AG & Co., Nirnberg, Germany

Serological pipettes (2 ml, 5 ml, 10 ml,
25 ml)

Sarstedt AG & Co., Nurnberg, Germany

Shi-fix™ coverslips

Everest Biotech, Oxfordshire, UK

Softa-Man® hand disinfectant

B.Braun AG, Melsungen, Germany

Steel Base Molds

Ted Pella, Inc, Redding, CA, USA

Sterile filters (0.2 ym)

Sartorius AG, Goéttingen, Germany

Surgical blades

Aesculap AG, Tuttlingen, Germany

Vibratome Blades

Tondeo, Solingen, Germany
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Consumable Supplier
_ Macherey-Nagel GmbH & Co. KG, Duren,
Weighing paper Germany

Heinemann Labortechnik GmbH,
Duderstadt, Germany

Whatman® Blotting paper (GB 33 B003)

3.1.3. Reagents and chemicals

Table 3 List of used reagents and chemicals

Reagent or chemical Supplier
1,4-diazabicyclo[2.2.2]octane Sigma-Aldrich Co., St. Louis, MO, USA
3-Amino-9-ethylcarbazole (AEC) Sigma-Aldrich Co., St. Louis, MO, USA
4-(2-hydroxyethyl)-1- . Al .
piperazineethanesulfonic acid (HEPES) Sigma-Aldrich Co., St. Louis, MO, USA
. . Carl Roth GmbH & Co. KG, Karlsruhe,
Acetic acid G
ermany
VWR International GmbH, Erlangen,
Agarose
Germany
A . Carl Roth GmbH & Co. KG, Karlsruhe,
garose, low melting G
ermany
Amphotericin B Biochrom, Berlin, Germany
. . Carl Roth GmbH & Co. KG, Karlsruhe,
Ampicillin sodium salt
Germany
Fresenius Kabi Deutschland GmbH,
Ampuwa H>O G
ermany
, . Carl Roth GmbH & Co. KG, Karlsruhe,
Boric acid G
ermany
Bovine serum albumin fraction V (BSA), Carl Roth GmbH & Co. KG, Karlsruhe,
protease free Germany
Chi Carl Roth GmbH & Co. KG, Karlsruhe,
oroform G
ermany
" . Carl Roth GmbH & Co. KG, Karlsruhe,
Citric acid monohydrate G
ermany
. Aldrich Chemical Company Inc., Milwaukee,
Cresol red, sodium salt WI, USA
Cryoblock embedding medium g/ledlte Medizintechnik GmbH, Burgdorf,
ermany
Deoxyribonucleotide triphosphates (ANTPs) ggcr:r?]zrli);agnostlcs GmbH, Mannheim,
Dimethylformamide (DMF) Sigma-Aldrich Co., St. Louis, MO, USA
Dimethylsulfoxide (DMSO) 'LI'JhS(;rmo Fisher Scientific Inc., Waltham, MA,
Dithiothreitol (DTT) 'IJéexmo Fisher Scientific Inc., Waltham, MA,
RNase-free H,O Invitrogen, Carlsbad, CA, USA
Eosin Y Merck KGaA, Darmstadt, Germany
Ethanol (EtOH) 99 %, denatured 'IC';H. Geyer GmbH & Co. KG, Renningen,
ermany
Ethidium bromide (EtBr) 0.07 % !Pno-Traln Diagnostik GmbH, Kronberg im
aunus, Germany
Ethylenediamine tetraacetic acid (EDTA) Carl Roth GmbH & Co. KG, Karlsruhe,
disodium salt dihydrate Germany
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Supplier

GeneRuler DNA ladder (50 base pairs (bp),
100 bp plus, 1 kilobase (kb))

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Glutaraldehyde

Sigma-Aldrich Co., St. Louis, MO, USA

Glycergel mounting medium

Dako North America Inc., Carpinteria, CA,
USA

Haematoxylin crystalline, Mayer’s

Merck KGaA, Darmstadt, Germany

Hydrochloric acid (37 %)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Hydrogen peroxide (H20:) (35 %)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Immersion oil for microscopy (Immersion™
518 N)

Carl Zeiss GmbH, Jena, Germany

Isoflurane (FORENE)

Abbott Laboratories Inc, Santa Clara, CA,
USA

Isopropanol

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Kanamycin A

Sigma-Aldrich Co., St. Louis, MO, USA

Liquid barrier marker

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Loading dye solution for DNA (6 x)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Methanol (MeOH)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Mowiol 4-88

Sigma-Aldrich Co., St. Louis, MO, USA

NuPAGE MES SDS running buffer, 20 x

Invitrogen, Carlsbad, CA, USA

Paraformaldehyde (PFA)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Pertex mounting medium

Medite Medizintechnik GmbH, Burgdorf,
Germany

Phosphatase inhibitor cocktail Tab.ts
(PhosSTOP)

Roche Diagnostics GmbH, Mannheim,
Germany

Phosphate buffered saline (PBS) Tab.ts

Invitrogen, Carlsbad, CA, USA

Poly-L-Lysine hydrobromide (MW 30,000 —
70,000) (PLL)

Sigma-Aldrich Co., St. Louis, MO, USA

Powdered milk

Carl Roth GmbH & Co. KG, Karlsruhe,

Germany
Primer “random” p(dN)6 Hexamer- Roche Diagnostics GmbH, Mannheim,
oligonucleotides Germany

ProLong Gold antifade mountant with 4',6-
diamidino-2-phenylindole (DAPI)

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Protease inhibitor cocktail (cOmplete Mini)

Roche Diagnostics GmbH, Mannheim,
Germany

RNA-pure EtOH 99 %

J.T. Baker B.V., Deventer, Netherlands

RNaseZAP

Sigma-Aldrich Co., St. Louis, MO, USA

S.0.C. (Super optimal broth with catabolite
repression) medium

Invitrogen, Carlsbad, CA, USA

SeeBlue Plus2 Pre-Stained Protein
Standard

Invitrogen, Carlsbad, CA, USA

Smoothened Agonist (SAG)

Cayman Chemical, Ann Arbour, MI, USA

Sodium chloride

AppliChem GmbH, Darmstadt, Germany

Sodium hydroxide

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sodiumdodecylsulfate (SDS)

AppliChem GmbH, Darmstadt, Germany

Tamoxifen

Sigma-Aldrich Co., St. Louis, MO, USA
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Supplier

Tris(hydroxymethyl)aminomethane (TRIS)
base

AppliChem GmbH, Darmstadt, Germany

Triton™ X-100

Sigma-Aldrich Co., St. Louis, MO, USA

Tropix® I-BLOCK™

Applied Biosystems, Waltham, MA, USA

Tryptone (peptone ex casein)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

TWEEN® 20

Sigma-Aldrich Co., St. Louis, MO, USA

Vismodegib (GDC-0449)

Selleckchem, Munich, Germany

X-Gal (5-bromo-4-chloro-3-indolyl-3-D-
galactopyranoside)

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Xylene

J.T. Baker B.V., Deventer, Netherlands

Yeast extract

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

B-Ala-Lys-Ne-amino-4-methylcoumarin-3-
acetic acid (B-Ala-Lys-N(g)-AMCA)

Carbosynth, Berkshire, UK

3.1.4. Buffers and solutions

Table 4 Utilized buffers and solutions and their composition

Buffer/Solution

Composition

6 x SDS loading buffer

375 mM Tris, pH 6.8

12 % (w/v) SDS

60 % (v/v) Glycerol

0.6 MDTT

0.01 % (w/v) Bromophenol blue

10 x PBS
pH 7.4

1.4 M NaCl

65 mM NazHPO4
27 mM KCI

15 mM KH2P04

10 x Tris-boric acid-EDTA solution (TBE)
pH 8.0

890 mM Tris/HCI, pH 8.0
730 mM boric acid
12.5 mM EDTA

10 x Tris-buffered saline (TBS)
pH7.4

150 mM NaCl
10 mM Tris/HCI, pH 8.0

AEC chromogen
pH 5.2

70 mM Sodium acetate trihydrate
30 mM Acetic acid
16 mM 3-Amino-9 Ethylcarbazole
Dissolved in DMF

blocking buffer

5 % milk powder
Dissolved in 1 x TBS-Tween

Blotting buffer for semi-dry blotting

50 mM Tris

40 mM Glycine

20 % (v/v) Methanol
0.0325 % (w/v) SDS

3 mM Sodium azide

BSA-azide 2 % (w/v) BSA
Dissolved in PBST
IHC-Block 0.2 % (W/V) I-Block

Dissolved in 1 x TBS

Citric acid buffer
pH 3.0 or pH 6.0

10 mM Sodium Citrate




Buffer/Solution

Materials and Methods I26

Composition

0.1 % (w/v) Cresol red

Cresol Dissolved in saturated sucrose-solution
10 mM dATP
. 10 mM dCTP
dNTP-Mix 10 mM dGTP
100 MM dTTP

Eosin solution

80 % (v/v) EtOH
1 % (w/v) Eosin y (water soluble)

Haematoxylin solution, Mayer’'s

300 mM Trichloro acetaldehyde hydrate
100 mM Potassium aluminum sulfate
50 mM Citric acid

35 mM Haematoxylin

75 nM Sodium iodate

Lysis buffer
pH 8.8

150 mM NaCl

30 mM Tris/HCI, pH 7.5

10 % (v/v) Glycerol

1 % (v/v) Triton X-100

1 Tab.t/ 10 ml phosphatase inhibitor and
protease inhibitor

added before use: 2 mM DTT,

500 uM Phenylmethanesulfonylfluoride

Modified radioimmunoprecipitation assay
buffer (RIPA)

50 nM Tris/HCI, pH 7.4

1 % (v/v) NP-40

0.25 % (v/v) Na-Deoxycholat

150 mM NaCl

1 mM EDTA

1 Tab.t/ 10 ml phosphatase inhibitor and
protease inhibitor

Mowiol Mounting Medium

4,3 mM Mowiol 4-88

3016,24 mM Glycerol

18502,811 mM H,O

133 mM Tris pH 8.5

34,05 mM 1,4-diazabicyclo[2.2.2]octane

Paraformaldehyde 4 %

4 % (w/v) Paraformaldehyde
Dissolved in PBS

PBS-Tween 20 (PBS-T)

0.1 % (v/v) Tween-20
Dissolved in PBS

Proteinase K

50 mM Tris/HCI

5 mM EDTA
pH 8.0 10 mg/ml Proteinase K
100 mM NacCl
_ _ ) 50 mM Tris/HCI
Sodium Chloride-Tris-EDTA (STE) buffer 1 mM EDTA

1 % (w/v) SDS

TBS-Triton X-100

0.1 % (v/v) Triton X-100
Dissolved in TBS

TBS-Tween 20 (TBS-T)

0.5 % (v/v) Tween-20
Dissolved in TBS

Tris-EDTA (TE) buffer 10 mM Tris
pH 8.0 1 mM EDTA

: 5 mM Tris
Tris-EDTA (TE) buffer for mouse oocytes 0.1 mM EDTA

pH 7.4

steril-filtrated
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Composition

X-Gal stock solution

4 % (w/v) X-Gal
Dissolved in DMF

Hank’s Balanced Salt Solution (HBSS)
pH 7.4

0,952 mM CaCl,*2H,0
5,36 mM KCI

0,411 mM KH2P04
0,812 mM MgS0O4*7H.0
136,7 mM NacCl

0,385 mM NazHPO4

25 mM D-Glucose*H20
10 mM HEPES

HEPES Dissociation buffer (HDB)
pH 7.3

25 mM HEPES

137 mM NaCl

5 mM KClI

0.7 mM NazHPO,

10 mM Glucose

1250 ug/l Amphotericin B

10° units/I Penicillin/Streptomycin

3.1.5. Kits and ready-to-use reaction systems

Table 5 List of kits and ready-to-use reaction systems

Reaction system Supplier
Amersham enhanced chemiluminescence GE Healthcare Europe GmbH, Freiburg,
(ECL) western blotting detection reagents Germany

BigDyeTM Terminator v3.1 Cycle
Sequencing Kit

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Dako REAL™ EnVision™ detection system,
Rabbit/Mouse

Dako North America Inc., Carpinteria, CA,
USA

Dual-Luciferase® Reporter assay system

Promega GmbH, Mannheim, Germany

NEON Transfection kit

Thermo Fisher Scientific Inc., Waltham, MA,
USA

PCR clean-up Gel extraction Kit

Macherey-Nagel, Diren, Germany

Pierce BCA Protein assay kit

Thermo Fisher Scientific Inc., Waltham, MA,
USA

Platinum™ SYBR™ Green gPCR
SuperMix-UDG w/ROX

Invitrogen, Carlsbad, CA, USA

PureLink®HiPure Plasmid Midiprep Kit

Invitrogen, Carlsbad, CA, USA

QIAamp DNA FFPE Tissue Kit

Qiagen GmbH, Hilden, Germany

QuantiTect SYBR® Green RT-PCR Kit

Qiagen GmbH, Hilden, Germany

RevertAid™ H Minus First Strand cDNA
Synthesis Kit

Thermo Fisher Scientific Inc., Waltham, MA,
USA

TRIzol® Reagent

Life Technologies Co., Camarillo, CA, USA

Mouse Adrenocorticottropic Hormone (Acth)
ELISA Kit

Biomatik Corporation, Cambridge, Ontario,
Canada

RNAscope 2.5 HD Assay

Advanced Cell Diagnostics, Newark, CA,
USA

Vip Chemiluminescent enzyme
immunoassay Kit

Phoenix Pharmaceuticals, Inc, Burlingame,
CA, USA




3.1.6. Enzymes

Table 6 List of used restriction enzymes

Restriction enzyme
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Supplier

Apal

New England Biolabs, Ipswich, MA, USA

BamH|

New England Biolabs, Ipswich, MA, USA

Bpmi

New England Biolabs, Ipswich, MA, USA

Eagl

New England Biolabs, Ipswich, MA, USA

EcoR)

New England Biolabs, Ipswich, MA, USA

EcoRV

New England Biolabs, Ipswich, MA, USA

Hindlll

New England Biolabs, Ipswich, MA, USA

Hpal

New England Biolabs, Ipswich, MA, USA

Kpnl

New England Biolabs, Ipswich, MA, USA

Mfel

New England Biolabs, Ipswich, MA, USA

Ncol

New England Biolabs, Ipswich, MA, USA

Nhel

New England Biolabs, Ipswich, MA, USA

Notl

New England Biolabs, Ipswich, MA, USA

Psil

New England Biolabs, Ipswich, MA, USA

PspOMI

New England Biolabs, Ipswich, MA, USA

Sacl

New England Biolabs, Ipswich, MA, USA

Sall

New England Biolabs, Ipswich, MA, USA

Sspl

New England Biolabs, Ipswich, MA, USA

Table 7 List of enzymes

Enzyme Supplier
. Carl Roth GmbH & Co. KG, Karlsruhe,
Proteinase K
Germany

Q5 DNA Polymerase

New England Biolabs, Ipswich, MA, USA

RNase A

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

SuperScript™ |l Reverse Transcriptase

Thermo Fisher Scientific Inc., Waltham, MA,

USA

T4 DNA ligase

New England Biolabs, Ipswich, MA, USA

Thermus aquaticus-Polymerase (MolTaq)

Molzym GmbH & Co. KG, Bremen,
Germany
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Table 8 Used and generated plasmids

. _ Selection Supplier or
el PEETE Antibiotic Reference
Expression of cDNA of human
aGSU.PTTG PTTG under the control of the Kanamycin | 2%
aGSU promoter
High copy plasmid, that enables Stratagene,
pBluescript Il SK (+) blue/white screening of bacterial | Ampicillin San Diego,
colonies CA, USA
Expression of a tamoxifen
inducible Cre-recombinase
pBluescript hGHRHR(- (CreERT2) under the control of Ampicillin Generated
2207,-19)_CreERT2 2188 bp of the human Growth P in this work
hormone realising hormone
receptor (hGHRHR) promoter
Expression of a CreERT2 and
pBluescript hGHRHR(- enhanced green fluorescent Generated
2207,-19)_CreERT2 protein (EGFP) under the control | Ampicillin in this work
_IRES_EGFP of 2188 bp of the hGHRHR
promoter
. Expression of EGFP under the
g%u;_s;: QSP tE’éC,’;’;RHR(' control of 2188 bp of the Ampicillin ﬁetﬂiesr?/\}g?k
T hGHRHR promoter
, Expression of a CreERT2 under
g?éu_ef 5)”%72,?57’?2%(' the control of 291 bp of the Ampicillin ﬁ?ﬂgi\fg?k
T = hGHRHR promoter
pBluescript hGHRHR(- Expression of a CreERT2 and Generated
310,-19)_CreERT2 EGFP under the control of 291 bp | Ampicillin in this work
_IRES_EGFP of the hGHRHR promoter nhis w
. Expression of EGFP under the
g’?(’)f’?fgc)r_”gé’}%HRHR(' control of 201 bp of the AGHRHR | Ampicillin | >onerated
promoter
Expression of a CreERT2 under
pBluescript_mGhrhr_Cre | the control of the murine Growth Ampicillin Generated
ERT2 hormone realising hormone in this work
receptor (mGhrhr) promoter
pBluescript mGhrhr_EG | Expression of EGFP under the Ampicillin Generated
FP control of the mGhrhr promoter in this work
Expression of floxed membrane
tagged tdTomato (mT) and
membrane tagged EGFP (mG)
under the control of a Generated
pBluescript mT_mG cytomegalovirus early enhancer Ampicillin oo
, . in this work
element, first exon and intron of
chicken beta-actin gene, splice
acceptor of rabbit beta-globin
gene (CAG) promoter
Expression of a CreERT2 under
pBluescript_rGhrhr_CreE | the control of the rat Growth Ampicillin Generated
RT2 hormone realising hormone in this work

receptor (rGhrhr) promoter
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. o Selection Supplier or
el PEETE Antibiotic Reference
pBluescript_rGhrhr_EGF | Expression of EGFP under the Ampicillin Generated
P control of the rGhrhr promoter P in this work

Expression of a CreERT2 and the
PCAG_CreERTZ_IRES_ EGFP gene under the control of a | Kanamycin _Gen_erated
EGFP in this work
CAG promoter
BD
. Bioscience
PEGFP-N1 Expression of EGFP under the Kanamycin | Clontech,
control of a CAG promoter .
Heidelberg,
Germany
Harbours an internal ribosomal Clontech,
entry side (IRES) and an EGFP . Mountain
PIRES_EGFP gene under the control of a CAG Kanamycin View, CA,
promoter USA
Expression vector for a Cre-
pMC Cre recombinase under the control of | Ampicillin 254
a thymidine kinase (TK) promoter
Expression of murine Gli1 and Generated
pmGli1_IRES EGFP EGFP under the control of a CAG | Kanamycin | .~ .
in this work
promoter
Encoding parts of the murine Ptch
Ptch’ gene with JoxP sites flanking Ampicillin 157
exon 8 and 9
Reporter expression plasmid
Rosa26 mT_mG harbourlng floxed mT and mG Kanamycin | 255
genes with homologous sequence
of the murine ROSA26 locus
Expression of cyclin E1 under the - 253
79.PCE control of the Pomc promoter Ampicillin
3.1.8. Antibodies
3.1.8.1. Primary Antibodies
Table 9 List of primary antibodies used for this work
. Host Method
Antigen Company species | (conc.)
Acetylated tubulin Sigma-Aldrich Co., St. Louis, MO, USA | Mouse ICC (1:100)
v ’ ’ IHC (1:100)
. . ICC (1:1000)
Acth #‘2::2%'(3”81“%”;3 Pituitary Program, | papbit | IHC (1:1000)
T WB (1:5000)
Alpha tubulin Dianova, Hamburg, Germany Mouse | WB (1:10000)
Cre-recombinase Covance, Princeton, NJ, USA Rabbit | WB (1:1000)
Cyclin E1 Dianova, Hamburg, Germany Rabbit | WB (1:500)
GFAP Abcam, Cambrige, UK Rabbit | IHC (1:500)
GFP NovusBio, Littleton, CO, USA Goat IHC (1:1000)
Rockland Immunochemicals Inc, . IHC (1:500)
GFP Gilbertsville, PA, USA Rabbit | \vB (1:5000)
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Antigen Company AL AU
species | (conc.)
. . IHC (1:500)
Gh _Il\_ls::c;?]ilengAr\ncl)JngA& Pituitary Program, Rabbit ICC (1:500)
» e WB (1:5000)
G , . ICC (1:500)
Ghrhr Antibodies online, Aachen, Germany Rabbit WB (1:5000)
HSC-70 Santa Cruz, Dallas, TX, USA Mouse | WB (1:10000)
. , . IHC (1:50)
Ki-67 BD Pharmigen, Heidelberg, Germany Mouse ICC (1:50)
Pomc NovusBio, Littleton, CO, USA Goat IHC (1:200)
IHC (1:1000)
Pomc NovusBio, Littleton, CO, USA Rabbit | ICC (1:1000)
WB (1:2000)
National Hormone & Pituitary Program, . .
Prl Torrance, CA, USA Rabbit | IHC (1:1000)
Thermo Fisher Scientific Inc., . ICC (1:500)
PTTG Waltham, MA, USA Rabbit | \\p (1:500)
RFP MyBioSource, San Diego, CA, USA Goat IHC (1:500)
Dako North America Inc., Carpinteria, , IHC
S100 CA, USA Rabbit |\ giluted)
, : IHC (1:1000)
Smoothened Abcam, Cambrige, UK Rabbit ICC (1:1000)
o , IHC (1:100)
Sox2 eBioscience, San Diego, CA, USA Rat ICC (1:100)

IHC: immunohistochemistry; ICC: Immunocytochemistry; WB: Western blot

3.1.8.2.

Secondary Antibodies

Table 10 List of used secondary antibodies

Name Company Host Species | Method (conc.)
Anti-rabbit-Cy3 Dianova, Hamburg, Germany Donkey :(H;g 8 388;
Anti-mouse-TRITC Dianova, Hamburg, Germany Donkey :gg 51 388;
Anti-rat-Cy3 Dianova, Hamburg, Germany Donkey :(H;g 8 388;
Anti-goat-Alexa488 Dianova, Hamburg, Germany Bovine :gg 51 388;
Anti-rabbit-Alexa488 | Dianova, Hamburg, Germany Donkey :(H;g 8 388;
Anti-mouse-HRP Dianova, Hamburg, Germany | Rabbit B (1:10000)
AntiirgbbTi’Kﬂ-l-AIEE_ B;a\;oon%ﬂl;l]a;nrgg:%a(?ﬁémany Goat B (1:10000)
ousaebblt HRP Carpinteria, CA, USA Goat IHC (undiluted)

IHC: immunohistochemistry;

ICC: Immunocytochemistry; WB: Western blot; HRP: horseradish peroxidase; Cya3:
Cyanine Dye 3; TRITC: tetramethylrhodamine
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3.1.9. Synthetic DNA-oligonucleotides

3.1.9.1.

assays and generation of expression plasmids

DNA-oligonucleotides for PCR-based genotyping recombination

Table 11 DNA-oligonucleotides used for PCR-based genotyping, for recombination assay and the
generation of expression plasmids

. . DNA-oligonucleotide sequence Amplicon Refer
Oligonucleotide name s Ny s . .
(5’>3’ orientation) size ence

DNA-oligonucleotides for genotyping |
Aldh1/1-CreERT2 for | CAACTCAGTCACCCTGTGCTC 590 b 256
Aldh1/1-CreERT2 rev TTCTTGCGAACCTCATCACTCG P
GFP-F AAGTTCATCTGCACCACCG 173 b 257
GFP-R TCCTTGAAGAAGATGGTGCG P
Gli1-CreERT2-F GCGGTCTGGCAGTAAAAACTATC 102 b 258
Gli1-CreERT2-R GTGAAACAGCATTGCTGTCACTT P
Gli1-wt-F GGGATCTGTGCCTGAAACTG 24b 258
Gli1-wt-R CTTGTGGTGGAGTCATTGGA P
hGHRHR_CreERT2_fo | o10cCACCTCAGGGTCAATG
rward 459 bp
NGHRAR_CreERT2_1e | ACATCTTCAGGTTCTGCGGG
mPtcNxF TGGTAATTCTGGGCTCCCGT 150 bp (mut)
mPtcNxR CCGGTAGAATTAGCTTGAAGTTCCT 445 bp () 259
mPtcwtR TCAAGGAGCAGAGGCCCAA P
PomcCreER-F GGAAACAGAGAGGGAAACTGCC 500 bp (i)
PomcCreER-R CTCTTCCCTTTGCTCTGTAC 400 bp (mut) 260
CreER GCTCTACTTCATCGCATTCCTTG P
RosaTomato mut-F GGCATTAAAGCAGCGTATCC 196 b 261
RosaTomato mut-R CTGTTCCTGTACGGCATGG P
RosaTomato wt-F AAGGGAGCTGCAGTGGAGTA 297 b 261
RosaTomato wt-R CCGAAAATCTGTGGGAAGTC P
Smo wt-F CCACTGCGAGCCTTTGCGCTAC 130 b 158
Smo wt-R CCCATCACCTCCGCGTCGCA P
Smoflox-F CTTGGGTGGAGAGGCTATTC 215 b 158
Smoflox-R AGGTGAGATGACAGGAGATC P
Sox2CreERT2 mut-F | GCGGTCTGGCAGTAAAAACTATC 100 b 262
Sox2CreERT2 mut-R GTGAAACAGCATTGCTGTCACTT P
Sox2CreERT2 wit-F ACCAGCTCGCAGACCTACAT 208 b 262
Sox2CreERT2 wt-R CGGGGAGGTACATGCTGAT P
DNA-oligonucleotides for recombination assays

2700 bp

(before

Exon 7-F
neoR

AGGAAGTATATGCATTGGCAGGAG
GCATCAGAGCAGCCGATTGTCTG

recombinatio
n)
950 bp (after
recombinatio
n)

259
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. . DNA-oligonucleotide sequence Amplicon Refer
Oligonucleotide name s Ny s . .
(5’>3’ orientation) size ence
Smob' long forward GGGTTCCCAGGGTTGAAGACAGCTT
CGATCTCCAG
590 bp
Smo_del WT _rev GTAGCGCAAAGGCTCGCAGTGG
Smob' long forward GGGTTCCCAGGGTTGAAGACAGCTT
CGATCTCCAG 400 bp

Smoflox recombi rev

CCTGGTCTTGCAGGGTGTAGT

DNA-oligonucleotides for the generation of expression plasmids

CreERT2_forward

ATGTCCAATTTACTGACCGTACACC

AAAAT 1997 bp

CreERT2 reverse TCAAGCTGTGGCAGGGAAACC

hGHRHR_1_for ATTGCCCACTGGATCTAGGC
GGGAAGCTTCCCTCCACCAGCCTCA | 2620 bp 263

hGHRHR_Hindlll rev | GTAAGCCTT

Eag! rGhhrProm-F GTACGGCCGCCATGGCCTCTGCAT
CAACTTCTGCTTCCAGG 1973 bp

Vol 1GhrPromR CAAGTTAACCCATGGCAGTGGTGCC
TGTAGTCCGCCCCA

mGhrhr1.5kb_UTR_CI | GTCCCCAAGGAGAGCCAAAT ot

= p
mGhrhr_1.5kb_UTR_N | o1 AGCCCACATCAGGCCA

col r
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DNA-oligonucleotides for quantitative real time PCR and Sanger

sequencing

Table 12 DNA-oligonucleotides used for gqRT-PCR approaches

DNA- DNA-

Transcri . . DNA-oligonuceotide sequence oligonu | Amplic
oligonucleotide Ny . . .

pt name (5’>3’ orientation) cleotide | on size

location

DNA-oligonucleotide for murine and rat sequences

18S 18S-fwd CGCAAATTACCCACTCCCG Exon 1 81 bp
18S-rev2 TTCCAATTACAGGGCCTCGAA Exon 1

GTCATTCTGGTCATGCTGTCCAT

Cga-F1 G Exon 2

Cga GATATGCCCTGGAGAAGCAACA 169 bp
Cga-R1 GC Exon 3

En1 mFn1_for TTCAAGTGTGATCCCCATGAAG | Exon 43 154 bp
mFn1 _rev CAGGTCTACGGCAGTTGTCA Exon 45

Fst mFst_for TGCTGCTACTCTGCCAGTTC Exon 1 130 bp
mFst rev GTGCTGCAACACTCTTCCTTG Exon 2

Gapdh Gapdh-F ATCTTCTTGTGCAGTGCCAG Exon 1 574 bp
Gapdh-R ATGGCATGGACTGTGGTCAT Exon 5

Gh Gh-F AAGAGGGCATCCAGGCTCT Exon 4 111 bp
Gh-R CGTCGTCGCTGCGCATGTT Exon 5

Gli1 mGli1-tq-F TACATGCTGGTGGTGCACATG Exon 9 115 bp
mGli1-tq-R ACCGAAGGTGCGTCTTGAGG Exon 10

Gli2 Gli2-RT-PCR-F GGTCATCTACGAGACCAACTGC | Exon 8 272 bp
Gli2-RT-PCR-R GTGTCTTCAGGTTCTCCAGGC Exon 9
mHhipF. 1 'EAC\SAGCCTTACTTGGACATTCAC Exon 4

Hhip . ACCGTTCCTGGTTGGTGGTATA 143 bp
mHhipR.2 A Exon 5

Nos1 mNos1_for CTGGTGAAGGAACGGGTCAG Exon 2 120 bp
mNos1_rev CCGATCATTGACGGCGAGAAT Exon 2
Pomc-F1 CAGACCTCCATAGATGTGTGGA | Exon 3

Pomc G 111 bp
Pomc-R1 GCGGAAGTGACCCATGACGTAC | Exon 4
Pri-F1 GAGAGCTGTTTGACCGTGTGG Exon 2

Pri GATGACCTTGACCATAAACTCA 196 bp
Prl-R1 C Exon 3
mPtc10 TACAGTCCGGGACAGCATACC Exon 5

Ptch GTACCCATGGCCAACTTCGGCT 152 bp
mPtc11R TT Exon 6
mS100a4_2 tq for | TCAGGCAAAGAGGGTGACAA Exon 2

S100a4 143 bp
mS100a4 2 tq rev | TCCCTGTTGCTGTCCAAGTT Exon 3

S100b mS100b_3 tq for | AACAACGAGCTCTCTCACTTCC | Exon2 105 bp
mS100b 3 tq rev | CTGGAAGTCACACTCCCCATC Exon 3

Vi mVip_2_for AGCAGAAAATGGCACACCCTA Exon 2 85 bp
mVip 2 rev AAGTCTGCTGTAATCGCTGGT Exon 3

DNA-oligonucleotides for murine sequences

Mif mMif_for GCCAGAGGGGTTTCTGTCG Exon 1 118 bp
mMif_rev GTTCGTGCCGCTAAAAGTCA Exon 2
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DNA- DNA-
Transcri . . DNA-oligonuceotide sequence oligonu | Amplic
oligonucleotide sy . \ .
pt name (5’>3’ orientation) cleotide | on size
location
mVegfa qRT _ CCCACGACAGAAGGAGAGCAG
Exon 2
forward AAGT
Vegfa 159 bp
mVegfa_qRT _rever Exon 3
se CATCAGCGGCACACAGGACGG
DNA-oligonucleotide for rat sequences
PacR rPac1_1_for AGAGGATCCAGAGGGCCAAC Exon 3 130 b
rPac1 1 rev TCAGGGCAGCTTACAAGGAC Exon 4 P
VioR1 rVipr1_1_for TGAGATACAGCGTCAGCAGTG Exon 2 81b
P Vipr1 1 _rev AGGTTGTCCCACATCTTGCT Exon 3 P
VioR2 rVipr2_2 for TACAACGACCCCGAGGATGA Exon 4 85 b
P rVipr2 2 rev TCAGAGAAACACTGTAGCCCA Exon 5 P

Table 13 List of DNA-oligonucleotides used for Sanger sequencing

DNA-Oligonucleotide

Sequence (5’>3’ orientation)

73

GCAATTAACCCTCACTAAAGG

T7

TAATACGACTCACTATAGGG

CreERT2_forward

ATGTCCAATTTACTGACCGTACACCAAAAT

CreERT2_Seq#2 for

TTCGAACGCACTGATTTCGACCAG

CreERT2_Seq#3 for

CGATTGATTTACGGCGCTAAG

CreERT2_Seq#4 for

GATCCTACCAGACCCTTCAGTG

CreERT2_Seq#5 for

AGCACCCTGAAGTCTCTGGAAG

NeoResist 2 for CGACCACCAAGCGAAACATC
Smoflox_Recombi_loxP_rev | CAAAGCGCCATTCGCCATTC
Smoflox-F CTTGGGTGGAGAGGCTATTC
Smoflox-R AGGTGAGATGACAGGAGATC
Smowt-F CCACTGCGAGCCTTTGCGCTAC
LacZ-F1 TGGAGTGCGATCTTCCTGAGG
LacZ-R1 CACCGCACGATAGAGATTCGG
3.1.10. Media
3.1.10.1. Media and reagents for cultivation of eukaryotic cells

Table 14 Media and reagents used for culture of eukaryotic cells

Medium or reagent

Supplier

Dulbecco’s Modified Eagle Medium
supplemented with 4.5 g/L Glucose, L-
Glutamine, Sodium Pyruvate (DMEM+++)

Invitrogen, Carlsbad, CA, USA

Dulbecco’s Modified Eagle Medium
supplemented with 4.5 g/L Glucose, L-

Glutamine (DMEM++-)

Invitrogen, Carlsbad, CA, USA

Dulbecco’s Modified Eagle Medium/Nutrient

Mixture F-12 (DMEM/F12)

Invitrogen, Carlsbad, CA, USA

Fetal bovine serum (FBS)

Invitrogen, Carlsbad, CA, USA

Ham'’s F-12K (Kaighn’s)-Medium

Invitrogen, Carlsbad, CA, USA

Horse Serum (HS)

Invitrogen, Carlsbad, CA, USA

PBS Tab.ts for cell culture (1 Tab.t dissolved
in 500 ml ddH20, autoclaved before use)

Invitrogen, Carlsbad, CA, USA
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Supplier

TrypLE Express

Invitrogen, Carlsbad, CA, USA

Penicillin (10.000 U/ml) and Streptomycin
(10 mg/ml) (Pen/Strep)

PAN Biotech GmbH, Aidenbach, Germany

L-Glutamine Invitrogen, Carlsbad, CA, USA
MEM non-essential amino acids Invitrogen, Carlsbad, CA, USA
Insulin Sigma-Aldrich Co., St. Louis, MO, USA

Apo-transferrin

Sigma-Aldrich Co., St. Louis, MO, USA

3,3’-5 Triiodo-L-thyroinine sodium salt (T3)

Sigma-Aldrich Co., St. Louis, MO, USA

Sodium selenite

Sigma-Aldrich Co., St. Louis, MO, USA

3.1.10.2.

Media for cultivation of prokaryotic cells

Table 15 Composition of media used for cultivation of prokaryotic cells

Medium

Composition

Lysogeny broth medium (LB medium)

1 % (w/v) Bacto-tryptone
1 % (w/v) NaCl (pH7.0)
0.5 % (w/v) Yeast extract

Lysogeny broth agar (LB agar)

1.5 % (w/v) Agar
Dissolved in LB medium

Selection for antibiotic resistance was performed via addition of the respective

selection antibiotic (Ampicilin 100 pg/ml or Kanamycin 50 pg/ml) directly to the medium

or the agar. The corresponding antibiotic is given in Table 8.

3.1.11.
3.1.11.1.

Biological material

Bacterial strains

To ensure proper propagation of plasmid DNA DH5a Escherichia coli (E.coli) with the
genotype F- ®80/acZAM15 A(lacZYA-argF) U169 recA1 endA1 hsdR17(r«, mk*) phoA
supE44 thi-1 gyrA96 relA1 A obtained from Invitrogen, Carlsbad, CA, USA were used.

3.1.11.2. Eukaryotic cell lines
Table 16 Used eukaryotic cell lines and their respective supplier.
Cell Line General information Depositor
AtT-20 Murlne_ p|tU|tar_y tumor derived, Acth ATCC, Manassas, VA, USA
secreting cell line
B9 Adult murine fibroblast cell line 264
Rat pituitary tumor derived Growth Gift from Dr. Ulrich Renner,
GH3 . . :
hormone secreting cell line Munich, Germany
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Cell Line General information Depositor

MCE-7 Human breast cancer derived cell line | ATCC, Manassas, VA, USA

NIH/3T3 Adult murine fibroblast cell line ATCC, Manassas, VA, USA

TtT/GF Murine FSC cell line RIKEN Cell Bank, Ibaraki, Japan
3.1.11.3. Genetically modified mouse lines

Aldh1/1CreERT2, PomcCreERT2, Ptch” R26-tdTomato, S100bEGFP, Sox2GFP and
Sox2CreERT2 mice were maintained on C57BL6/N and Gli1CreERT2 and Smo” mice were

maintained on 129Sv background.

Table 17 List of utilized genetically modified mouse lines

Strain

Genetically
background

Nomenclature

Specification

Reference

Aldh111CreERT2

C57BL6/N

Tg(Aldh111-
cre/ERT2)02K
an

Gene encoding for a
tamoxifen inducible
CreERT2 fusion protein in
intron 1/exon 2 of aldehyde
dehydrogenase 1 family,
member L1 (Aldh111) gene

256

Gli1CreERT2

129Sv

Gli1tm3(cre/ERT2)A]

Gene encoding for a
tamoxifen inducible
CreERT2 fusion protein
under the control of
endogenous Gli1
promoter/enhancer element

265

PomcCreERT?2

C57BL6/N

Tg(Pomc-
cre/ERT2)#Jke

Gene encoding for a
tamoxifen inducible
CreERT2 fusion protein
under the control of Pomc
regulatory elements

260

Ptch”

C57BL6/N

PtCh 1 tm1Hahn

loxP sites flanking exon 8
and 9 of the endogenous
Ptch gene

157

R26-tdTomato

C57BL6/N

Gt(ROSA)26S

Ortm9(CAG-

tdtomato)Hze

A loxP flanked STOP
cassette followed by the
tdTomato gene and
polyadenylation sequence
integrated into the
endogenous ROSA26 locus

261

S100bEGFP

C57BL6/N

Tg(S100b-
EGFP)11Lgrv

EGFP expression under the
control of the endogenous
S100b promoter/enhancer
element

266

Smo™

129Sv

SmothAmc

loxP sites flanking exon 1 of
Smo gene

158
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Strain ciE Y Nomenclature | Specification Reference
background
EGFP expression under the
Sox2GFP 129Sv Sox2tm2Hoch control of endogenous Sox2 | 262

promoter/enhancer element

Sox2CreERT2 C57BL6/N

Gene encoding for a
tamoxifen inducible

Sox2M1(ere/ERT2) | CreERT2 fusion protein 262

under the control of
endogenous Sox2
promoter/enhancer element

3.1.12. Software and digital resources

Table 18 List of used software

Software

Developer

4D

4D Deutschland GmbH, Eching, Germany

Adobe Photoshop CS5

Adobe Systems Incorporated, San Jose, USA

AlphaView Q SA 3.2.2

Cell Bioscience, Santa Clara, CA, USA

CellSens Dimension

Olympus Optical Co., Ltd., Tokyo, Japan

Endnote X5

Thomson ISI ResearchSoft, Carlsbad, CA, USA

Fiji

Schindelin et al.25"

FluoView FV 1000

Olympus Optical Co., Ltd., Tokyo, Japan

Freehand MX

Adobe Systems Incorporated, San Jose, USA

BioTek Instruments GmbH, Bad Friedrichshall,

Gen5

Germany
GraphPad Prism 6 GraphPad Software, Inc., La Jolla, CA, USA
Inkscape Inkscape Community

Microsoft Office

Microsoft Co., Redmond, WA, USA

NanoDrop 800 V2.3

Thermo Fisher Scientific Inc., Waltham, MA, USA

SDS 2.2

Applied Biosystems, Waltham, MA, USA

SnapGene Viewer

GSL Biotech LLC, San Diego, CA, USA

Tick@Lab

a-tune Software AG, Darmstadt, Germany

RStudio

RStudio, Inc., USA
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3.2. Methods
3.2.1. Isolation and purification of nucleic acids

3.21.1. Isolation of genomic DNA from eukaryotic cell lines and tissue

samples

Pelleted eukaryotic cells or freshly isolated or frozen tissue or were incubated with
500 ul STE buffer containing 250 ug proteinase K at 55 °C over night. Afterwards the
samples were centrifuged for 10 min at 13,000 rpm at room temperature and 300 pl
from the supernatant was transferred into a new tube containing 1 ml 99 % EtOH. The
samples were centrifuged for 30 min at 13,000 rpom at 4 °C and the supernatant was
discarded. Next, 200 yl 70 % EtOH was added and the samples were again
centrifuged for 10 min at 13,000 rpm at 4 °C. Afterwards the supernatant was
discarded, the DNA-pellet was dried at 55 °C for 10 min and finally solved in 70-130 pl

Ampuwa H20. The DNA-containing solution was stored at 4 °C until further analysis.

3.21.2. Isolation of low amounts of plasmid DNA

For the isolation of low amounts of plasmid DNA the reagents of the PureLink®HiPure
Plasmid Midiprep Kit from Invitrogen were used. First, a 2 ml bacteria overnight culture
was centrifuged at 13,000 rpom for 20 sec. The supernatant was discarded and the
pellet was dissolved in 200 ul resuspension buffer. 200 pl lysis buffer were added and
stored for 2 min at room temperature. The reaction was stopped by addition of 200 pl
of precipitation buffer. Afterwards, the sample was centrifuged for 10 min at
13,000 rpm and at 4 °C and the clear supernatant was transferred into a new tube
containing 700 pl 99 % EtOH. Subsequently the DNA was precipitated by incubation
of the sample at -80 °C for 20 min and centrifugation for 30 min at 13,000 rpm and
4 °C. The supernatant was discarded and the DNA-pellet was washed in 70 % EtOH
and centrifuged for 10 min at 13,000 rpm and 4 °C. This step was repeated and then
the DNA was dried at 55 °C for 10 min. The pellet was solved in 20 yl Ampuwa H20
and 1 pl of the solved DNA was used for further restriction hydrolysis. For long-time

storage, isolated DNA was stored at -20 °C until use.
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3.21.3. Isolation of high amounts of plasmid DNA

High amounts of plasmid DNA were isolated with the PureLink®HiPure Plasmid
Midiprep Kit from Invitrogen. The procedure was done according to manufacturer’'s
instructions. After elution, the eluate was divided into 5 tubes a 2 ml containing 1 ml
99 % isopropanol each. Subsequently the samples were incubated at -80 °C for 20 min
and followed by centrifugation for 30 min at 13,000 rpm and 4 °C. The supernatants
were discarded and the pellets were washed in 70 % EtOH and again centrifuged for
10 min at 13,000 rpm and 4 °C. This step was repeated and then the DNA was dried
at 55 °C for 10 min. Each pellet was solved in 20 yl Ampuwa H20 and reunited to
obtain 100 pl of DNA solution. The DNA-concentration of the solution was measured
using a NanoDrop. The DNA was stored at -20 °C until further use.

3.21.4. Polymerase chain reaction (PCR)

The amplification of DNA (e.g. form plasmid DNA, cDNA or genomic DNA) was
performed in reaction volumes of 10 pl, 20 pl, 30 pl or 50 pl per run with the following
reagents and final concentrations: 10-100 ng matrix DNA, 0.5 yM sequence-specific
forward DNA-oligonucleotide, 0.5 uM sequence-specific reverse DNA-oligonucleotide,
0.2 mM dNTP mix, 0.3 mM MgCl2, 10 % (v/v) cresol, 1 x polymerase buffer and 0.1 U

polymerase.

The PCR conditions were adapted to the used matrix DNA, DNA-oligonucleotides and
DNA polymerases. The first denaturation step at 95°C was performed for 5 min
followed by 25 to 35 cycles of one denaturation step each (95°C for 30 to 60 sec), one
DNA-oligonucleotide annealing step at 50 to 68°C (30 sec to 2 min) and one elongation
step at 72°C (30 sec to 3 min). At the end of the program an elongation step of 5 min
length (72°C) was added. Depending on the further use of the PCR product, either the
entire reaction or only an aliquot was examined by agarose gel electrophoresis. A list
of cycling conditions for genotyping is given in Table 27. All used DNA-oligonucleotides

and fragment sizes of PCR amplicons are listed in Table 11.
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3.2.1.5. Detection of recombination of the murine Ptchf locus

Cre-mediated recombination of the Ptch’locus was verified by PCR using DNA isolated
from 4 x 10° transfected eukaryotic cells or genomic DNA isolated from murine tissue
and the DNA-oligonucleotide pair Exon-7F/NeoR. Amplification of the Ptch’ allele using
these DNA-oligonucleotides results in a 2700 bp fragment whereas a 950 bp fragment

is amplified from the recombined Ptch’ allele (Ptch?') (Figure 5).

Exon7-F 500bp
f //E4E5 ﬁ EI7 loxP EI8 EIQonP neoR E10/ E23
NEo-R

‘ Cre-mediated recombination

Exon7 F

propdel =i // 23 57 // aa

Figure 5 Schematic representation of the genomic Ptch’ locus before and after Cre-mediated
recombination. Presentation of the exons and introns from exon 1 to exon 23 (E1 to E23) of the Ptch’ locus. LoxP
sites are located between E7 and E8 and between E9 and E10 (white rectangles). After Cre-recombinase-mediated
recombination E8 and E9 are deleted (Ptch?/). Verification of Cre-mediated recombination was performed with the
DNA-oligonucleotide pair Exon7-F/Neo-R. Amplicon size for Ptch’ is 2700 bp and for Ptch? 950 bp. neoR:
Neomycin resistance cassette.

3.2.1.6. Agarose gel electrophoresis with ethidium bromide

DNA fragments of different fragment sizes were separated by agarose gel
electrophoresis. Before loading, the samples were mixed with 6 x loading buffer.
Depending on the DNA-fragment sizes to be analysed the agarose content of the gels
ranging from 0.8 —2 % (w/v) in 1 x TBE. A few drops of ethidium bromide (0.07 %)
added to the liquid gel served for visualization of DNA when illuminated with UV light.
DNA-separation was performed in a gel electrophoresis apparatus filled with 1 x TBE
and with a constant voltage at 100 V. A DNA ladder was loaded as marker to examine
DNA fragment sizes. Documentation was performed using a UV transilluminator and
INTAS GDS 3.39 software.

3.21.7. Agarose gel electrophoresis without ethidium bromide

For the generation of transgenic mice, the preparation of linearized plasmid DNA
without containing minimum amounts of ethidium bromide was required. Therefore, an

1 % (w/v) agarose gel in 1 x TBE was prepared as described in section 3.2.1.6 but
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without the addition of ethidium bromide. After finished agarose gel electrophoresis for
4 hrs at 100 V the right and left flanking sites of the gel were cut and stained individually
with ethidium bromide-containing 1 x TBE buffer for 10 min under constant agitation.
Afterwards the remaining unstained gel was placed together with the ethidium
bromide-stained gel parts and imaged on an UV transilluminator. The position of the
desired DNA-fragment was estimated by the ethidium bromide-stained parts and was
cut out. Extraction of the DNA-fragment from the gel was performed as described in
section 3.2.2.3.

3.2.1.8. Ribonucleic acid (RNA) isolation from eukaryotic cells and tissues

Total RNA was isolated from cultured eukaryotic cells and tissue samples. For RNA
isolation from cultured eukaryotic cells, the medium of adherent cells was aspired, 1 ml
TriZol reagent per well of a 6-well plate was added and the cells were detached by
pipetting the solution up and down. The mixture was then transferred into a 2 ml tube.
Non-adherent cells were pelleted (300 rpm for 5 min at 4 °C) and dissolved in 1 ml
TriZol reagent. For RNA isolation from tissue, the samples were fragmented in 1 ml
TriZol reagent by using a tissue processor. Next, the samples were vortexed for 2 min
and incubated for 5 min at room temperature. 200 ul of chloroform were added and
vortexed for 15 sec. Subsequently, the mixture was incubated for 5 min at room
temperature and centrifuged for 10 min at 12,000 rpm at 4 °C. The clear upper phase
was transferred into a new tube containing 700 pl ice-cold 99 % RNA-pure EtOH.
Afterwards, the solution was stored for 24-72 hrs at -20 °C. The RNA was precipitated
by centrifugation at 12,000 rpm at 4 °C for 1 hr. The supernatant was discarded and
the pellet was washed two times with 700 ul ice-cold 70 % RNA-pure EtOH followed
by a centrifugation step at 12,000 rpom at 4 °C for 30 min after each washing. Next, the
RNA-pellet was dried on air for approximately 1 hr. Completely dried pellets were
reconstituted with RNase-free H20. Dissolved RNA was stored at -80 °C until further

use.
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3.21.9. Photometric quantification of nucleic acids

Nucleic acids were quantified by using a NanoDrop spectrophotometer by measuring
the absorption of the sample at 260 nm. The purity of the sample was determined by
calculation of the absorption quotient measured at 260 nm/280 nm and
260 nm/230 nm. RNA or DNA samples with absorption ratios at 260 nm/230 nm of 2.0
or at 280 nm/260 nm of 1.8 were assumed to be contamination-free.

3.2.1.10. Reverse transcription of isolated RNA

RNA was reverse transcribed with the Invitrogen SuperScript Il reverse transcriptase
kit. 1 or 2 pg of total RNA were diluted in RNase-free H20 in a final volume of 7 ul and
mixed with 5 pl (250 ng) random hexamer-oligonucleotides. The mixture was heated
for 10 min at 70 °C and afterwards cooled down at room temperature for 10 min. Next,
4 ul first-strand buffer, 2 pl (10 mM) DTT and 1 pl (0.5 mM) oligo dNTP’s were added
and the mixture was incubated for 2 min at 42 °C. Then 1 pl SuperScript Il (200U/ul)
was pipetted directly to the mixture and the reaction was incubated for 1 hr at 42 °C.
Subsequently, the reaction was stopped by incubation at 70 °C for further 10 min.
Finally, 20 yl RNase-free H20 was added to the solution to obtain the final stock of the
cDNA solution. cDNA was stored at -20 °C until further use. Based on the assumption
that cDNA synthesis has an approximately 50 % efficiency an amount of 1 uyg cDNA
transcribed from of 2 ug RNA was assumed. Thus, at the final reaction volume of 20 ul
contained 50 ng/pl cDNA.

3.21.11. Quantitative real time PCR

The comparison of different expression levels of a gene in different samples was
performed by the relative quantification method of quantitative real time PCR-analyses.
For this purpose, sequence-specific DNA-oligonucleotides (Table 12) and the Platinum
SYBR Green gPCR Super Mix (Invitrogen) or QuantiTect SYBR Green PCR (Qiagen)
were used to amplify cDNA target sequences. Per reaction 5 ul SYBR Green
(Invitrogen or Qiagen), 0.4 ul forward DNA-oligonucleotide (0.5 uM), 0.4 pl reverse
DNA-oligonucleotide (0.5 yM), 2.2 yl RNase-free H20 and 2 ul cDNA were mixed and
pipetted into 1 well of a black 384-well plate. Each sample was measured in technical
triplicates. Depending on the used SYBR Green the amplification protocols given in
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Table 19 were used.

In order to compare the expression level of different cONA samples, a standard curve
was generated from a sample with high and constant expression of the gene of
interest (GOI). The assumed concentrations of the standard were plotted against the
corresponding measured cycle threshold (CT) and an exponential regression line was
defined. The slope of the line was determined and based on this the concentrations of
the investigated samples were calculated. To normalize the expression of the target
gene, the expression of the endogenous control gene 78S rRNA was measured. If
applicable, the data were furthermore normalised to experimental controls, i.e. solvent

controls.

The statistical evaluation of at least 3 test series was carried out by using the GraphPad
Prism 6 software. The significance of differences and equality of the individual groups
was assessed by unpaired t-tests testing for independent groups. P values of P <0.05
were considered to be significant, and P values of P >0.05 were considered as non-
significant.

Table 19 Cycling conditions used for quantitative real-time PCR analyses.

Platinum SYBR Green

. QuantiTect SYBR Green
qPCR Super Mix .
(Invitrogen paclieitih)
Temp. | Duration | Cycles Temp. | Duration | Cycles
50 °C | 2 min 50°C | 2min
95°C | 2min 95°C | 15 min
95 °C | 30sec 40 x 95°C | 15sec
60 °C | 1 min 60 °C | 30 sec 40 x
72 °C | 30 sec
Dissociation stage Dissociation stage
(95 °C: 15 sec, 60 °C: 15sec, (95 °C: 15 sec, 60 °C: 15 sec,
95 °C: 15 sec) 95 °C: 15 sec)

3.2.1.12. Sanger sequencing of plasmid DNA or PCR products

Sanger sequencing was performed by using the BigDye™ Terminator v3.1 cycle
sequencing kit. Per reaction 500 ng plasmid DNA or up to 5 ul of gel extracted PCR
products were mixed with 1 pl BigDye™ reagent, 2 ul 5 x buffer, 1 yl sequence specific
DNA-oligonucleotide (0.5 uM) and filled to up to 10 pl with Ampuwa H20. Afterwards
the mixture was incubated as shown in Table 20. Subsequently 10 yl Ampuwa H20



Materials and Methods I45

was added and sequencing was performed on a 3500xL Genetic Analyzer at the
molecular diagnostics lab of the Institute of Human Genetics, Gottingen. Used DNA-
oligonucleotides and their respective sequences are given in Table 13. The obtained
DNA sequences were analysed with SnapGene Viewer and Micosoft Word 2016
software. DNA sequences were assembled by hand and aligned to reference
sequences (if applicable) with the use of the nucleotide BLAST tool from NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSear
ch&LINK_LOC=blasthome).

Table 20 Conditions for amplification of DNA for sequencing analyses.

Sequence amplification

Temp. | Duration Cycles
95°C | 1 min

95°C | 30 sec 30 x
60 °C | 2 min 30 sec

60 °C | 5min

3.2.1.13. RNA sequencing

Total RNA was extracted from TtT/GF cells and dissolved in RNase-free H20 (3.2.1.8).
RNA quality control, cDNA library preparation and RNA sequencing were performed at
the NGS Service Facility for Integrative Genomics (NIG), Institute of Human Genetics,
Gottingen. All fastq files are single end reads with 51 basepair readlength. They were
aligned against the reference of mus musculus (Mus_musculus.GRCh38 Ensembl 96)
genome with the RNA-Seq splice aware aligner STAR version 2.7.0f268 Afterwards,
aligned reads were counted towards their features (genes) with rsem calculate
expression (RSEM v1.1.1), not only utilizing unique matched reads, but multi matched
reads as well, allowing for the most comprehensive usage of the input read data26°.
The resulting expected counts were the baseline input for further analysis in the
programming language R (3.6.1) using the limma + voom (limma version 3.40.6)
package for differential gene expression analysis?’®. Following GSEA utilising the
clusterProfiler v3.12 package in R?"1. For quality control during the analysis pipeline
multiQC version 1.8, evaluating the output of fastqc
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the log files of
STAR, was used?’2. Final data visualization was performed with RStudio and
GraphPadPrism 6.


https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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3.2.2. Molecular biology
3.2.21. Plasmid cloning

Restriction hydrolysis of DNA was performed in a total volume of 10 pl, in the optimal
restriction buffer (supplied by the manufacturer) at the optimal temperature of the
restriction enzyme for 1 hr. Per 1 ug of DNA 2-3 U of restriction enzyme were used.

The reaction was terminated with a heat-inactivation step at 65 °C for 15 min.

3.2.2.2. Ligation of DNA with T4 DNA ligase

DNA fragments were ligated with a T4 DNA ligase. 50 — 200 ng of DNA were mixed
with 400 U T4 DNA ligase and 1 yl of 10 x ligation buffer in a total volume of 10 pl.
Ligation was performed at 16 C over night and the reaction was used for further

propagation in bacteria (3.2.2.6).

3.2.2.3. Isolation of DNA fragments from agarose gels

Isolation of DNA fragments from agarose gels was performed with PCR clean-up Gel
extraction Kit from Macherey-Nagel. The respective fragment was cut out from agarose
gel using a sterile scalpel and UV light illumination. DNA isolation was performed
according to manufacturer’s instructions. The concentration of the isolated fragment

was determined with a Nanodrop.

3.2.2.4. Isolation of DNA fragments for the generation of transgenic mice

Generation of transgenic mice required ultra-pure, linearized DNA for the injection in
male pronucleus of fertilized mouse oocytes. Thus 300 pg of the hGHRHR(-310,-
19)CreERT2 plasmid was hydrolysed with Kpnl and Spel restriction endonucleases
and the respective DNA fragment was isolated with the PCR clean-up Gel extraction
Kit from Macherey-Nagel from an ethidiumbromide free agarose gel (3.2.1.7). The
DNA was eluted in a minimum of 130 ul TE buffer for mouse oocytes injection (3.1.4).
The DNA-concentration measured by using a NanoDrop was set to 30 ng/ul and
directly centrifuged for 10 min at 13,000 rpm at room temperature. Afterwards 80 % of
the supernatant (minimum 100 pl) was transferred into a new tube and the correct size

of the DNA-fragment was verified by agarose gel electrophoresis. The linearized
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plasmid DNA was afterwards injected into fertilized mouse oocytes at the Max-Planck-

Institute for experimental Medicine, Gottingen.

3.2.2.5. Molecular Cloning of PCR fragments

PCR based amplicons were isolated from agarose gels and directly subcloned into the

pBluescript SK(+) vector via blunt-end cloning (3.2.2.2).

3.2.2.6. Transformation of bacteria

50 ul of competent DH5a E.coli cells were thawed on ice for 20 min and either 100 ng
of plasmid DNA or 5 pl of a ligation reaction were added and incubated on ice for further
20 min. Transformation of DNA was performed by a heat-shock at 42 °C for 30 sec.
After 1 min on ice, the mixture was filled with 450 ul S.0.C. medium and incubated for
50 min at 37 °C with 400 rpm. Afterwards 100-150 ul of the transformation mix was
plated on agarose plates supplemented with the appropriate selection antibiotic

(Table 8). The plates were incubated at 37 °C over night.

3.2.3. Molecular cloning of eukaryotic expression vectors

3.2.3.1. Generation of Ghrhr promoter sequence containing plasmids

In order to analyse the efficient transcription from the Ghrhr promoter different lengths
of the promoter from different species (rat, mouse and human) were cloned into the
pBluescript SK(+) vector. Therefore, DNA-oligonucleotides for PCR-based
amplification of the promoter sequences listed in Table 11 were used to amplify the
respective sequences from genomic DNA of rat, mouse and human. Afterwards the
respective amplicons were analysed by agarose gel electrophoresis and ligated via
blunt-end cloning into the EcoRV-opened pBluescript SK(+) vector to obtain the
plasmids pBluescript_rGhrhr(-1964,+9) and the pBluescript_mGhrhr(-1538,-1). The
generation of the plasmids pBluescript hGHRHR(-2207,-19) and the
pBluescript hGHRHR(-310,-19) was performed as described by Iguchi et al.263. The
numbers refer to the base position in the sequence assuming the adenine of the start

codon (ATG) was declared as +1.
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To generate EGFP expression analyses plasmids the EGFP-gene from pEGFP-N1
plasmid was isolated by EcoRI/Sspl restriction hydrolysis. Afterwards the 1036 bp
DNA-fragment was ligated downstream of the promoter sequences of the Mfel/Smal
opened pBluescript_rGhrhr(-1964,+9), Ncol/Smal opened pBluescript_mGhrhr(-
1638,-1), EcoRIl/Smal opened pBluescript hGHRHR(-2207,-19) or EcoRIl/Smal
opened pBluescript hGHRHR(-310,-19) plasmids.

For generation of the hGHRHRCreERT2-containing expression plasmid the CreERT?2
gene was amplified from genomic DNA of the murine B9 fibroblast cell line that
descend from Ptch””R26CreERT2 transgenic mice'®264.  The used DNA-
oligonucleotides are listed in Table 11. The 1997 bp amplicon was ligated into the
EcoRV-opened pBluescript SK(+) vector to obtain the pBluescript CreERTZ2 plasmid.
The CreERTZ2 gene from the pBluescript_CreERTZ2 plasmid was isolated by Sall/Smal
restriction hydrolysis. Afterwards the 2024 bp DNA-fragment was ligated in the
Sall/Smal-opened p/RES _EGFP plasmid generating a CreERT2 expression under the
control of a CAG promoter (pCAGCreERT2 IRES EGFP). Then the 3616 bp
CreERTZ2_IRES_EGFP fragment was isolated by restriction hydrolysis with EcoRI/Sspl
and ligated into EcoRl/Smal-opened pBluescript hGHRHR(-2207,-19) and
pBluescript hGHRHR(-310,-19) plasmids, respectively. Afterwards Smal/Hpal
restriction hydrolysis was performed for removal of the IRES_EGFP fragment. The
resulting plasmids were named pBluescript hGHRHR(-2207,-19)CreERT2 and
pBluescript hGHRHR(-310,-19)CreERT2. To exclude mutations, the whole inserted
DNA-fragments (hGHRHR(-2207,-19)CreERT2 and hGHRHR(-310,-19)CreERT?2)
were sequenced (3.2.1.12). Used sequencing DNA-oligonucleotides are given is in
Table 13.

The insertion of the respective promoter and gene sequences was approved by

restriction hydrolysis of all generated plasmids using appropriate DNA-endonucleases.
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3.2.4. Cell culture methods

3.241. Cultivation of eukaryotic cell lines

The used eukaryotic cell lines and their specific growth media are summarized in
Table 21. Some experiments required divergent serum concentrations. These
alterations can be found in Table 24 and in the respective experimental section. Cells
were cultured in @ 10 cm cell culture dishes in an atmosphere of 37 °C, 5 % CO2 with
95 % humidity. The medium was changed 3 times a week and cultures were split when
they reached >90 % confluency. Passaging of cells was performed by medium removal
and addition of 2 ml TrypLE Express. The cells were incubated at 37 °C, 5 % CO2 and
95 % humidity for 5 min or until all cells were detached. Afterwards the cells were
resuspended in 3 ml of the respective cell culture medium and centrifuged at 300 rpm
for 5 min at 4 °C. The supernatant was aspired and the cell pellet was resuspended in
5 ml cell culture medium. The cells were split 1:5 — 1:50 into new cell culture dishes

with fresh medium.

Table 21 Growth media and composition for cultivation of cell lines

Cell Line Medium Supplements
' 15 % Horse serum
AtT-20 Ham's F12-K 25 9% FBS
B9 DMEM+++ 10 % FBS
15 % Horse serum
GH3 Ham's F12-K 2.5 % FBS [heat inactivated (56°C for
30 min)]
MCF-7 DMEM+++ 10 % FBS
NIH/3T3 DMEM+++ 10 % FBS
10 % Horse serum
TtT/GF DMEM/HamF12 259 FBS

3.24.2. Cryoconservation of cells

Long-time preservation of cell lines was ensured by cryoconservation of the cells in
liquid nitrogen. Thus, the cells were detached with TrypLE Express and centrifuged as
described in chapter 3.2.4.1. After centrifugation, the supernatant was aspired and the
pellet of 3@ 10 cm cell culture dishes was resuspended in 1 ml cell line specific
medium supplemented with 10 % DMSO (v/v). The suspension was transferred into a
fresh cryo vial and immediately frozen at -80 °C in a Mr. Frosty™ freezing container
equipped with 99 % isopropanol. After 24 hrs the cells were transferred in liquid

nitrogen tanks until use.
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3.243. Counting of cells

To guarantee the same cell amount in each experiment the cells were counted with a
Neubauer counting chamber. Therefore, the cells were detached and centrifuged as
described in section 3.2.4.1. The pellet was resuspended in 5 ml of cell culture medium
and 10 pl from this suspension were transferred onto a Neubauer counting chamber.
All 4 big quadrants were counted and the cell number/ml was calculated with following

formula:

Cells _ Counted cells 4
ml Number of counted big quadrants

Afterwards the cells were seeded in an adequate amount according to the cell numbers
in Table 22.

Table 22 Seeded cell numbers for culture in different cultivation vessels

6-well plate
Cell line Seeding Medium 24-well plate
density volume/well

AtT-20 1x 10%well | 1o0r2ml 1 x 105/well in 500 pl/well
GH3 4 x 10%well | 10r2ml 1 x 105/well in 500 pl/well
NIH/3T3 1 x 10%well | 2 ml -

TtT/GF 5x 10%well | 2 ml 1 x 10%well in 500 pl/well

3.244. Attachment of suspension cells on cover slips

Staining of suspension cells (e.g. AtT-20) required the attachment of these cells to
specialized coverslips. Therefore, Shi-fix™ coverslips were used. AtT-20 cells were
aspired and transferred into a tube. The cells were centrifuged at 300 rpm for 5 min at
4 °C and afterwards the supernatant was removed. The pellet was resuspended in
5 ml PBS and the cells were counted. Subsequently, 1 x 10° cells in 100 ul PBS were
placed on a Shi-fix™ coverslip. The cells were incubated for 30 min at room
temperature. Afterwards the cells were washed 1 x with 500 ul 1 x PBS and then
incubated with 500 ul 4 % PFA for 10 min. After 3 more washing steps with 1 x PBS

the cells were used for immunocytochemistry (3.2.6.4).
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3.2.4.5. Electroporation of cells

Transfection of eukaryotic cells was performed with the neon transfection system from
Invitrogen. The procedure was done according to manufacturer’s instructions. Table 23

shows the used conditions for the different cell lines.

Table 23 Specifications for electroporation of eukaryotic cells

Cell line Voltage (V) | Pulse length (ms) | Pulse width
AtT-20 1200 30 2
GH3 1350 30 1
NIH/3T3 1350 20 2
3.2.4.6. SAG and vismodegib stimulation of TtT/GF, GH3 and AtT-20 cells

For SAG and vismodegib stimulation, the appropriate cell number of the respective cell
lines (e.g. TtT/GF; GH3; AtT-20) was seeded on a 6-well plate (Table 22) in 2 ml of
their respective growth medium per well. 24 hrs post seeding the cells were starved for
24 hrs in 2 ml of their respective starvation medium (Table 24) per well. Cells were
stimulated with 100 nM SAG, 1 yM vismodegib or as a solvent control with the
respective amount of DMSO for 48 hrs in 2 ml of their respective starvation medium

per well. Total RNA of the cells was isolated as described in 3.2.1.8.

Table 24 Composition of starvation medium of pituitary cell lines

Cell Line Medium Supplements for starvation medium
\ 0.5 % Horse Serum
AtT-20 Ham's F12-K 0.125 % FBS
. 0.5 % Horse Serum
GH3 Ham'’s F12-K 0.125 % FBS [heat inactivated (56 °C for 30 min)]
0.5 % Horse Serum
TtT/GF DMEM/HamF12 0.125 % FBS
3.24.7. Generation of conditioned medium

5 x 10* TtT/GF cells per well were seeded on a 6-well plate in 2 ml of their growth
medium (Table 21). 24 hrs post seeding the cells were incubated in starvation medium
of either GH3 or AtT-20 cells (Table 24) for 24 hrs. Afterwards the cells were treated
with SAG or solvent (DMSO) in starvation medium of GH3 or AtT-20 cells, respectively.
48 hrs after stimulation the supernatant was harvested and filtered through a 0.2 ym

filter. 200 pl of the filtrate was directly frozen at -80 °C until further analysis. The
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remaining conditioned medium was stored for maximum two weeks at 4 °C.

3.2.4.8. Incubation with conditioned medium

Endocrine cells (GH3 or AtT-20) were seeded and starved as described in section
3.2.4.6. After the starvation period, the cells were incubated for 48 hrs with conditioned
medium (3.2.4.7) for 48 hrs. Subsequently the supernatant was harvested and stored
at -80 °C. Total RNA was extracted from the cells (3.2.1.8).

TtT/GF cells + SAG or DMSO

qRT-PCR 6 S BT 6
&4 trasfer 'Y Y

gRT-PCR

qRT-PCR ELISA
(potentially)

Figure 6 Schematic representation of the medium transfer experiment. TtT/GF cells were cultured either in
AtT-20 (red) or GH3 (blue) medium and treated with SAG or DMSO, respectively. RNA was isolated from the treated
TtT/GF cells and analysed for differential gene expression with the use of qRT-PCR (upper row). In parallel, the
supernatant (SUPNT) from treated TtT/GF cells was incubated with AtT-20 or GH3 cells, respectively (middle row).
Afterwrads RNA was isolated from treated AtT-20 and GH3 cells and gene expression levels were analysed via
gRT-PCR. Furthermore, the supernatants from treated AtT-20 and GH3 cells were analysed via an ELISA if
necessary (lower row).

3.24.9. Ex vivo cultivation of murine pituitary glands

Freshly isolated murine pituitary glands were washed in HDB and separately cultured
in one well of a 24-well plate containing pituitary cultivation medium (Table 25) for
5 days at 37 °C, 5 % CO2z and 95 % humidity. The medium was changed once a week.
Recombination of cultivated pituitary glands was achieved by incubation of the

pituitaries with 10 yM tamoxifen or the respective amount of the solvent (DMSO) for
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5 consecutive days. During the incubation period, the medium was renewed once by

fresh tamoxifen- or DMSO-containing medium, respectively.
Table 25 Medium for cultivation of ex vivo pituitary glands

Medium Supplements

10 % FBS [heat inactivated (56 °C for 30 min)]
1 x L-Glutamine

1 % Pen/Strep

1250 pg Amphotericin B

DMEM ++- 1 x MEM non-essential amino acids

5 pg/ml Insulin

5 pg/ml Apo-transferrin

60 pmol T3

20 pg/ml Sodium selenite

3.2.4.10. B-Ala-Lys-N(g)-AMCA staining of pituitary acute slices

Freshly isolated murine pituitary glands (see section 3.2.7.6) were washed in HDB and
placed in HBSS on ice. 2 % (w/v) low melting agarose was dissolved in HBSS and
heated at 65 °C for 10 min. Subsequently the agarose was cooled down for 10 - 15 min
to 37 °C and poured carefully into a metal mold. One pituitary gland was placed into
the agarose and cooled on ice until the agarose solidified. The embedded gland was
placed in cooled HBSS and 200 um thick slices were cut on a Leica VT1000S
vibratome with a frequency of 60 Hz. The slices were stored in cooled HBSS until
further use. According to Bonnefont et.al.?’3 the slices were assumed to be viable for
up to 10 hrs. Afterwards the slices were incubated for 3 hrs in 50 uM B-Ala-Lys-N(¢g)-
AMCA diluted in HBSS at 37 °C with 5 % CO:2 in the dark. Then, they were placed on
microscope slides and dried for 5 min at 37 C. The slices were mounted with mowiol
mounting medium and imaged on a confocal laser scanning microscope (Olympus
Fluoview FV1000) (3.2.6.6).

3.2.5. Protein biochemistry

3.2.5.1. Protein isolation from cultured eukaryotic cells and murine tissue

To isolate proteins from cultured eukaryotic cells the cells were cultivated on @ 10 cm
cell culture dishes until they reached >90 % confluency. Electroporated cells were
harvested 48 hours post electroporation. For protein isolation the cells were washed
two times with ice-cooled 1 x PBS. Then 500 pl fresh 1 x PBS were added, and the
cells were scraped from the dish with a cell scraper. The cell suspension was
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centrifuged at 2,000 rpm for 5 min at 4 °C and the pellet was snap freezed in liquid
nitrogen and thawed on ice. The pellet was resuspended in 30-100 pl lysis
buffer (Table 4) and incubated for 45 min on ice with short vortexing every 15 min.
Afterwards, the sample was centrifuged for 25 min at 13,000 rpm and 4 °C and the
protein lysate containing supernatant was transferred into a new tube. Protein lysates

were stored at -80 C until further use.

Total protein from murine tissue was isolated from 30 — 100 mg of fresh or frozen
tissue. The samples were placed in 300 pl (for pituitary: 180 yl) modified RIPA
buffer (Table 4) and homogenized for 1 min on ice with a tissue processor. The
samples were shock freezed in liquid nitrogen and afterwards thawed on ice. At last,
the sample was centrifuged at 10,000 rpm for 10 min at 4 °C and the protein-containing

supernatant was transferred in a new tube.

3.2.5.2. Quantification of isolated protein samples

Protein quantification of total protein lysates from cell culture or from tissues samples
was performed by using the Pierce™ BCA Protein Assay Kit. The supplied BSA
standard was diluted according to manufacturer’s instructions. Pierce™ BCA Protein
Assay Kit solution A was diluted 1:50 in the provided Pierce™ BCA Protein Assay Kit
solution B and 200 pl of this solution was added in one well of a 96-well plate. 10 pl of
the prepared standard or 1 ul of the respective protein sample were added to the
detection reagent and the mixture was incubated at 37 °C for 30 min. The absorption
of the sample was measured in technical triplicates at 562 nm with a plate reader. The
absorption values of the standard curve were plotted and a linear regression line was
fitted to the data points. The slope of this regression line was used to calculate the

protein concentration of the samples with the use of Microsoft Excel 2016 software.

3.2.5.3. SDS-polyacrylamide gel electrophoresis (PAGE) and Western
blotting

Proteins were separated by their size by SDS-PAGE. Therefore 20 ug of total protein
were mixed with 6 x SDS loading buffer in a total volume of 20 ul and the solution was
heated up for 5 min at 95 °C with shaking at 450 rpm. Afterwards, the mixture was
loaded onto a 4-12 % Bis Tris Midi gel in ice cooled running buffer. Proteins were
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separated for 30 min at 100 V and afterwards for 120 min at 120 V. A pre-stained
marker was loaded as a protein standard. The protein gel was then blotted on a
nitrocellulose membrane with a semidry blotting system. Activation of the membrane
was performed with ddH20. Whatman filter paper were wetted in transfer buffer. The
gel was placed on the membrane and the blot was assembled in the blot apparatus.

Blotting was performed for 85 min at 20 V.

After blotting the membrane was transferred in a vessel and blocked in blocking buffer
for 1 hr at room temperature under continuous agitation. After 3 x 5 min washing with
TBS-Tween the membrane was placed in a 50 ml Falcon tube and incubated with the
primary antibody (diluted in BSA-Azid) over night at 4 °C under continuous rotation.
Afterwards, the membrane was washed for 3 x 5 min with TBS-Tween at room
temperature and stained with HRP-labelled secondary antibody in blocking buffer for
1 hr at room temperature under continuous rotation. Subsequently the membrane was
washed for 3 x 5 min with TBS-Tween and the detection was performed by incubation
the membrane with the ECL substrate solution according to manufacturer’s
recommendations. Documentation was performed either on the FluorChem™ Q or the
Azure c300 imaging system. Used primary and secondary antibodies as well as the

used antibody dilutions are given in Table 9 and Table 10.

3.2.54. Hormone concentration determination via an enzyme linked

immunosorbent assay (ELISA)

For measurement of Acth serum concentration the Acth specific ELISA kit from
Biomatik was used according to manufacturer’s instructions. The determination of Gh
concentration in supernatants of GH3 cells was performed with the Gh specific ELISA
kit from Biomatik according to manufacturer’s instructions. For data analysis, the
logarithmized standard concentration and the corresponding absorption values were
plotted. Then a logarithmic regression line was fitted to the data points and the slope
was used to calculate the Acth or Gh concentration in the samples, respectively. Data

analysis was performed using Microsoft EXCEL 2016 software.



Materials and Methods I56

3.2.5.5. Vasoactive intestinal peptide (Vip) concentration determination with

a chemiluminescent enzyme immunoassay (EIA)

For measurement of Vip concentrations in supernatants of TtT/GF cells the Vip specific
EIA kit from Phoenix Pharmaceuticals was used according to manufacturer's
instructions. For data analysis the logarithmized standard concentrations and the
corresponding relative luminescence values were plotted. Next, a reverse sigmoidal
regression line was fitted to the data points and the slope was used to calculate the
Vip concentration in the samples. Data analysis was performed using Microsoft EXCEL

2016 software and GraphPad Prism 6 software.

3.2.6. Immunohistochemical stainings

3.2.6.1. Paraffin-embedding of murine tissue samples

Organs to be analysed were fixed in 4 % PFA at 4°C for at least 2 days and afterwards
transferred in 1 x PBS and stored at 4 °C until further proceeding. PFA-fixed tissue
samples were dehydrated with an ascending alcohol series (70 %,80 %, 90 %, 96 %,
99 % and xylene) and embedded in paraffin with an embedding machine. Afterwards

paraffin embedded tissues were cut into 5 um thick sections with a microtome.

3.2.6.2. Haematoxylin and eosin staining

For haematoxylin and eosin (HE) staining, microtome-sectioned paraffin-embedded
tissue samples were de-paraffinized by incubation in xylene for 2 x 10 min. The
sections were rehydrated by a descending EtOH series (2 x 99 %, 1 x 96 %, 1 x 80 %
and 1 x 70 %) and washed under running ddH20. Then the slides were incubated in
hematoxylin solution for 20 min at room temperature. Afterwards, the slides were
washed under running warm tap water until excessive hematoxylin was completely
dissolved from the slides. Next, the slides were stained with 1 % eosin solution for
20 sec and shortly washed in ddH20. Directly after washing, the samples were
dehydrated with an ascending EtOH series (1 x 70 %, 1 x 80 %, 1 x 96 %, 1 x 99 %)
and dipped 2 x in fresh xylene. Finally, the sections were mounted with Pertex and
imaged on an Olympus microscope.
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3.2.6.3. Immunohistological staining

For immunhistological antibody stainings microtome-sectioned paraffin-embedded
tissue samples were de-paraffinized by incubation in xylene for 2 x 10 min. Afterwards
the sections were rehydrated in descending alcohol series (100 %, 96 %, 70 %) for
10 sec each and washed in ddH20. For antigen retrieval the sections were heated
1 x4 min and 3 x 3 min in citrate buffer pH 6 in a microwave at 600 W. Evaporated
buffer was refilled by ddH20. The cooled sections were washed with 1 x TBS and
afterwards incubated with 3 % H202 for 20 min to block endogenous peroxidases if the
staining was visualized with HRP-labeled secondary antibodies or EnVision™ system
and the AEC chromogen. After a second washing step the samples were incubated
with IHC-Block for 20 min to reduce unspecific binding of the primary antibody. The
primary antibody was diluted in 1 x TBS and incubated on the sections over night at
4 °C. On the next day, the slides were washed 3 times in 1 x TBS and incubated with
enzyme- or fluorescent-labeled secondary antibodies or with undiluted HRP rb/m
solution of the DAKO EnVision™ Kit for 1 hr or 30 min at room temperature,
respectively. Immunofluorescence stainings were mounted with DAPI mounting
medium and kept in the dark at 4°C or -20°C until images were taken. Visualization of
sections stained with HRP-labeled secondary antibodies or the HRP rb/m solution
(DAKO EnVision™ Kit) was performed with AEC chromogen. For this purpose, the
slides were incubated with freshly prepared AEC solution for up to 30 min. Enzymatic
reaction was stopped by placing the slides in ddH20. Afterwards the sections were
counterstained with haematoxylin and mounted with Glycergel. Used primary and
secondary antibodies and their used dilutions are summarized in Table 9 and Table 10.

3.2.6.4. Immunocytochemistry

For immunocytochemistry, eukaryotic cells were seeded in 24-well plates containing
PLL-coated round cover slips (0.1 mg/ml PLL for 30 min) or were spotted onto Shi-
fix™ coverslips (see section 3.2.4.4). For fixation of the cells, the medium was aspired
and 500 uyl 4 % PFA was applied to the cells for 10 min at room temperature.
Afterwards, cells were washed 3 times with 1 x PBS and incubated with 1 x PBS
containing 0.5 % Triton X-100 for 30 min at room temperature. After 3 times washing
with1 x PBS the unspecific antigens were blocked with 500 pl IHC-Block for 30 min at

room temperature. Next cells were incubated with the primary antibody in 1 x PBS for
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1 h at room temperature. Subsequently, the cells were washed for 3 times with
1 x PBS and incubated with fluorescent-labeled secondary antibody in 1 x PBS for
45 min at room temperature in the dark. Afterwards, the cells were washed once with
1 x PBS and the coverslips were mounted with DAPI mounting media upside down on
microscope slides. Used primary and secondary antibodies and their used dilutions are

summarized in Table 9 and Table 10.

3.2.6.5. Detection of murine GIli1/GLI1 transcripts in histological sections
using RNAscope technique

Detection of gene transcripts in paraffin-embedded, microtome-sectioned tissue
samples was performed by using the RNAscope 2.5 HD assay kit. Paraffin sections
were cut one day before staining and dried over night at 37 °C. On the next day, the
slides were incubated for 1 hr at 60 °C and afterwards de-paraffinized for 2 x5 min in
xylene and rehydrated 2 x 1 min in 99 % RNA-pure EtOH. After air drying of the slides
for 10 min they were incubated for 20 min with RNAscope H202 at room temperature.
Subsequently the slides were washed for a few seconds in autoclaved ddH20 and
target retrieval was performed by incubation of the slides in preheated RNAscope
Target Retrieval Reagent at 135W for 10 min and for 180 W for 6 min in the
microwave. The slides were immediately transferred in prewarmed autoclaved ddH20
and washed first for a few seconds with autoclaved ddH20 and then with 99 % RNA-
pure EtOH for 30 sec. The sections were completely dried in a wet chamber over night
at room temperature. On the next day, the sections were incubated for 30 min with
RNAscope Protease Plus at 40 °C in a wet chamber. Following a short washing step
in autoclaved ddH20 the samples were hybridized by an incubation with two drops of
the respective probe for 2 hrs at 40 °C in a wet chamber (Table 26). The slides were
washed for 4 min in 1 x RNAscope Wash Buffer under constant agitation. Afterwards
the sections were incubated with two drops of AMP1 (30 min), AMP2 (15 min),
AMP3 (30 min), AMP4 (15 min), AMP5 (1 hr) and AMP6 (15 min), respectively at
40 °C in a wet chamber. Between each incubation with one of the AMP probes the
slides were washed for 4 min in 1 x RNAscope Wash Buffer under constant agitation.
After AMP6-incubation the slides were washed two times with 1 x RNAscope Wash
Buffer under constant agitation for 4 min. Signal detection was performed with the Fast-
RED reagent. For this purpose, Fast RED-B was diluted 1:60 in Fast-RED-A and the

mixture was applied on the slides and incubated for 10 min at room temperature in a
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wet chamber. Antibody staining was performed directly after the signal detection with
Fast RED. Therefore, the slides were washed with 1 x TBS and blocked for 20 min in
IHC-Block at room temperature. The following steps were identical with standard
antibody staining (3.2.6.3).

Table 26 RNAscope® specific probes used for detection of transcripts

Target transcript | Probe name Order number
PPIB RNAscope®PositiveControlProbe -Hs-PPIB | 313901
Ppib RNAscope®PositiveControlProbe -Mm-Ppib | 313911
GLI1 RNAscope®Probe -Hs-GLI1 310991
Gli1 RNAscope®Probe -Mm-Gli1 311001
Negative control | RNAscope®NegativeControlProbe -DapB 310043

3.2.6.6. Analysis of immunohistological stainings

All fluorescent stainings were imaged with a confocal laser scanning microscope
(Olympus Fluoview FV1000) equipped with the Fluoview FV10-ASW 4.2 software.
Afterwards the pseudo-coloured images were edited with the Fluoview FV10-ASW
Viewer software by changing the colours with the use of a Look Up Table (LUT).
Immunohistological stainings were imaged with a light microscope (Olympus BX60)
equipped with CellSens software. Scale bars were added to the pictures with the use
of Fiji.

3.2.7. Animal experiments

3.2.71. Ethical statements and animal housing

All experiments using animals were performed in compliance with all German legal and
ethical requirements and have been approved by the Lower Saxony State Office for
Consumer Protection and Food Safety (file number 33.9-42502-04-15/1787 and 33.9-
42502-04-17/2538). The responsible Institutional Animal Care and Use Committee
(Lower Saxony, Germany) approved all animal experiments. All animals were kept
under SPF conditions with a 12 hr dark/light cycle and with food and water ad libitum.

Used mouse lines are summarized in Table 17.

Human material was obtained from Prof. Rolf Buslei (Institute of Pathology,
Sozialstifftung Bamberg, Germany). All experiments using human material were

performed in compliance with the Ethical Committee of the University of Erlangen-
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Nurnberg (file number 3598 awarded to Prof. Rolf Buslei). Written informed consent

from all patients were acquired.

3.2.7.2. Genotyping of mice

In order to ensure the desired genotype of the mice, all animals were biopsied at an
age of 3 to 4 weeks. Either tissue from the tail tip or from an ear punch was used. From
these tissue samples genomic DNA was isolated (3.2.1.1) and used for a PCR-based
genotyping. All PCR reactions included 1 ul 10 x PCR buffer, 1 ul Cresol, 0.2 yl 10 mM
dNTPs, 0.6 ul CaClz, 0.5 ul forward DNA-oligonucleotide (0.5 uM), 0.5 pl reverse DNA-
oligonucleotide (0.5 uyM), 6.1 yl Ampuwa H20 and 0.1 pyl MolTaq polymerase (0.1 U).
Used DNA-oligonucleotides and the expected amplicon sizes are given in Table 11.

The reaction was performed in a PCR thermocycler with the settings listed in Table 27.

Table 27 PCR thermocycler settings for genotyping of mice form the indicated stains.

Aldh111CreERT2 Gli1CreERT2 hGHRHRCreERT2
Temp. | Duration | Cycles Temp. | Duration | Cycles Temp. | Duration | Cycles
94 °C | 4 min 1x 94 °C | 4 min 1x 95 °C | 4 min 1x
94 °C | 20 sec 94 °C | 20 sec 95 °C | 45 sec
60 °C | 20 sec 40 x 60 °C | 20 sec 33 x 62 °C | 30 sec 35 x
72 °C | 45 sec 72 °C | 45 sec 72 °C | 45 sec
72 °C | 5min 1Xx 72°C | 5min 1 X 72 °C | 5min 1 X

PomcCreERT2 Ptch; GFP; RosaTomato Smof
Temp. | Duration | Cycles Temp. | Duration | Cycles Temp. | Duration | Cycles
94 °C | 3 min 1 X 94 °C | 4 min 1x 94 °C | 3 min 1x
94 °C | 30 sec 94 °C | 20 sec 94 °C | 1 min
62 °C | 1 min 29 x 60 °C | 20 sec 33 x 65°C | 1 min 35 x
72 °C | 50 sec 72 °C | 45 sec 72 °C | 1 min
72 °C | 2min 1x 72 °C | 5min 1x 72 °C | 2min 1x
Sox2CreERT2

Temp. | Duration | Cycles
95°C | 5min 1 X

95°C | 15sec
63 °C | 15sec 35 x
72 °C | 30 sec

72 °C | 2 min 1 X
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3.2.7.3. In vivo tamoxifen application

Induction of CreERT2-mediated recombination of floxed loci in 4- and 8-week old
transgenic mice was performed by intraperitoneally (i.p.) injection of 1 mg tamoxifen in
100 pl solvent for 5 consecutive days resulting in a total dose of 5 mg tamoxifen per
mouse. Tamoxifen solution for in vivo application was prepared by mixing 200 mg
tamoxifen with 800 ul 99 % RNA-pure EtOH and 20 ml sunflower seed oil. The solution
without tamoxifen was used as solvent control. Ready-to-use syringes were stored at

-20 °C until use, but maximum for 1 year.

3.2.7.4. Blood serum isolation and glucose measurement from Pomc/Ptch”f

and Pomc/Smo™f mice

During the observation period of 250 days post tamoxifen application every two weeks
approximately 150 pl of blood was taken from the retro-orbital plexus of 8 weeks old
Pomc/Ptch™”, Pomc/Smo™ and the respective control mice. The blood was collected in
1.5 ml tubes and coagulated for 2 hrs at 4 °C. Afterwards the sample were centrifuged
for 10 min at 3,000 rom and 4 °C. The upper serum (approximately 80 pl) was
transferred into a new tube and stored at -80 °C until further use.

Simultaneously to blood collection one drop of blood was applied on test stripes of the

Contour xt measurement device for measurement of blood glucose levels (mg/dl).

3.2.7.5. Body weight analysis in Pomc/Ptch” and Pomc/Smo® mice

Once a week during the observation period of 250 days post tamoxifen application
Pomc/Ptch”, Pomc/Smo” and the respective control mice were weighed and the

absolute body weight was plotted over time.

3.2.7.6. Murine tissue isolation

Mice were euthanized by cervical dislocation under deep CO2 anaesthesia. Next, the
animal was fixed on the preparation table and fur was disinfected and wetted using
70 % EtOH. After removing of the scalp, incisions were made from the foramen

magnum towards the frontal bone along the parietal bone. The calotte was lifted
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rostrally. Subsequent the brain was removed by levering it caudally with a spatula, cut
sagittal and the hemispheres were embedded together. Using a scalpel, the pituitary
gland was separated from the left and right trigeminal nerve and taken out from the
sella region. The organ was embedded in fofo with its caudodorsal surface facing
downwards. The abdomen of the mouse was opened along the linea alba and the
respective organs were taken from the abdomen. For paraffin embedding the organs
were placed in 4 % PFA and processed as described in 3.2.6.1. For RNA or protein

isolation, the organs were directly frozen at -80 °C.
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4. Results

4.1. Deregulation of Hh signalling in corticotrophs of adult mice pituitary

Previously our lab showed that a ubiquitous overactivation of Hh signalling in ex vivo
cultured adult pituitaries lead to increased Pomc, Gh and Prl transcription and
stimulates the proliferation of Sox2* cells in the AL'5. However, the particular cell
type/s which is/are responsive for Hh signalling activation and thus is/are responsible
for the observed phenotype has/have not been determined so far although this
information is of therapeutic interests, e. g. for ACTH-, GH- or PRL-expressing PA that
show elevated Hh signalling activity'®. However, ours'® and the data from other
labs183:184 strongly pointed towards a direct impact of Hh signalling in Acth/Pomc-
expressing cells in the adult pituitary gland. Thus, the cell-specific role of Hh signalling
in Acth/Pomc-producing cells was investigated by using the conditional tamoxifen-
inducible in vivo gene knock out technique. For this purpose, the PomcCreERT?2
deleter mouse strain that expresses a tamoxifen-inducible CreERT2-recombinase
under the control of the Pomc promoter was chosen. However, neither inducibility,
specificity nor efficiency of PomcCreERT2-mediated recombination in the adult
pituitary was investigated so far. Thus, first PomcCreERT2/ROSAZ26-
tdTomato (Pomc/tdT) reporter mice were generated and inducibility, specificity and
efficiency of the CreERT2-recombinase in the adult pituitary gland was analysed.
Afterwards PomcCreERT2 mice were bred with Ptch”f or Smo” mice, respectively, to
investigate the effect of activated or inhibited Hh signalling in corticotrophs by
homozygous depletion of Ptch and Smo, respectively, in PomcCreERT2-expressing

cells in vivo.

4.1.1. The PomcCreERT2 deleter mouse strain expresses the CreERT2 cell-
specific but its activity is moderately leaky in the pituitary gland

To study the inducibility, specificity and efficiency of the PomcCreERT2-recombinase
PomcCreERTZ2 mice (Pomc) were bred with ROSA26-tdTomato reporter (tdT/tdT)
mice that only express the red fluorescent protein tdTomato (tdT) after Cre-mediated
recombination?®!. The resulting Pomc/tdT mice were injected with tamoxifen or solvent,
respectively, at an age of 8 weeks and pituitaries were collected 7, 14, 50, 100, 150,

200 and 250 days post-injection. Afterwards the expression of tdT was analysed by
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anti-RFP antibody stainings of pituitary gland sections.

Pituitary glands of tamoxifen-treated Pomc/tdT showed strong tdT expression in the
AL and in the IL (Figure 7 right, overview). The tdT" cells were located throughout the
complete AL and all cells of the IL. At all investigated time points incl. up to 250 days
post tamoxifen-treatment tdT* cells were detectable (Figure 7). However, mild or
strong tdT expression was also observed in sections from solvent-treated Pomc/tdT
pituitaries in the AL and the IL, respectively (Figure 7, left, arrow heads). Double
immunofluorescence staining furthermore showed a clear co-localization of tdT with
Acth and Pomc but never with Gh or Prl (Figure 7) in tamoxifen- and solvent-treated
pituitaries demonstrating the cell-specific expression of the CreERT2-recombinase in
Pomc-/Acth-expressing cells. Comparison of age-matched tamoxifen- and solvent-
induced pituitaries furthermore revealed despite of the mild leakiness of the CreERT2-
recombinase in the AL a strongly increased number of tdT* AL cells in tamoxifen-

treated pituitaries (Figure 7, right).
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Figure 7 Cell-type specific expression and inducibily of the CreERT2-recombinase of PomcCreERT2 mice.
tdT expression in pituitary glands of solvent- (left) and tamoxifen- (right) treated Pomc/tdT animals was examined
with an anti-RFP (red) specific antibody. Overview pictures (first columns) show tdT expression in the AL and IL
of tamoxifen and solvent-treated samples. Double immunofluorescence stainings with antibodies aginst Acth,
Pomc, Gh and Prl revealed co-localization of tdT with Acth and Pomc in the tamoxifen-treated (arrows) and the
solvent-treated animals (arrowheads). Scale bars represent 500 um for the overview pictures and 10 uym for the
magnified pictures.

These data demonstrate, that the CreERT2-recombinase of PomcCreERTZ2 mice is (1)
cell-specifically expressed in Pomc-/Acth-expressing cells, (2) efficiently inducible
in vivo in the pituitary gland by i.p. tamoxifen-application but (3) also mildly or strongly

leaky without tamoxifen induction in the AL or IL, respectively.



Results I66

4.1.2. In vivo activation/inactivation of Hh signalling in corticotrophs

41.21. Pomc/Ptch™ and Pomc/Smo”f mice are born in normal Mendelian

ratio

Ptch and Gli1 are expressed in the developing pituitary and are essential for the
proliferation of the gland (see 1.3.2). Since Pomc is firstly expressed at E14 in rat
pituitaries?’* a depletion of Ptch or Smo in Pomc-expressing cells at this developmental
stage could have been result in developmental abnormalities of the gland and/or
Pomc-expressing cells. Since the mild leakiness of the PomcCreERT?2 strain in adult
pituitaries (Figure 7, left) hint towards also a leakiness during pituitary development,
the birth ratio of the afterwards generated Pomc/Ptch”' and Pomc/Smo” mice was
analysed in comparison to Ptch” and Smo” littermates (Figure 8). Nonetheless,
Pomc/Ptch” and Pomc/Smo” mice were born in the suspected Mendelian ratios
(Figure 8) and showed inconspicuous health status demonstrating that Hh signalling
plays no role in Pomc-expressing cells during pituitary development. However, these
results furthermore indicated that a deregulation of Hh signalling in some corticotrophs
(due to the leakiness of the PomcCreERT2) might not affect the general health status

of young mice.
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Figure 8 Mendelian ratios of the offspring of Pomc/Ptch”f and Pomc/Smo™ mice. The offspring of Pomc/Ptch™
and Pomc/Smo” was counted manually and the percentage of born animals with the genotype Pomc/Ptch”
(red/black upper row) Ptch” (grey, upper row), Pomc/Smo” (red/black, lower row) and Pomc/Smo™ (grey, lower
row) was calculated.
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4.1.2.2. Body weight, blood glucose, serum Acth level and pituitary gland
weight are not altered in tamoxifen-treated Pomc/Ptch” and Pomc/Smo” mice

To analyse the effect of activated or inactivated Hh signalling in a large corticotroph
population (compare solvent- and tamoxifen-treated Pomc/tdT pituitaries, Figure 7) in
adult mice the CreERT2-recombinase of 4 and 8 weeks old Pomc/Ptch” and
Pomc/Smo” mice was activated via i.p. tamoxifen-application. Solvent-treated
Pomc/Ptch” and Pomc/Smo” and solvent- or tamoxifen-treated Ptch”" and Smo” mice

served as controls.

Our previous results showed that ubiquitous activation of Hh signalling in the adult
pituitary gland leads to increased Acth production'®185 pointing towards an cell-
intrinsic role of Hh signalling in Acth production from corticotrophs. Since furthermore
Acth regulates the release of glucocorticoids from the adrenal gland which in turn
control gluconeogenesis in the liver and de novo lipid production® it was assumed that
tamoxifen-induced Pomc/Ptch”f and Pomc/Smo™ mice may suffer from body weight,
blood glucose level and/or Acth serum level variations. Thus, tamoxifen-induced
Pomc/Ptch”, Pomc/Smo™ as well as the respective control mice were monitored for
250 days post-injection and body weight, blood glucose levels as well as Acth serum
levels were recorded at distinct time points during the observation period (see 3.2.7.4
and 3.2.7.5).

However, neither activation nor inactivation of Hh signalling in Pomc-/Acth-expressing
cells resulted in significant changes in body weight (Figure 9A,C) or blood glucose
concentration (Figure 9B,D) compared to the controls. Beyond that, neither Acth serum
levels (Figure 10A,C) nor end-point measured pituitary weights (Figure 10B,D) differed
in tamoxifen-treated Pomc/Ptch” and Pomc/Smo”f mice compared to the respective

controls.

These results demonstrate that neither the depletion of Ptch nor Smo in corticotrophs
change the peripheral Acth serum concentration in vivo. Moreover, pathological health
conditions that are caused by deregulated Acth levels (e.g. body weight or blood
glucose) were also not observed. Thus, it has to be assumed that Hh signalling is not

involved in Acth regulation in corticotrophs in vivo.
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Figure 9 Body weight and blood glucose concentration of Pomc/Ptch”f and Pomc/Smo” mice. Body weight
(A,C) and blood glucose level (B,D) of tamoxifen- (red) and solvent-treated (black) Pomc/Ptch”™ (A,B) or
Pomc/Smo™ (C,D) and tamoxifen- and solvent-treated Ptch” (A,B) or Smo” (C,D) mice (grey). Body weight was
measured weekly over 250 days post i.p. injection and blood glucose levels were determined every second week
over 250 days post i.p. injection. Data represent mean + SD.
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Figure 10 Acth serum level and pituitary gland weight of Pomc/Ptch” and Pomc/Smo” mice. Acth serum
concentration (A,C) and end-point pituitary gland (PG) weight (B,D) of tamoxifen- (red) and solvent-treated (black)
Pomc/Ptch™ (A,B) or Pomc/Smo™ (C,D) and tamoxifen- or solvent-treated Ptch” (A,B) or Smo” mice (C,D) (grey).
Acth serum concentration was analyses at 3 different indicated time points (A,C). Data represent mean + SD.
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4.1.2.3. The histology of tamoxifen-treated Pomc/Ptch”f and Pomc/Smo”f

pituitary glands shows no alterations

The depletion of Ptch or Smo did not resulted in obvious phenotypic alterations
(Figure 8, Figure 9 Figure 10). To analyse potential morphological changes resulting
from a deregulated Hh signalling in corticotrophs, the pituitaries of tamoxifen-treated
Pomc/Ptch” and Pomc/Smo™ mice as well as of the controls were histologically and
immunohistologically examined 250 days after tamoxifen/solvent application. H&E
stainings of the sectioned pituitaries revealed no morphological alterations (e.g.
lesions, adenomas) in tamoxifen-treated Pomc/Ptch” and Pomc/Smo™ mice compared
to the respective controls. Beyond that, the pituitaries of tamoxifen-treated Pomc/Ptch™
and Pomc/Smo” mice did not show alterations in the number of proliferative active cells
(Figure 11) or in the Pomc or Acth expression pattern in comparison to the controls
(Figure 12).

These data show that the depletion of Ptch or Smo in corticotrophs of the adult murine
pituitary glands does not induce in morphological alterations of the gland (Figure 11),
differential proliferation status of pituitary cells (Figure 11) or altered Pomc or Acth

expression (Figure 12).
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Figure 11 Histological analysis of pituitary glands of tamoxifen-treated Pomc/Ptch” and Pomc/Smo™ mice.
H&E (upper row) and anti-Ki-67 antibody stainings (lower row) of pituitary gland sections from tamoxifen- and
solvent-treated Pomc/Ptch” and Pomc/Smo™ and tamoxifen- or solvent-treated Ptch” or Smo” mice 250 days post
i.p. injection. Arrows indicated Ki-67 positive cells in the glands. Scale bars represent 50 um.
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Figure 12 Expression pattern of Acth and Pomc in Pomc/Ptch” and Pomc/Smo™ pituitary glands. Anti-Acth
(upper row) and Pomc antibody stainings (lower row) of pituitary gland sections from tamoxifen- and solvent-
treated Pomc/Ptch” and Pomc/Smo™ and tamoxifen- or solvent-treated Ptch” or Smo” mice 250 days post i.p.
injection. Scale bars represent 50 ym.

4.1.2.4. Tamoxifen-treated Pomc/Ptch” and Pomc/Smo™ pituitary glands

show no explicit differences in gene expression analyses

Since tamoxifen-treated Pomc/Ptch”f and Pomc/Smo™ mice showed an inconspicuous
health status and no histological alterations of the pituitary next the Hh signalling
activation status of the dissected pituitaries were examined. Therefore, the
transcriptional level of the Hh target genes Gli1, Gli2 and Ptch and of the hormones

Pomc, Gh and Prl were measured by gRT-PCR analyses.

These approaches revealed that neither the depletion of Ptch nor Smo in corticotrophs
of adult murine pituitary glands resulted in changed Gli1, Gli2, Ptch (Figure 13), Gh or
Prl transcript expression (Figure 14). However, depletion of Ptch in Pomc-expressing
cells also did not alter the Pomc transcriptional level whereas Smo-depletion
significantly reduced Pomc expression compared to the respective controls
(Figure 14).

These results show that the homozygous depletion of Ptch or Smo in corticotrophs
neither affect the Hh signalling activation status nor the expression level of Gh or Prl.
However, since Pomc/Smo' pituitaries showed decreased Pomc transcript levels an
impact of Hh signalling inactivation of Pomc expression cannot completely ruled out
although activation of the pathway had no effect on Pomc expression and “classical”

Hh signalling target genes (e.g. Gli1, Gli2, Ptch) were not altered.
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Figure 13 Hh signalling target gene expression in Pomc/Ptch™ and Pomc/Smo® pituitary glands. RNA was
isolated from tamoxifen-(red) or solvent-(black) treated Pomc/Ptch” and Pomc/Smo™” and tamoxifen- or solvent-
treated (grey) Ptch”, and Smo” murine pituitary glands 250 days post i.p. application and the gene expression of
the Hh target genes Gli1, Gli2 and Ptch were analysed via qRT-PCR. The data were normalized to 78S rRNA (78S)
and are shown as fold expression in comparison to tamoxifen- or solvent-treated Ptch” (upper row) or Smo” (lower
row) mice pituitary glands set to 1 (dotted line). Each dot represents one pituitary gland measured in technical
triplicates. The data is depicted as mean+SD.
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Figure 14 Hormone gene expression in Pomc/Ptch” and Pomc/Smo™ pituitary glands. RNA was isolated
from tamoxifen-(red) or solvent-(black) treated Pomc/Ptch” and Pomc/Smo” and tamoxifen- or solvent-treated
(grey) Ptch” and Smo” murine pituitary glands 250 days post i.p. application and the gene expression of the
hormone genes Pomc, Gh and Prl were analysed via gqRT-PCR. The data were normalized to 78S rRNA (78S) and
are shown as fold expression in comparison to tamoxifen- or solvent-treated Ptch” (upper row) or Smo” mice
(lower row) pituitary glands set to 1 (dotted line). Each dot represents one pituitary gland measured in technical
triplicates. The data is depicted as mean+SD. For statistical analyses a two-tailed unpaired t-test was performed.
* indicate significance compared to tamoxifen- or solvent-treated Ptch” or Smo” or to solvent-treated mice. *p<0.05,
**p<0.01
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4.1.2.5. Depleted Ptch and Smo loci are detected in Pomc/Ptch” and

Pomc/Smo™ pituitary glands 250 days post tamoxifen-treatment

The unaltered phenotype of tamoxifen-treated Pomc/Ptch”t and Pomc/Smo™ mice as
well as the fact that tamoxifen-treated Pomc/Ptch” and Pomc/Smo™ pituitaries did not
show any alterations in Hh signalling activity status hint towards the possibility that
Ptch or Smo depleted cells were erased in pituitaries of these mice. To evaluate if
tamoxifen-treated Pomc/Ptch” and Pomc/Smo pituitaries still consists of Ptch or Smo
depleted cells 250 days after CreERT2-induction PCR-based analyses for the
detection of the recombined Ptch and Smof loci in these pituitaries were assessed.

For the analysis of the recombined Ptch’ locus, which lacks exon 8 and 9 of the Ptch
gene a previously described assay was used'”. The principle of the assay is depicted
in the corresponding method section (3.2.1.5). In short, the DNA-oligonucleotide
Exon7-F binds in the coding region of exon 7 of the wild-type Ptch and the Ptch’ allele
and the DNA-oligonucleotide Neo-R binds in the neomycin resistance cassette that is
located in the intron region between exon 9 and 10 of Ptch’ allele. Thus, the resulting
amplicon of this DNA-oligonucleotide pair on the Ptch’ locus has a size of
approximately 2700 bp. After recombination of the Ptch’ allele, the amplicon of this
DNA-oligonucleotide pair has a reduced size of 950 bp and resembles the Ptchd

locus. An amplification of the wild-type Ptch allele does not occur.

The recombination of the Smo’ locus, which leads to the depletion of exon 1 of the Smo
gene and the expression of the beta-galactosidase gene (LacZ)'%® was analysed by a
newly established assay. Since more information about the exact Smoflocus was not
available the first 4300 bp of the Smoflocus were sequenced to elucidate the unknown
sequence. Afterwards specific DNA-oligonucleotides were generated to specifically
amplify the Smo' as well as the recombined Smo’ allele (Smo%) (Figure 15). Specific
amplification of the Smo’ allele by using DNA-oligonucleotides that bind in the
5" untranslated region (UTR) (Smob’ long forward) and in exon 1 (Smodel WT rev)
results in a 590 bp amplicon. The Smo“’ was detected by amplification of a 400 bp
amplicon by using Smob’ long forward and a DNA-oligonucleotide that binds
downstream of the loxP sequence (Smoflox recombi rev) (Figure 15).
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Figure 15 Schematic representation of the Smof locus before and after Cre-mediated recombination.
Presentation of exon 1 to 12 (E1 to E12) of the Smo’ locus. LoxP sites (white triangles) are located upstream of
exon 1 and in intron 1 upstream of the beta-galactosidase gene (LacZ). In intron 1 a neomycin resistance gene
(neoR) under the control of a phosphoglycerate kinase promoter (PGK Promoter) is located. After Cre-mediated
recombination E1 as well as neoR and the PGK promoter are excised. The recombined Smof locus was named
Smo%®.

Application of these recombination assays on genomic DNA of pituitaries from
Pomc/Ptch™ or Pomc/Smo”" mice 250 days post tamoxifen-injection revealed that
Ptchd! (Figure 16) or Smo%! alleles (Figure 16) were efficiently amplifiable,
respectively. Moreover, the assays furthermore substantiate the previously made
observation that the PomcCreERTZ2 deleter strain expresses a slightly leaky CreERT2-
recombinase (Figure 7) since also in samples from solvent-treated Pomc/Ptch” and
Pomc/Smo” mice the recombination-specific amplicons were detectable (Figure 16).
However, the solvent-treated samples showed less intense band patterning in
comparison to the tamoxifen-treated samples. Due to the assay design, also the
detection of the unrecombined Ptch’ or Smofloci was possible. Thus, in tamoxifen-
treated Ptch” or Smo” samples exclusively the Ptch’ or Smofamplicon was detected,

respectively (Figure 16).

These results show that the cell-specific recombination of the Ptch’ or Smo’ loci in
Pomc/Ptch™ or Pomc/Smo™ pituitaries was successful and persists up to 250 days post
induction. However, since Pfch or Smo depletion in Pomc-expressing cells of adult
mice alters neither Hh signalling activity, hormone expression, proliferation in the
pituitary gland nor health status of the mice it has to be assumed that Hh signalling

does not play a role in corticotrophs of adult mice.
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Figure 16 Cre-mediated recombination of the Ptchf and Smof locus of Pomc/Ptch” and Pomc/Smo®f mice.
Pituitary glands of tamoxifen- or solvent-treated Pomc/Ptch™, Ptch”, Pomc/Smo” and Smo™ mice were collected
250 days after i.p. injection. The genomic DNA was isolated and the samples from Pomc/Ptch” and Ptch” were
analysed with the DNA-oligonucleotide pair Exon7-F/NeoR via PCR (upper panel). The amplification of the Ptch’
locus results in an amplicon size of 2700 bp whereas the Ptch’ amplicon has a size of 950 bp. Genomic DNA of
tamoxifen- and solvent-treated Pomc/Ptch” pituitaries show both the amplicon of Ptch’ and Ptch®. In addition band
sizes between Ptch’ and Ptch® are detected, indicating partial amplifcation of side products. The amplification of
the Smoflocus from genomic DNA from tamoxifen- and solvent-treated Pomc/Smo™ and tamoxifen Smo” pituitaries
was mediated with the DNA-oligonucleotide pair Smo5’ long forward/Smodel WT rev resulting in an band size of
590 bp. This band can be detected in all samples (middel panel). The amplification of the Smo?' locus from
genomic DNA from tamoxifen- and solvent-treated Pomc/Smo™ and tamoxifen Smo™ pituitaries was mediated with
the DNA-oligonucleotide pair Smo5’ long forward/Smoflox recombi rev resulting in an band size of 400 bp. This
band is only identified in tamoxifen- and solvent-treated Pomc/Smo™ pituitaries (lower panel). Ctrl: control; ntc: no
template control.
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4.1.3. Increasing the incidence of pituitary adenomas in a mouse model

41.3.1. Overexpression of cyclin E1 in AtT-20 cells was not achievable

Acth-expressing human pituitary adenoma show high GL/1 expression levels indicating
activated Hh signalling may also play a role in these tumours'85. However, depletion of
Ptch in Pomc-expressing cells in adult mice did not result in an increased Hh signalling
activity, proliferation or hormone production compared to the controls. However, it is
conceivable that besides a corticotroph-specific depletion of Ptch a second risk factor
is necessary to develop alterations in pituitary homeostasis that might even lead to
adenoma formation. So far, no mouse model that reliably develops PA is available
(see 1.4). However, several risk factors are known to influence the occurrence of
pituitary lesions, like the overexpression of cyclin E1 in Pomc-expressing (Tg-PCE)
cells, which results in lesions of the gland and rarely in neoplasia formation?%3. Thus, a
combination of modulated Hh signalling and overexpression of cyclin E1 was planned.
Since Tg-PCE mice are not available anymore, the targeting DNA vector (Tg.PCE) that
was used to generate the original mouse line was obtained to generate the Tg-PCE
mice again. However, initial in vitro analyses revealed that transfection of the Pomc-
expressing murine pituitary cell-line AtT-20 with the Tg.PCE plasmid did not result in
an increased expression level of cyclin E1 compared to non-transfected cells
(Figure 17).

This shows that the obtained targeting DNA vector is not suitable to increase cyclin E1
expression in AtT-20 cells and thus it is not advisable to use this vector to generate the

mice again.

A B AT-20

< "
< &

<8 & S
Cyclin E1
— -‘ i

HSC-70

Figure 17 Characterization of AtT-20 cells and Western blot analysis for detection of cyclin E1 expression
in AtT-20 cells. PFA-fixed and permeabiized AtT-20 cells were analysed for their expression of Pomc (red) and
Acth (red) via immunofluorescence staining (A). Protein was isolated from AtT-20 cells, that have been transfected
with 3 pg of the cyclin E1 expression vector (Tg.PCE). 48 hrs after transfection the cells were harvested and 20 ug
of total cell lysates were analysed via Western blot analyses for the detection cyclin E1 expression with a specific
antibody. Non-transfected AtT-20 cells (NT) and NIH/3T3 served as controls. Detection of HSC-70 expression was
used a loading control. Protein names and sizes in kDa are illustrated on the right side of the blot (B). Scale bar
represents 10 um.
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4.2. Fate mapping of Gli1-expressing cells in the adult pituitary gland

The corticotroph-specific depletion of neither Ptch nor Smo affected the homeostasis
of adult pituitary glands. Contrarily, a ubiquitous Ptch depletion in adult pituitaries
resulted in increased Acth, Gh and Prl expression and enhanced proliferation of Sox2*
non-endocrine cells'®. Since it has been furthermore shown that the AL of wild-type
adult pituitary glands consists of Sox2*/Gli1* and Sox2"°9/Gli1* cells 185 it was assumed
that two different cell populations in the adult gland harbour an active Hh signalling
cascade: (1) a Sox2* stem cell/committed progenitor cell population and (2) a Sox2"9
population that potentially represent a differentiated hormone producing cell type. In
order to identify the cell type that expresses Gli1 and thereby most likely is dependent
on active Hh signalling in vivo fate mapping experiments were performed. Fate
mapping or lineage tracing experiments are useful tools that allow to mark a cell-type
of interest (e.g. by the expression of a specific gene) and follow this cell and its progeny
until the cell is degraded. In combination with the inducible (e.g. via tamoxifen) Cre/loxP
system, a cell can be traced at any desired time point. Here, specifically Gli1* cells
were labelled to characterise the cells that show/showed active Hh signalling in the

adult pituitary gland.

4.2.1. A subpopulation of Gh* and FSC descend from Gli1* cells in the adult
pituitary gland

For lineage tracing of Gli1-expressing cells in the adult pituitary gland Gli1CreERT2
mice were used that express a tamoxifen-inducible CreERT2-recombinase under the
control of the endogenous Gli1 promoter?S, By breeding the Gli1CreERT2 to the
ROSAZ26-tdTomato reporter strain (tdT/tdT) Gli1CreERT2/ROSA26-tdTomato mice
(Gli1tdT) were generated. Afterwards Gli1/tdT mice were i.p. injected with tamoxifen
at an age of 8 weeks. To control a possible leakiness of the CreERT2-recombination
a second cohort of Gli1/tdT mice was simultaneously treated with solvent only. The
Gli14dT pituitary glands as well as ovary, testis, cerebellum and skin were collected 7,
15 and 250 days post treatment and analysed for tdT expression by

immunofluorescence stainings.
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First ovary, testis, cerebellum and skin were analysed for tdT expression since in these
organs Gli1 lineage tracing has been already described and thus served as internal
experimental controls. As expected, ovary, testis, cerebellum and skin sections from
Gli1/tdT mice showed tdT™ cells in mesenchymal cells around the primary follicle of the
ovary?’5, in Leydig cells of the testis?76-278 in Purkinje cells of the cerebellum?’® and in
bulge cells of the hair follicle?®® (Figure 18) indicating that the Gli1CreERT2-

recombinase specifically labels Gli1* cells as well as their progeny in adult tissues.

Gli1/tdT

Ovary Testis Cerebellum Skin
DAPI REP

Figure 18 Progeny of Gli1 expressing cells in ovary, testis, cerebellum and skin of adult Gl/i1/tdT mice.
14 days post tamoxifen-treatment of 8 weeks old Gli1/tdT mice, ovary, testis, brain and skin were collected and
analysed via immunofluorescence stainings. tdT expression (red) was detected with an anti-RFP antibody. White
boxes in the overview pictures (upper row) represent the area that is magnified in the lower row. Arrows mark tdT*
cells in the respective tissue. Scale bars of the overview pictures represent 200 um and for the magnified pictures
10 ym.

The analyses of the lineage tracing experiments in pituitaries of tamoxifen-treated
Gli14dT mice revealed that the offspring of Gli1-expressing cells also grow in the AL
at all investigated time points. Only one tdT* cell was observed in pituitaries from
solvent-treated controls (Figure 19). The number of tdT* cells in tamoxifen-treated
Gli1/tdT pituitaries did not grossly differ between the different analysed time points and
were mainly detected in the AL. Moreover, two morphologically different tdT* cell types
were detected: (1) a flat, round cell type and (2) a stellar-shaped cell type with long
processes. Double immunofluorescent stainings against tdT and Acth, Pomc, Gh or
Prl furthermore revealed that the flat, round tdT™ cell type always stained positive for
Gh but never for Acth, Pomc or Prl (Figure 19). This demonstrated that the progeny of
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Gli1* cells comprises a subpopulation of Gh-producing cells.

Gli1/tdT

Days post i.p. injection

Figure 19 Progeny of Gli1 expressing cells in adult Gl/i1/tdT pituitary glands. GI/i1/tdT mice were treated at an
age of 8 weeks with solvent (left) or tamoxifen (right) and the pitutary glands from solvent- and tamoxifen-treated
Gli1/tdT mice were collected 7, 15 or 250 days post i.p. application. Afterwards they were sectioned and stained
against RFP (red) and the proteins Acth, Pomc, Gh and Prl (in each case green), respectively. Scale bars represent
500 pm for the overview picture and 10 um for the magnified picture. Arrows indicate RFP/Gh double positive cells.

The second-mentioned stellar-shaped pituitary cell type that descent from Gli1-
expressing cells never stained positive for Acth, Pomc, Gh or Prl (Figure 19). However,
these cells were positive for the stem cell marker Sox2 and the proliferation marker
Ki-67 (Figure 20). Thus, based on their morphology, their non-endocrine characteristic
and their Sox2 expression, it was assumed that these cells represent FSC. Since one
major characteristic of FSC is that they are able to take up the fluorescent dipeptide
B-Ala-Lys-N(€)-AMCA, vibratome sections of pituitaries from tamoxifen-treated
Gli1/tdT mice were incubated with the dipeptide. Indeed, this approach revealed that
the fluorescent signal of B-Ala-Lys-N(g)-AMCA co-localized with stellar-shaped tdT™*
cells (Figure 20).
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Gli1/tdT

Figure 20 Progeny of Gli1 expressing cells express Sox2, Ki-67 and take up the fluorescent dipeptide B-Ala-
Lys-N(g)-AMCA. 14 days post tamoxifen-treatment pituitaries of Gli1/tdT were collected and stained against
RFP (red) and Sox2 or Ki-67 (in each case green), respectively. Arrows indicated Sox2 and RFP co-localization
and arrowheads represent Ki-67 and RFP co-localization (upper row). 14 days post tamoxifen-treatment of acute
slices of pituitary glands from Gli1/tdT mice were prepared and incubated with 50 pM B-Ala-Lys-N(g)-AMCA (grey).
B-Ala-Lys-N(g)-AMCA (grey) and tdTomato (red) douoble positve cells were observed (lower row). Scale bars
represent 10 um.

To further proof this assumption the expression of the FSC marker protein S100b in
tdT* stellar-shaped pituitary cells was investigated®. First assessment of several
available anti-S100b antibodies revealed that none of these resulted in FSC-specific
staining in murine pituitaries (data not shown). Thus, secondly, Gli1/tdT mice were bred
with STOObEGFP mice that express the EGFP gene under the control of the
endogenous S700b promoter?®®, Simultaneously, STO0bEGFP pituitary glands were
analysed for specificity of the marker expression by staining against GFP and Acth,
Pomc, Gh, Prl, Sox2 or Ki-67. Beyond that, also B-Ala-Lys-N(¢)-AMCA uptake of
vibratome sections of ST00bEGFP pituitaries was analysed. These approaches
revealed that STO00bEGFP pituitaries contained GFP* cells with a stellate-shaped
morphology and were predominantly located in the marginal zone but also in the AL of
the pituitary. The EGFP signal neither co-localized with any of the investigated
hormones nor with Ki-67, but with Sox2 (Figure 21). Additionally, the B-Ala-Lys-N(¢)-
AMCA fluorescence signals co-localized with the EGFP expression (Figure 21)
demonstrating that S7T00bEGFP mice indeed were suitable to visualize S100b* FSC in
the adult pituitary.
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Figure 21 EGFP* pituitary cells of ST00bEGFP mice express Sox2 and take up B-Ala-Lys-N(g)-AMCA.
Pituitary glands from 8 week old S700bEGFP mice were collected and sections were analysed via
immunofluorescence stainings. The sections were stained against GFP (green) and Acth, Pomc, Prl, Gh, Sox2 or
Ki-67 (in each case red) (A). Arrowheads indicate Sox2/GFP double positive cells. Acute slices of pituitary glands
from 8 week old STO00bEGFP mice were prepared and incubated with 50 uM B-Ala-Lys-N(g)-AMCA (grey) (B). Co-
localization of B-Ala-Lys-N(e)-AMCA (grey) and EGFP (green) was observed. Scale bar of the overview picture
represent 500 ym and in the magnified pictures 10 um.

Following, Gli1/tdT/S100bEGFP mice were i.p. injected with tamoxifen and the
pituitaries were analysed for co-expression of EGFP and tdT. Indeed, this approach
showed that stellar-shaped tdT* pituitary cells co-expressed EGFP (Figure 22)
supporting the assumption that the progeny of Gli1 expressing cells in the adult

pituitary represents a subpopulation of FSCs.
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Gli1/td T/S 100bEGFP

Figure 22 Progeny of Gli1 expressing cells express the FSC marker S100b. Pituitary glands from tamoxifen-
treated 8 week old Gli1/tdT/S100bEGFP mice were collected 14 days post i.p. application and sections were
prepared. The sections were analysed via immunofluorescence stainings against GFP (green) and RFP (red).
Arrows indicate GFP/RFP double positive cells. Arrowheads mark GFP single positive cells. Scale bars represent
10 um.

4.2.2. Gli1 transcripts in murine and human pituitary glands

The results of the Gli1/4dT lineage tracing analyses showed that subpopulations of
somatotrophs and FSC descent from Gli1-expressing cells. However, these analyses
were not suitable to determine the parental Gli1-expressing cell/cell type since the
reporter does not visualize the current Gli1 expression status of a particular cell. Thus,
a combined RNAScope/immunofluorescent technique was used to simultaneously
visualize Gli1 transcripts and the expression of tdT in pituitary cell of tamoxifen-treated
Gli1/tdT mice. As shown in Figure 23, Gli1 transcript expression was detected in tdT*
cells that either showed a round or a stellar-shaped morphology. Since this result
indicated that both somatotrophs as well as FSC express Gli1, next sections of wild-
type pituitaries were analysed for Gli1 transcript and Pomc, Gh or Prl expression.
These analyses indeed revealed that G/iT mMRNA was detectable in a subpopulation of

Gh* cells but never in corticotrophs or lactotrophs (Figure 23).

Moreover, similar analyses on sections of human pituitary gland from autopsies
showed that both S100" and GH* but not ACTH" pituitary cells expressed GL/1
transcripts (Figure 24).
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Taken together these results demonstrate that Gli1 is expressed in a subpopulation of
somatotrophs and FSC. Moreover, Gli1* cells gave rise to either somatotrophs or FSC
but never to corticotrophs or lactotrophs. Thus, active Hh signalling seemed to be
relevant only in somatotrophs and FSC of the adult pituitary but not in any other
pituitary cell type. This finding furthermore substantiates the observation that neither

Ptch nor Smo depletion in corticotrophs resulted in a remarkable phenotype.

Gli1/tdT

DAPI Gl/i1 RFP

Figure 23 Gli1 transcript detection in Gli1/tdT and wild-type pituitary gland sections. 7 days post tamoxifen-
treatment of Gli1/tdT mice, pituitary glands were collected and histological sections were prepared. RNAscope
based dectection of Gli1 transcripts (red) and immunofluorescence staining against RFP (green) on these sections
reveal Gli1 dectection in RFP* cells (upper row, arrows). Pituitary gland sections from wild-type mice were analysed
for Gli1 transcripts (red) by RNAScope and co-stained with antibodies against Gh, Pomc or Prl (in each case green).
Arrows indicate Gli1 single positive cells and arrowheads show Gli1/Gh double positive cells (lower row). Scale
bars represent 10 um.

Human Pituitary Gland

Figure 24 GLI1 transcript detection in sections of human pituitary glands. GL/7 transcripts (red) were detected
in human pituitary gland sections from autopsies via RNAScope technology and simultaneously stained against
S$100, GH or ACTH (in each case green). Arrowheads mark cells with GL/7/S100 double positive cells. Arrows
indicate GL/1/GH double positive cells. Scale bars represent 10 pm.
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4.3. The role of Hh signalling in somatotrophs and folliculostellate cells in the
adult pituitary gland

4.3.1. Generation of a CreERT2 deleter mouse strain for targeting Gh-expressing
cells of the adult pituitary gland

Lineage tracing of Gli1* cells in adult pituitaries revealed that a subpopulation of Gh*
cells expresses Gli1 transcripts and/or descent from Gli1* cells. Since furthermore
ubiquitous Ptch depletion in the adult pituitary results in enhanced transcription of
Gh'® a direct impact of Hh signalling on Gh production and/or release seemed to be
conceivable. However, to determine the exact role of Hh signalling in Gh* cells an
in vivo tool to analyse the effect of a deregulated Hh signalling specifically in Gh* cells
of adult pituitaries would be advantageous. One possibility would be a Cre/loxP-
mediated activation/inactivation of Hh signalling in somatotrophs, which however
requires a Cre deleter mouse strain for a somatotroph-specific expression of a
CreERT2-recombinase. So far, there are different commercially available Cre deleter
mouse strains that expresses a Cre-recombinase in Gh-producing cells or even in the
Pou1f1, POU domain, class 1, transcription factor 1 (Pit-1) lineage targeting
somatotrophs, lactotrophs and thyrotrophs simultaneously?®1-283, However, all these
strains express a constitutive active Cre-recombinase, which most likely would
interfere with the analysis of a deregulated Hh signalling in the pituitary gland of adult
animals. Thus, a new mouse line that expresses a tamoxifen-inducible CreERT2-

recombinase in Gh* cells was established.

Given the fact, that ubiquitous depletion of Ptch in the pituitary leads to increased
expression of Gh but also of Pri'85, it was suggested that a targeting of somatotrophs
and lactotrophs simultaneously by the new deleter strain might advantageous. Thus,
the Ghrhr promoter region that has been described to effectively drive Cre-
recombinase expression in both cell types?®! was chosen as the promoter for the new
transgene. Endogenously Ghrhr is mainly expressed in the pituitary but also in the
renal medulla?®, the hypothalamus?® and the testis?86. However, a Cre-recombinase
transgene driven by the rat Ghrhr (rGhrhr) promoter was shown to be specifically
expressed in murine somatotrophs, lactotrophs and thyrotrophs. Besides a minor
expression of the rGhrhr-Cre transgene was reported in the vibrissae and in hair
follicles of the proximal limb during embryogenesis?®!. However, it was assumed that

the Ghrhr promoter is very well suited as a driver for a somatotroph-, lactotroph- and/or
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thyrotroph-specific expression of a CreERT2-recombinase. Thus, various lengths of
the Ghrhr promoter sequences from 3 different species (rat, mouse and human) were
cloned upstream of the EGFP gene (Ghrhr_EGFP) to analyse the somatotroph-specific

expression of the promoter region in vitro.

43.1.1. In vitro expression analysis of the rat, mouse and human

GhrhrIGHRHR promoter sequences

To study the expression of the Ghrhr_EGFP reporter plasmids in vitro the rat
somatotroph cell line GH3 was chosen and initially tested for their Gh and Ghrhr
expression via immunofluorescence staining and Western blot analysis. The results
revealed that GH3 cells endogenously express Gh and the Ghrhr proteins
(Figure 25A,B). Thus, the 4 different reporter plasmids [rGhrhr(-1964,+9) EGFP,
mGhrhr(-1538,-1)_EGFP, @ hGHRHR(-2207,-19) EGFP and hGHRHR(-310,-
19) EGFP] were transfected in GH3 cells and the EGFP reporter expression was
analysed. Whereas no EGFP expression was observed in GH3 cells transfected with
the rGhrhr(-1964,+9) EGFP plasmid (Figure 25C) GH3 cells transfected with mGhrhr(-
15638,-1) EGFP, hGHRHR(-2207,-19) EGFP or hGHRHR(-310,-19) _EGFP showed a
robust EGFP expression (Figure 25C).
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Figure 25 GH3 cells as a model for the expression of EGFP under the control of rat, murine or human Ghrhr
promoter sequences. PFA-fixed and permeabilized GH3 cells were immunofluorescent stained against Gh (red)
(A) or Ghrhr (red) (B). Total protein from a wild-type murine pituitary gland and GH3 cells was isolated and analysed
via Western blot for the detection of Ghrhr with a specific antibody (B). Detection of atubulin expression was used
a loading control. Protein names and sizes in kDa are illustrated on the right side of the blot. Schematic
representation of the reporter construct for visualization of the expression of Ghrhr promoter sequences from rat
(rGhrhr), mouse (mGhrhr) or human (hGhrhr) and immunofluorescence analyses of GH3 cells 48 hrs post
transfection with 2 ug of plasmids containing an EGFP-gene under the control of rGhrhr, mGhrhr or hGHRHR
promoter sequences (C). Arrowheads indicate EGFP expressing cells. Scale bars represent 10 pm.

Since the strongest EGFP expression was observed in GH3 cells transfected with the
plasmids containing human GHRHR promoter sequences next the EGFP gene was
exchanged to a CreERT2-encoding gene (tamoxifen-inducible Cre-recombinase) or a
CreERT2-encoding gene followed by an internal ribosomal entry site (IRES) and a
EGFP-gene (Figure 26A). The resulting hGHRHRCreERT2- and hGHRHRCreERT2-
IRES-EGFP-expression plasmids were tested for CreERT2-recombinase expression
as well as for tamoxifen-inducibility and recombination efficacy of the encoded
CreERT2-recombinase. Therefore, the plasmid for generation of Ptch”' mice (Ptch’
plasmid, see Figure 5) was co-transfected with either one of the hGHRHRCreERT2-
expression plasmids into GH3 cells. Transfection of a constitutively active Cre-
recombinase under a thymidine kinase (TK) promoter (opMCCre) served as control for
the recombination of the Ptch’ plasmid. Transfected cells were treated with tamoxifen
or DMSO as solvent control. Afterwards the recombination of the Ptch’ plasmid was
assessed by a PCR-based recombination assay for the Ptch’ locus described in
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chapter 3.2.1.5 (Figure 5) on genomic DNA isolated from the transfected GH3 cells.
As shown in Figure 26B only the co-transfection of the hGHRHR(-310,-19) CreERT2
plasmid resulted in robust recombination of the Ptch’ plasmid upon tamoxifen-
treatment whereas similar results were not observed upon transfection of the other
hGHRHRCreERTZ2-expression plasmids (Figure 26) or after solvent-treatment of

transfected GH3 cells.

These data revealed that a) GH3 cells are a suitable model system to test Ghrhr-
promoter driven expression of plasmid-encoded genes in vitro, b) the murine and the
human Ghrhr/GHRHR promoter sequences are capable to drive an EGFP reporter in
GH3 cells and c) a robust expression and tamoxifen-inducibility of a CreERT2-
recombinase resulting in an efficient Ptch’-recombination was only achieved by using
the hGHRHR(-310,-19) _CreERT2 plasmid.

A hGHRHR (-2207,-19) CreERT2 IRES EGFP B Ptch’
[ hGHRHR hGHRHR
(-2207.-19) NGHRHR [0, g) hGHRHR
CreERT2  (2207-19)  ‘cooppr, (-310-19)  pMCCre
hGHRHR (-2207,-19) CreERT2 IRES EGFP CT€ERT2  ororarp CreERT2
tamoxifen + - + - + - + - + -
Ptch’
hGHRHR (-310,-19) CreERT2 IRES EGFP (2700 bp;
1
hGHRHR (-310,-19) CreERT2 Ptch®!

(950 bp,

Figure 26 In vitro recombination capacity of hGHRHRCreERT2 constructs. Schematic representation of
hGHRHRCreERT2 constructs that were co-transfected with the Ptch’ plasmid in GH3 cells (A). 24 hrs post
transfection GH3 cells were incubated with 10 uM tamoxifen or DMSO for 48 hrs. Afterwards the genomic DNA was
isolated and the samples were analysed with the DNA-oligonucleotide pair Exon7-F/NeoR via PCR. The
amplification of the Ptch’ targeting vector results in an amplicon size of 2700 bp whereas the Ptch® amplicon has
a size of 950 bp. Recombination of Pich’ targeting vector was observed with hGHRHR(-310,-19)CreERT2 in
combination with tamoxifen-treatment (white box) (B). Transfection with a constitutively active Cre-
recombinase (pMCCre) served as control. IRES: internal ribosomal entry site
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4.3.1.2. Generation of hGHRHRCreERT2 founder mice

After successful in vitro evaluation of the expression and tamoxifen-inducibility of the
CreERT2-recombinase encoded by the hGHRHR(-310,-19) _CreERT2 plasmid, the
construct was used to generate transgenic mice. For this purpose, the hGHRHR(-310,-
19) CreERT2 plasmid DNA was linearized and delivered into the pronuclei of fertilized
mouse embryos via microinjection (performed at the Max-Planck-Institute for
experimental medicine, Gottingen). 3 (2 male, 1 female) out of 17 born pups were
positively genotyped for genomic insertion of the hGHRHR(-310,-19)CreERT2
transgene (Figure 27). The 3 founders were then used for establishing founder mouse

lines by breeding to wild-type C57BL6/N mice.

1 2 3 4567 8 910111213 14 1516 17ctrintc

hGHRHR
CreERT2
(459 bp)

Figure 27 Genotyping of founder mice for genomic integration of the hGHRHR(-310,-19)CreERT2 transgene.
Genomic DNA was isolated from tailtips of 17 founder animals obtained from hGHRHR(-310,-19)CreERT2 plasmid
microinjection and analysed with the DNA-oligonucleotide pair hGHRHR_CreERT2_forward/
hGHRHR_CreERT2_reverse via PCR. The resulting amplicon has a size of 459 bp. 3 mice were genotyped
positively (white boxes). ctrl: control; ntc: no template control.
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4.3.2. Increasing the incidence of pituitary adenomas in somatotrophs,

thyrotrophs and lactotrophs

4.3.21. Sequence discrepancies in the aGSU.PTTG expression plasmid

Overexpression of the human pituitary transforming gene (hPTTG) under control of the
aGSU promoter («GSU.PTTG) results in small pituitary lesions from gonadotrophs and
somatotrophs?®!. To test whether an additional Hh signalling deregulation in
aGSU.PTTG mice can lead to a pituitary adenoma future plans were to breed
aGSU.PTTG mice to hGHRHR(-310,-19)CreERT2/Ptch”" mice. However, the
aGSU.PTTG mouse model was no longer available and thus had to be generated
again by using the original plasmid?%!. Beforehand the aGSU.PTTG plasmid was

evaluated for its correctness.

Originally the oGSU.PTTG plasmid is described to contain an EGFP gene
(Figure 28A)?51, Thus, initially the existence of this EGFP gene in the aGSU.PTTG
plasmid was tested by using the aGSU.PTTG plasmid as a template to amplify an
EGFP fragment with the EGFP-specific DNA-oligonucleotide pair GFP-F/GFP-R. As a
positive control, the p/IRES_EGFP plasmid was used as a template. Although the
173 bp EGFP fragment was efficiently amplified from the positive control template
unfortunately, no EGFP amplicon could be detected when using the aGSU.PTTG
plasmid as a template (Figure 28B). However, also the expression of the PTTG gene
from the aGSU.PTTG plasmid was tested in vitro. Therefore, first the endogenous
expression of the Cga gene encoding for aGSU in GH3 cells was tested. For this
purpose, total RNA from GH3 cells, NIH/3T3 cells and wild-type pituitary glands was
isolated and cDNA was prepared. Afterwards Cga was amplified with the DNA-
oligonucleotide pair Cga-F1/Cga-R1. The amplification of the glycerinaldehyd-3-
phosphat-dehydrogenase (Gapdh) gene served as control. As shown in Figure 28C,
low and high Cga transcript levels were detected in cDNA from GH3 cells and pituitary
glands, respectively, whereas NIH/3T3 cells do not express Cga. Thus, it was
concluded that GH3 cells might be suitable to express genes under the control of the
aGSU-promoter. Hence, subsequently PTTG expression levels of GH3 cells
transfected with the aGSU.PTTG plasmid were measured via Western blot analysis.
Therefore, 3 ug of aGSU.PTTG plasmid were transfected in GH3 cells and 48 hrs post

transfection total protein was isolated and analysed for PTTG expression. Non-
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transfected and NIH/3T3 cells served as controls. Indeed, this approach showed that
aGSU.PTTG-transfected GH3 cells express increased levels of PTTG in comparison
to non-transfected cells (Figure 28D). Thus, although the sequence of the aGSU.PTTG
plasmid is not identical to the published sequence, the aGSU.PTTG plasmid seems to

encode for PTTG and therefore can be used to regenerate the aGSU.PTTG mouse

line.
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Figure 28 Characterization of the aGSU.PTTG plasmid. Schematic representation of the linearized «GSU.PTTG
plasmid adopted from Abbud et al., 2005%%' (A). PCR-based amplification of the EGFP gene with the DNA-
oligonucleotide pair GFP-F/GFP-R and the aGSU.PTTG plasmid as a template. Amplification from the
pIRES_EGFP plasmid was used as a positive control template. The amplicon size from the respective DNA-
oligonucleotide pair is 173 bp (B). RNA from NIH/3T3 cells, GH3 cells and a wild-type pituitary gland was isolated
and analysed via RT-PCR for the expression of Cga. Gapdh expression was used as a loading control (C). Protein
was isolated from GH3 cells that have been transfected with 3 ug of the PTTG expression vector (aGSU.PTTG).
48 hrs after transfection the cells were harvested and 20 ug of total cell lysates were analysed via Western blot
analyses for the detection PTTG expression with a specific antibody. Non-transfected GH3 cells (NT) and NIH/3T3
served as controls. Detection of aTubulin expression was used a loading control. Protein names and sizes in kDa
are illustrated on the right side of the blot (D) IRES: intra ribosomal entry site; NTC: no template control.
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4.4. Evaluation of a model for Hh signalling deregulation in somatotrophs and

folliculostellate cells in adult pituitary glands

The results of this thesis so far strongly indicated that Hh signalling plays a significant
role in somatotrophs and FSC in the adult pituitary. For a more detailed analysis of the
impact of Hh signalling in these both cell types a mouse model for targeting
somatotrophs and FSC simultaneously should be established. However, so far neither

a somatotroph- nor an FSC-specific CreERT2-deleter mouse strain is available.

By extensively literature search the Aldh1/11CreERT2 (Aldh1/1) mouse strain that
expresses a CreERT2-recombinase under the control of aldehyde dehydrogenase 1
family, member L1 promoter which has been described for being expressed in S100b
positive cells in the brain came into the focus2%€. Although it was not known which
pituitary cell type expresses the Aldh111CreERT2-recombinase it was postulated that
also S100b* FSC of the pituitary might be targeted by this deleter mouse strain. To test
this hypothesis Aldh1/1 mice were bred to {dT reporter mice and additionally for some
experiments to S700bEGFP mice. Afterwards, 8 weeks old Aldh1/14dT and
Aldh111/tdT/S100bEGFP mice were injected with tamoxifen and 14 days post-injection
the pituitaries were dissected. Subsequent immunofluorescence analyses showed that
a subpopulation of Gh-expressing cells expressed tdT (Figure 29) whereas
corticotrophs and lactotrophs never stained positive for tdT (Figure 29). Moreover, also
GFP/tdT double positive cells were observed (Figure 29) indicating that also a
subpopulation of FSC expressed the Aldh1/1CreERTZ2 transgene.
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Figure 29 Lineage tracing of the Aldh1/1CreERT2 transgene in Aldh1/1/tdT and Aldh111/tdT/S100bEGFP
pituitaries. Aldh1/14dT (upper row) and Aldh111/tdT/S100bEGFP (lower row) mice were treated with tamoxifen at
an age of 8 weeks and the pituitaries were collected 14 days post treatment. Afterwards the pituitaries were
sectioned and analysed via immunofluorescence stainings. They were stained with antibodies against RFP (red)
and Acth, Pomc, Gh or Prl (upper row, each time green) or against RFP (red) and GFP (lower row, green). Arrows
indicate Gh and RFP double positive cells. Arrowheads show RFP and GFP double positive cells. Scale bars in the
overview picture represent 500 pm and in the magnified pictures 10 pm.

Since these results indicated that Aldh1/1CreERT2 mice are suitable for targeting
somatotrophs and FSC in the adult pituitary next the deleter strain was bred to Ptch”
and Smo” mice to generate Aldh1l1/Ptch” and Aldh1/1/Smo” mice. Unfortunately,
breeding of Aldh1/1/Ptch”f mice was not accomplished within this thesis. As a control
and due to the fact that the Gli1CreERT2-deleter strain also targets somatotrophs and
FSC additionally Gli1/Ptch” and Gli1/Smo” mice were generated.

Both deleter mouse lines (Aldh1/1CreERT2 and Gli1CreERTZ2) express the CreERT2-
recombinase not exclusively in the adult pituitary but also in the brain
(Aldh111CreERT2%%, Gli1CreERT22?87) and additionally the Gli1CreERT2 is expressed
in the skin?®. Thus, in vivo activation of the CreERT2-recombinases and following
deregulation of Hh signalling most likely would lead to general health issues aside of
potential effects on the pituitary homoeostasis (e.g. medulloblastoma or BCC formation
upon Hh signalling overactivation). To bypass this technical problem, the pituitaries
from untreated 8 weeks old Aldh1/1/Smo™, Gli1/Ptch” and Gli1/Smo” mice were
dissected, ex vivo cultured and recombined by a 5 days treatment with 10 uM
tamoxifen or solvent. Afterwards the genomic DNA of the pituitaries was isolated and
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the recombination of the Ptchf and Smo’ loci were analysed by PCR (see materials and
methods section 3.2.1.5 for Ptch’ and results section 4.1.2.5 for Smof). Although the
ex vivo cultivation and recombination method of pituitary glands was conducted as
previously described'® no recombination of the Ptchf and Smof loci neither of
Aldh111/Smo™ nor of Gli1/Ptch” or of Gli1/Smo™ pituitaries were detected (Figure 30).
Since these results show that the ex vivo culture technique is not suitable for CreERT2-
activation in Aldh111/Smo", Gli1/Ptch” and Gli1/Smo" pituitaries an optimized method
for tamoxifen-application has to be established before using these models for

deregulation of Hh signalling in somatotrophs and FSC.

B Ptch” Gli1/Ptch”
tamoxifen: 4 + - + + Pich® ntc

Ptch™.
(2700 bp)
Ptch®
(950 bp) =00
A Smo” Aldh1i1/Smo” C Smo" Gli1/Smo™
tamoxifen: =+ B - + + ctrl ntc tamoxifen: 4+ + + + ctrl ntc

Smo™”
(590 bp)

Figure 30 Genomic recombination of the Ptch’ and Smoflocus of Aldh111/Smo*, Gli1/Ptch” and Gli1/Smo™
mice. Pituitary glands of tamoxifen- or solvent-treated ex vivo cultured Aldh1/1/Smo” and Smo” (A), Gli1/Ptch™,
Ptch™ (B) Gli1/Smo™ and Smo™ (C) mice were collected 5 days after treatment. The genomic DNA was isolated
and the samples from Gli1/Ptch” and Ptch” were analysed with the DNA-oligonucleotide pair Exon7-F/NeoR via
PCR (B). The amplification of the Ptch’ locus results in an amplicon size of 2700 bp whereas the Ptch? amplicon
has a size of 950 bp. No Ptch?’ amplicon was achieved upon amplification on DNAs from tamoxifen- and solvent-
treated Gli1/Ptch” pituitaries. The amplification of the Smo’ locus from genomic DNA from tamoxifen- and solvent-
treated Aldh1/1/Smo” and tamoxifen Smo pituitaries was conduceted by using the DNA-oligonucleotide pair Smo5’
long forward/Smodel WT rev resulting in an band size of 590 bp. This band can be detected in all samples (A,
upper panel). The amplification of the Smo® locus from genomic DNA from tamoxifen- and solvent-treated
Aldh1/1/Smo” and tamoxifen Smo” pituitaries was achieved by using the DNA-oligonucleotide pair Smo5’ long
forward/Smoflox recombi rev resulting in an band size of 400 bp. The latter amplicon was only detecable upon
amplificantion of the positive control (A, lower panel). The amplification of the Smo’ locus from genomic DNA from
tamoxifen- and solvent-treated Gli17/Smo” and tamoxifen Smo” pituitaries was mediated with the DNA-
oligonucleotide pair Smo5’ long forward/Smodel WT rev resulting in an band size of 590 bp. This band can be
detected in all samples (C, upper panel). The amplification of the Smo?' locus from genomic DNA from tamoxifen-
and solvent-treated Gli1/Smo” and tamoxifen Smo” pituitaries was conduceted by using the DNA-oligonucleotide
pair Smob’ long forward/Smoflox recombi rev resulting in an band size of 400 bp. This amplicon was only detecable
upon amplification of the positive control (C, lower panel). Ctrl: control; ntc: no template control.
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4.5. The role of Hh signalling in folliculostellate cells

4.5.1. Identity and Hh signalling status of pituitary cell lines

FSC of the human and the murine pituitary gland express Gli1 and/or descent from
Gli1-expressing pituitary cells. However, since this knowledge is novel the role of Hh
signalling in these cells is so far unknown. To investigate this aspect, the most elegant
way would be in vivo approaches. Unfortunately, so far, no FSC-specific Cre deleter
mouse strain is available and ex vivo recombination of Aldh1/1/Smo”, Gli1/Ptch”f and
Gli1/Smo™ pituitaries failed. To bypass these limitations but to gain first impressions
on the role of Hh signalling in FSC in vitro analyses on murine FSC cell line TtT/GF
were conducted. In the pituitary gland FSC are distributed throughout the whole AL.
They form a meshwork with their long processes and it is assumed that they interact
with neighbouring (endocrine) cells by secreting signalling molecules that alter
hormone production in the endocrine cells, especially in corticotrophs, somatotrophs
and lactotrophs. To simulate the potential interaction of FSC with endocrine cells
in vitro besides TtT/GF cells also the murine corticotroph cell line AtT-20 that express
Pomc and Acth (Figure 17) and the rat somatotroph cell line GH3 that express Gh and
Ghrhr (Figure 25) were used.

Since TtT/GF cells derive from a murine pituitary gland neoplasm?'? and previously
have not been used for the analysis of the Hh signalling pathway first the FSC-like
phenotype and the basal Hh signalling activity was assessed. Therefore, their
morphology and their expression of the FSC marker Sox2 were analysed via light
microscopy and immunofluorescence staining. Beyond that, the expression of the FSC
marker S700b, Vegfa, macrophage migration inhibitory factor (Mif) and follistatin (Fst)
were analysed via qRT-PCR. The murine fibroblast cell line NIH/3T3 served as a

control.

As shown in Figure 31 TtT/GF cells grew with a stellate-shaped morphology and
expressed the stem cell and FSC marker Sox2. They additionally express high levels
of S7100b, Vegfa and Mif compared to NIH/3T3 cells (Figure 31B). Thus, it was

assumed that TtT/GF cells indeed show characteristics of an FSC-derived cell line.
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Figure 31 Expression analyses of FSC specific marker genes in TtT/GF and NIH/3T3 cells. The morphology
of TtT/GF cells was analysed with differential interference contrast (DIC) microscopy. Arrows indicate long
protrusions of the cells. PFA-fixed and permeabilized TtT/GF cells were analysed via immunofluorescence staining
for the expression of Sox2 (red). Arrowheads indicate Sox2* cells (A). RNA was isolated from TtT/GF and NIH/3T3
cells and the gene expression of S100b, Vegfa, Mif and Fst were analysed via qRT-PCR. The data were normalized
to 78S rRNA (718S) and are shown as fold expression in comparison to the expression of NIH/3T3 cells set to 1
(dotted line). Each dot represents a sample that was measured in technical triplicates. The data are depicted as
mean=SD. For statistical analyses a two-tailed unpaired t-test was performed. $ indicate significance compared to
NIH/3T3 cells with $p<0.05 and $$p<0.01 (B). Scale bar of the DIC image represents 50 ym and of the
immunofluorescence image 10 pm.

In order to determine the basal Hh signalling activity in TtT/GF cells as well as in the
endocrine cell lines AtT-20 and GH3 the expression levels of markers for active Hh
signalling (Gli1, Gli2 and Ptch) were measured by qRT-PCR-based analyses. The
murine fibroblast cell line NIH/3T3 served as a control. This approach revealed that all
cell lines expressed Gli1, Gli2 and Ptch (Figure 32). However, the endocrine cell lines
expressed significant lower levels of Gli1 in comparison to NIH/3T3 and TtT/GF cells.
In contrast, Gli2 expression levels were significant higher in AtT-20 and GH3 cells
compared to TtT/GF and NIH/3T3 cells whereas Ptch expression levels of AtT-20 cells
were significant higher compared to all other cell lines (Figure 32A). These results
suggested that all investigated cell lines are most likely capable to respond to Hh
signalling stimulation. However, the broad distribution of G/i1 and Gli2 expression in
the cell lines hint towards an impaired Hh signalling pathway in AtT-20 and GH3 cells.
Next, it was analysed if the cell lines assemble primary cilia, which represents the main

cellular compartment for effective Hh signalling transmission (see 1.3.1). Thus, a
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strong indicator for active Hh signalling is the ciliar localization of Smo?®® (see
introduction section). To allow a conclusion about the basal Hh signalling activity and
the ability for Hh signalling activation due to the existence of primary cilia next TtT/GF,
AtT-20 and GH3 cells were stained against Smo and the primary cilium marker
acetylated tubulin. As shown in Figure 32B all 3 cell lines possess primary cilia.
However, only TtT/GF cells showed a strong localization of Smo within the most of the
cilia whereas in GH3 cells occasionally and in AtT-20 cells never a Smo localization in

the primary cilium was observed (Figure 32B).

These data show that the murine TtT/GF cell line represents characteristics of FSC,
the murine AtT-20 cell line resembles corticotroph characteristics and the rat GH3 cell
line harbours somatotroph characteristics. Furthermore, all 3 cell lines expressed the
Hh marker Gli1, Gli2 and Ptch whereas TtT/GF cells show the most abundant
localization of Smo in the primary cilium. Thus, these cells were used to investigate

effects of altered Hh signalling in FSC on endocrine cells.



Results I96

Gli1 Gli2 Ptch
100 Is_m_ 100 :t_*m? s 100
10 10 $ % 10 o ssss

Gli1/18S
Hif
-
@
Gli2/18S
t.l
‘e
v
< Vel
Ptch/18S
=
H

Figure 32 Hh signalling status of TtT/GF, AtT-20 and GH3 cells. RNA from NIH/3T3, TtT/GF, AtT-20 and GH3
cells was isolated and subsequently the expression of the Hh target genes Gli1, Gli2 and Ptch was analysed via
gRT-PCR. The data were normalized to 78S rRNA (78S) and are shown as fold expression in comparison to the
expression of NIH/3T3 cells set to 1 (dotted line). Each dot represents a sample that was measured in technical
triplicates. The data are depicted as mean+SD. For statistical analyses a two-tailed unpaired t-test was performed.
$ indicate significance compared to NIH/3T3 cells with $p<0.05, $$p<0.01, $$$p<0.001 and $$$$p<0.0001.
* indicate significance compared to TtT/GF cells with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 (A). PFA-
fixed and permeabilized TtT/GF, AtT-20 and GH3 cells were analysed for primary cilia with an anti-acetylated tubulin
(acet Tub, green) and an anti Smo (red) antibody via immunofluorescence staining. Arrowheads indicate primary
cilia and arrows Smo expression. Scale bars represent 10 um (B).

4.5.2. Stimulation of Hh signalling in pituitary cell lines

TtT/GF, AtT-20 and GH3 cells express the Hh signalling marker genes Gli1, Gli2 and
Ptch and form primary cilia. However, to test an actual responsiveness of the cell lines
towards Hh signalling stimulation the cells were incubated with Smoothened Agonist
(SAG), which specifically binds to the Hh signalling activator and transmembrane
protein Smo and thereby actives the Hh signalling pathway??. In case of their
responsiveness towards SAG stimulation Hh target gene expression (e.g. Gli1, Gli2,
and Ptch) should be observable?91,
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To analyse this, TtT/GF cells were either incubated for 48 hrs with SAG-containing
standard medium (10 % HS, 2.5 % FBS) or starved for 24 hrs in serum-reduced
medium (starvation medium) and afterwards treated for 48 hrs with SAG-containing
starvation medium. Incubation with DMSO served as solvent control. Afterwards the
cells were harvested and the activity of the Hh signalling pathway was analysed by
gRT-PCR-based measurements of Gli1, Gli2 and Ptch. This approach revealed that
SAG-treatment indeed resulted in a significant increase of Gli1 expression in TtT/GF
cells (1.6-fold compared to the solvent control). However, the transcription of G/i2 and
Ptch were not remarkably changed compared to the DMSO-treated controls
(Figure 33A). In contrast, under starving conditions SAG-incubation led to a 1.9-fold
increase of Gli1 transcription and furthermore to significantly increased Gli2 expression

levels (Figure 33B).

These data show that the Hh signalling pathway in TtT/GF cells can be stimulated with
SAG and even further increased with prior and continuous starvation of the cells.
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Figure 33 Hh signalling activation in TtT/GF cells in standard and starvation medium. TiT/GF cells were
cultured in standard (A) or in starvation (serum-deprived, B) medium and incubated with SAG (red) or solvent
(DMSO, black). Subsequently, RNA was isolated and the expression of the Hh target genes Gli1, Gli2 and Ptch
was analysed via qRT-PCR. The data were normalized to 78S rRNA (78S) and are shown as fold expression in
comparison to the solvent-treated TtT/GF cells set to 1 (dotted line). Each dot represents a sample that was
measured in technical triplicates. The data are depicted as mean+SD. For statistical analyses a two-tailed unpaired
t-test was performed. * indicate significance compared to solvent-treated TtT/GF cells with *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001.
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Due to the higher responsiveness of TtT/GF cells towards SAG-stimulation upon
starvation AtT-20 and GH3 cells were also starved for 24 hrs in their respective serum-
reduced medium (starvation medium) and afterwards treated for 48 hrs with SAG-
containing starvation medium. Incubation with the respective amount of DMSO served
as solvent control. After harvesting of the cells, the Hh signalling activity was analysed
by qRT-PCR-based measurements of Gli1, Gli2 and Ptch. Moreover, the expression
of Pomc (for AtT-20 cells) and Gh (for GH3 cells) was determined since our previous
data indicated a potential impact on hormone expression, at least in Gh* endocrine
cells (Pyczek et al.'® and this thesis). However, despite an increased Ptch expression
level no effects on the transcriptional levels of Gli1, Gli2 and Pomc were observed in
AtT-20 cells treated with SAG (Figure 34A). Similarly, SAG-treatment of GH3 cells did
not result in altered Gli1 or Ptch expression levels but result in decreased Gli2 and Gh

transcript levels (Figure 34B).

The most reliable marker for active Hh signalling is Gli1153:154156 gince Gli1 only acts
as a transcriptional activator and regulates the expression of other Hh target genes
(e.g. Gli2 and Ptch). Thus, despite of up- or downregulation of other Hh target genes
(e.g. Ptch, Gli1) it has to be assumed that a lack of increased Gli71 expression levels
upon SAG-stimulation rather reflects an unresponsiveness toward Hh signalling
stimulation that an unconventional Hh signalling stimulation (e.g. non-canonical).
Moreover, the fact that SAG did not induce Pomc or Gh expression (but rather reduces
Gh expression) demonstrate that SAG is not capable to stimulate hormone production
from AtT-20 or GH3 cells.
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Figure 34 Hh signalling activation in AtT-20 and GH3 cells with SAG. AtT-20 (A) or GH3 (B) cells were cultured
in their respective starvation (serum-deprived) medium and stimulated with SAG (red) or solvent (DMSO, black).
Subsequently, RNA was isolated and the expression of the Hh target genes Gli1, Gli2 and Ptch and the expression
of Pomc (in AtT-20 cells) or Gh (for GH3 cells) was analysed via qRT-PCR. The data were normalized to 78S rRNA
(718S) and are shown as fold expression in comparison to the solvent-treated AtT-20 or GH3 cells, respectively, set
to 1 (dotted line). Each dot represents a sample that was measured in technical triplicates. The data are depicted
as meanzSD. For statistical analyses a two-tailed unpaired t-test was performed. * indicate significance compared
to solvent-treated AtT-20 or GH3 cells, respectively, with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

4.5.3. Conditioned medium of SAG-treated TtT/GF cells increases Gh secretion
from GH3 cells

The hormone production from AtT-20 and GH3 cells is not inducible via SAG treatment
whereas TtT/GF cells response to SAG stimulation with robustly increased Gli1 and
Gli2 expression levels. In light of the previously made observations that 1) ubiquitously
but not corticotroph-specific activation of Hh signalling induces hormone production
from endocrine cell (Pyczek et al.185 and this thesis), 2) subpopulations of FSC express
Gli1 (this thesis) and 3) FSC most likely regulate hormone secretion of endocrine cells
via paracrine factors (reviewed in?°2) these data open the possibility to study the impact
of Hh signalling activated FSC on endocrine cells in a combined in vitro system. In
such a system Hh signalling is stimulated in TtT/GF cells (as a model for FSC) by SAG
treatment. Afterwards the effect of these Hh stimulated FSC on endocrine cells that
are unresponsive towards SAG (e.g. AtT-20 and GH3) is assessed. Indeed, this
approach would give first insights into the newly proposed hypothesis that Hh signalling

activation in FSC cells may regulate hormone production of endocrine cells either in a
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paracrine manner or via cell-cell-interaction.

Thus, to analyse whether a paracrine mechanism may mediate FSC-endocrine cell-
interaction TtT/GF cells were starved for 24 hrs in AtT-20 or GH3 starvation medium
and afterwards stimulated with SAG-containing AtT-20 or GH3 starvation medium for
48 hrs. Incubation with the respective amount of DMSO served as solvent control.
Then the supernatants were harvested (conditioned medium, CM) and applied for
48 hrs to previously starved (for 24 hrs) AtT-20 or GH3 cells, respectively. The
activation of the Hh signalling pathway of the SAG-treated TtT/GF cells as well as of
CM-treated endocrine cells was controlled by gRT-PCR-based analyses of the Hh
target genes Gli1, Gli2 and Ptch. Furthermore, the expression levels of Pomc or Gh of
CM-treated AtT-20 or GH3, respectively, as well as the Gh protein level in the medium
of GH3 cells were measured. As shown in Figure 35A treatment of TtT/GF cells with
SAG-containing AtT-20 medium led to significant increased expression of Gli1, Gli2
and Ptch in comparison to the solvent control. However, incubation of AtT-20 cells with
CM from SAG-treated TtT/GF cells (CMsac) did not change Gli1, Gli2, Ptch or Pomc
expression in comparison to AtT-20 cells that were administered to CM from DMSO-
treated TtT/GF cells (CMsovent). In contrast, TtT/GF cells that were cultivated and
stimulated in SAG-containing GH3 starvation medium showed only significant increase
in Gli1 expression (Figure 36A). However, GH3 cells incubated with CMsac showed
increased Gli2 and Gh transcription and secrete increased levels of Gh into the culture

medium (Figure 36B).

These data demonstrate that Hh signalling can be still activated in TtT/GF cells even
if they are cultured in AtT-20 or GH3 starvation medium although AtT-20 starvation
medium seems support more efficiently Hh signalling activation upon SAG-treatment
compared to GH3 starvation medium. Moreover, and in line with the proposed
hypothesis Hh signalling activation in TtT/GF cells induces the hormone production
and release from endocrine cells, at least from GH3 cells, most likely in a paracrine

manner.



Results I 101

TtT/GF cells in AtT-20 starvation medium

A - ;
Gli1 Gli2 Ptch
37=solvent 37=solvent 37=solvent
*SAG___kkxx * SAG * * SAG *k

N
L]

2

N

Gli1/18S
o
Gli2/185
.|. | |
L]
Ptch/18S

.........

0 0 0
B AtT-20 cells in TiT/GF CM
Glit Gli2 Ptch Pomc
3 : CMggivent . 3 : CMggivent . 3 : CMggivent 3 : CMggivent

N
.

Gli1/185
L ]

Gli2/18S

| )

»

L ]
Ptch/18S
- N

»

»
P;nmc/ms

o
o
o
<

Figure 35 CM generation from TtT/GF cells and its effect on AtT-20 cells. TtT/GF cells were cultured in AtT-
20 starvation medium and stimulated with SAG (red) or solvent (DMSO, black). Subsequently, RNA was isolated
and the expression of the Hh target genes Gli1, Gli2 and Ptch was analysed via qRT-PCR (A). Afterwards, AtT-20
cells were incubated with the supernatant from the stimulated TtT/GF cells (conditioned medium, CM). RNA was
isolated from the AtT-20 cells and the expression of the Hh target genes Gli1, Gli2 and Ptch and the expression of
Pomc was analysed via qRT-PCR (B). The data were normalized to 18S rRNA (78S) and are shown as fold
expression in comparison to the solvent-treated TtT/GF cells or to CMsovent-treated AtT20 cells, respectively, set to
1 (dotted line). Each dot represents a sample that was measured in technical triplicates. The data are depicted as
mean+SD. For statistical analyses a two-tailed unpaired t-test was performed. * indicate significance compared to
solvent-treated TtT/GF cells or to CMsowent-treated AtT20 cells, respectively, with *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001.

TtT/GF cells in GH3 starvation medium
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Figure 36 CM generation from SAG-treated TtT/GF cells and its effect on GH3 cells. TtT/GF cells were
cultured in GH3 starvation medium and stimulated with SAG (red) or solvent (DMSO, black). Subsequently, RNA
was isolated and the expression of the Hh target genes Gli1, Gli2 and Ptch was analysed via qRT-PCR (A).
Afterwards, GH3 cells were incubated with the supernatant from the stimulated TtT/GF cells (conditioned medium,
CM). RNA was isolated from the GH3 cells and the expression of the Hh target genes Gli1, Gli2 and Ptch and the
expression of Gh was analysed via qRT-PCR (B). The data were normalized to 18S rRNA (78S) and are shown as
fold expression in comparison to the solvent-treated TtT/GF cells or to CMsowent-treated AtT20 cells, respectively,
set to 1 (dotted line). In addition, Gh content in the supernatant of CM-treated GH3 cells was quantified with a
specific ELISA. Each dot represents a sample that was measured in technical triplicates. The data are depicted as
mean+SD. For statistical analyses a two-tailed unpaired t-test was performed. * indicate significance compared to
solvent-treated TtT/GF cells or to CMsorvent-treated GH3 cells, respectively, with *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001.
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4.5.4. Transcriptome analyses of Hh signalling activated FSC cells

Conditioned medium from Hh signalling activated TtT/GF cells (CMsac) causes a
significant increase in Gh production and release but does not alter Hh signalling
activation status in GH3 cells. Thus, most likely Hh signalling activation of TtT/GF cells
lead to the secretion of a paracrine factor that mediates Gh production and release
from GH3 cells. To evaluate this assumption and to unravel potential candidate
molecules that may be higher expressed in SAG-stimulated TtT/GF cells compared to

solvent treated TtT/GF cells transcriptome analyses of these cells were conducted.

In fact and in line with the gRT-PCR-based expression analyses (see Figure 33,
Figure 35 and Figure 36) SAG-treatment led to significant increased expression of Hh
signalling target genes (e.g. Ptch, Gli1 and Hhip) but also increased the transcription
of genes that belong to G-protein coupled receptor (Gpcr) signalling [e.g.
pyroglutamylated RFamide peptide (Qrfp), G protein subunit alpha 15 (Gna15) and
Vip] and genes that are described as extracellular matrix (ECM) marker [e.g.
transglutaminase 2 (Tgm?2), fibronectin 1 (Fn1) and integrin beta-7 (ltgb-7)]
(Figure 37A,B). Furthermore, increased expression of the angiotensin converting
enzyme (Ace), insulin-like growth factor-binding protein 2 (Igfbp-2), glutamate inotropic
receptor kainite type 4 (Grik4) and coxsackievirus and adenovirus receptor (Cxadr)
were observed. Marker genes for FSCs (e.g. S100b, Vegfa and Mif) and for active
proliferation [e.g. marker of proliferation Ki-67 (MKi67), forkhead box M1 (Foxm1) and
cyclin E1 (Ccne1)] were not differential expressed (Figure 37C and D).

These results show that SAG-treatment of TtT/GF cells efficiently induces Hh signalling
activity but does not alter the identity of the cells or induce proliferation in these cells.
Beyond that, Hh signalling activation resulted in an increased transcription of Gpcr
signalling markers. Most interestingly, this approach also identified the small-molecule
and neuro-peptide Vip, which is known to be an inducer of Gh release from GH3
cells?93:2%4 g5 being upregulated upon Hh signalling activation.
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Figure 37 Transcriptome analysis of SAG- and DMSO-treated TtT/GF cells. TtT/GF cells were cultured in
starvation (serum-deprived) medium and treated with SAG or DMSO. Total RNA was isolated and the transcriptome
of the cells was analysed via RNASeq. Heatmap of upregulated (red) genes after SAG-treatment (A). Genes were
clustered in Hh signalling, Gpcr signalling and ECM marker. Volcano plot of all gene transcripts (cut off log2 -0.3-
or log2 0.3-fold change, red vertical dotted lines) (B). Expression analysis genes associated with FSC profile (C) or
proliferation (D). Cut off was set at 0.8- or 1.2-fold change (grey lines). The data are shown as fold change
expression in comparison to the expression of DMSO-treated TtT/GF cells set to 1 (dotted line in B and C). The
data are depicted as mean+SD. For statistical analyses a two-tailed unpaired t-test was performed. * indicate
significance compared to DMSO-treated TtT/GF cells, respectively, with *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001 (B and C).
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4.5.5. Vip can regulate hormone production and is secreted from SAG
stimulated TtT/GF cells

A role of Hh signalling in secretion of signalling molecules from FSC which regulate
hormone production and secretion from endocrine cells was so far unknown. However,
transcriptome analyses revealed that Hh signalling activation of TtT/GF cells result in
an increased expression of the neuropeptide Vip that is known to be an inducer of Gh
release from GH3 cells?932%4  This result was also verified by qRT-PCR-based
expression analyses of SAG-treated TtT/GF cells cultured in GH3 starvation medium
(Figure 38). Additionally, the amount of Vip protein in the CMsac was measured via an
EIA. Thereby DMSO-treated samples served as solvent controls. This approach
indeed demonstrated that the supernatant of SAG-treated TtT/GF cells consists of

increased Vip protein levels compared to the controls (Figure 38C).

Beyond that, the ability of TtT/GF, AtT-20 and GH3 cells to respond to external Vip
signals was investigated. For the purpose, the expression of known Vip receptors [Vip
receptor 1 and 2 (Vipr1/2), or Pacap type 1 receptor (Pac1-R or Adcyap1R1)] was
analysed via qRT-PCR. As controls, the expression levels of all 3 Vip receptors in
NIH/3T3 cells were assessed. Figure 38D shows that all pituitary derived cell lines
expressed Adcyap1R1. Thereby AtT-20 cells showed the highest Adcyap1R1
expression level. In contrast, Vipr1 transcripts were only detectable in AtT-20 cells.
Most interestingly, the expression levels of Vipr2 were significantly higher expressed
in TtT/GF cells and GH3 cells compared to NIH/3T3 and AtT-20 cells (Figure 38D).

These data demonstrate that Vip is produced and secreted from TtT/GF cells upon Hh
signalling activation. Moreover, since Vip is a known inducer of Gh release from GH3
cells and GH3 cells express high levels of the Vip receptor Vipr2 these results suggest
that Hh-dependent Vip release from TtT/GF cells mediates Gh secretion from GH3
cells via Vipr2 signalling.
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Figure 38 Vip expression and Vip signalling components in pituitary cell lines. RNA from NIH/3T3, TtT/GF,
AtT-20 and GH3 cells was isolated and subsequently the expression of Vip was analysed via qRT-PCR (A).
Furthermore, the expression of Vip was investigated in SAG- (red) and solvent-(black) treated TtT/GF cells (B).
The amount of Vip protein in the supernatant of SAG-(red) and solvent-(black) treated TtT/GF cells was determined
with a specific EIA (C). The data are shown as fold protein concentration in comparison to the solvent-treated
TtT/GF cells set to 1 (dotted line in C) and are depicted as mean+SD. Each dot represents a sample that was
measured in technical triplicates. The expression of the genes Adcyap1R1, Vipr1 and Vipr2 was analysed in
NIH/3T3, TtT/GF, AtT-20 and GH3 cells via qRT-PCR (D). For statistical analyses a two-tailed unpaired t-test was
performed. * indicate significance compared to solvent-treated TtT/GF cells with *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001. The expression data were normalized to 78S rRNA (78S) and are shown as relative expression (A
and D) or as fold expression in comparison to the expression of solvent-treated TtT/GF cells set to 1 (dotted line in
B). Each dot represents a sample that was measured in technical triplicates. The data are depicted as mean+SD.
For statistical analyses a two-tailed unpaired t-test was performed. $ indicate significance compared to NIH/3T3
cells with $p<0.05, $$p<0.01, $$$p<0.001 and $$$$p<0.0001 (A and D). * indicate significance compared to TtT/GF
cells or solvent-treated TtT/GF cells, respectively, with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 (B-D).
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5. Discussion

The Hh signalling pathway is pivotal in the development of mammalian organs
including the pituitary gland. However, its role in maintenance, physiology and
pathology of the adult pituitary is ill defined. The first studies investigating the role of
the Hh pathway in the pituitary demonstrated the expression of the HH signalling
proteins GLI1 and SHH in corticotrophs and PTCH or PTCH2 in gonadotrophs,
thyrotrophs, somatotrophs and a subpopulation of lactotrophs'8. Vila et al. furthermore
reported that Shh stimulation of a corticotroph cell line results in (1) increased Acth
secretion, (2) Pomc transcription and (3) attenuation of cell growth. In addition, they
showed that Shh treatment of a somatotroph cell line causes enhanced Gh and Prl
secretion'83184_ Similarly, also our group demonstrated that Hh signalling activation in
adult pituitary explants upregulates the production of Gh, Prl and Acth but also
increases the proliferation of Sox2* cells'85. Moreover, we showed that the AL of the
adult pituitary consists of Gli1-expressing cells that either are Sox2* or Sox2"e9185
indicating that Hh signalling is physiologically active in two differently differentiated
pituitary cell populations: a Sox2-expressing stem cell or (committed) progenitor and a
Sox2"9 more differentiated (hormone-producing) cell population'®. Since furthermore
GH-, PRL- and ACTH- secreting PA show highest GL/7 and SHH expression8’ it was
hypothesized that HH signalling activation is implicated in the homeostasis and
pathology of pituitary Sox2* cells and GH-, PRL- and ACTH-expressing endocrine
cells. Nevertheless, this hypothesis was based on observations by analysing pituitary
explants from a mouse model for ubiquitous homozygous Ptch depletion that activates
Hh signalling in every cell. Thus, these analyses did not allow to specify the phenotype-
causing cell type although our'® and data of other labs'83184 hint towards a specific

role of Hh signalling in Gh-, Prl- and Acth-expressing endocrine cells.

The main goal of this thesis was to unravel the impact of the Hh signalling in the adult
pituitary gland on cellular level. For this purpose, on the one hand the effect of
deregulated Hh pathway in Pomc-expressing cells using a genetically engineered
mouse model was studied. On the other hand, the cell-specific activation status of the
Hh pathway in the adult pituitary gland was analysed by using immunohistological and
reporter mice-based approaches to finally gain insights into the Hh-mediated regulation

of hormone release in the pituitary gland.



Discussion I 107

5.1. Cell-intrinsic Hh signalling does not play a role in corticotrophs of the adult

pituitary gland

Ubiquitous homozygous Ptch depletion in ex vivo cultured murine pituitary glands
results in increased transcription of Pomc and Acth secretion'®. Moreover, Shh
treatment of the corticotroph cell line AtT-20 has been reported to increase Acth
production of these cells'®. Thus, initially a hypothesis was proposed in which an
activation or inactivation of Hh signalling specifically in Pomc-expressing cells should
lead to an up- or downregulated Acth secretion, respectively (Figure 39). To test this
hypothesis Ptch and Smo were homozygously depleted in adult pituitaries by using the
PomcCreERT2-deleter mouse strain?6?. The initial evaluation of the specificity of the
deleter strain verified a cell-specific Cre-mediated recombination in Pomc* cells of the
AL and the IL. However, also in absence of the CreERT2-inducer tamoxifen a
recombination of the ROSA26-tdTomato reporter locus as well as of the Ptch’and Smof
loci was detected. These data demonstrate that although the CreERT2-recombinase
is cell-specifically expressed its activity is leaky at least in the pituitary. Despite of this,
in vivo depletion of Ptch or Smo in Pomc-expressing cells had no effect on pituitary
development (e.g. due to the leakiness of the deleter) or on homeostasis and pathology
of the adult gland (e.g. after CreERT2-induction in adult mice). None of the investigated
parameters (body weight analysis, blood glucose concentration, histological analyses,
transcriptional analyses) differ between the control groups and the tamoxifen-treated
Pomc/Ptch™” or Pomc/Smo™ groups (Figure 39). The only exception of this was a
significantly decreased pituitary Pomc transcription in tamoxifen-treated Pomc/Smo™*
pituitaries compared to solvent-treated animals. Interestingly, an inversed observation
was not seen in pituitaries of tamoxifen-treated Pomc/Ptch™ mice (e.g. increased Pomc
transcription) which may indicate that Pomc transcription in the adult pituitary is
regulated via Smo in a Ptch independent manner. However, the expression of Hh
signalling target genes was not altered in pituitaries of tamoxifen-treated Pomc/Smo”
mice arguing against this conclusion. Thus, the altered Pomc expression in pituitaries
of tamoxifen-treated Pomc/Smo”" mice rather may reflect a technical artefact. This
conclusion is also strengthened by the fact that tamoxifen-treated Pomc/Smo™ mice
did not show any other conditions that argue in favour of a hormonal imbalance (e.g.

altered blood glucose concentration or body weight).
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These results stand in clear contrast to the previously reported impact of active Hh
signalling in the corticotroph AtT-20 cell line, since Vila et al. described that Shh
treatment of these cells increases Acth release'83184 However, data gained from
in vivo approaches (e.g. using genetically engineered mice) often more precisely
reflect the physiological situation than in vitro approaches using stable cell lines. Thus,
the invivo data obtained in this thesis clearly argue against the initially made
hypothesis that Acth production is regulated via cell-intrinsic Hh signalling in Pomc-
expressing cells. Moreover, in light of the previously made observations that ubiquitous
Hh signalling activation increases Pomc production in pituitary explants'® these new
data rather indicate that Hh signalling affects a cell type, which mediates Acth
expression in corticotrophs indirectly. Based on this conclusion a new hypothesis was
formulated in which Hh signalling induces a certain cell type to stimulate Acth
production from corticotrophs either by a soluble factor or via cell-cell-interaction.
However, the data clearly exclude a corticotroph-intrinsic impact of Hh signalling and
thus tumour development or increased Pomc-expression from Ptch or Smo depleted
(tumour) cells is very unlikely. Thus, the attempts to re-establish a mouse line that
ought to be used to increase the PA incidence from Pomc-expressing cells (Tg.PCE?53)

were not pursued further.

Depletion of Ptch/Smo in Pomc¥cells of the adult pituitary
Starting hypothesis

o>, Proli
“}‘fgration?
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Figure 39 Schematic representation of the expected and resulting phenotype of Pomc/Ptch” or Pomc/Smo**
pituitaries. A conditional depletion of Ptch or Smo in Pomc-expressing cells (red-framed) was thought to either
increase Pomc transcription and Acth secretion (for Ptch depletion) or decrease Pomc transcription and Acth
secretion (for Smo depletion). Furthermore, a possible enhanced proliferation of Pomc* cells was estimated (left).
However, the observed phenotype (right) showed that a depletion of Ptch or Smo in Pomc-expressing cells does
not alter hormone production and does not change cellular proliferation in the gland.
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5.2. Cell-intrinsic Hh signalling in somatotrophs and FSC of the adult pituitary
gland

The genetically in vivo approach clearly excludes a cell-intrinsic impact of Hh signalling
in corticotrophs of the adult pituitary. However, two differently differentiated but so far
unidentified pituitary populations (e.g. Sox2* and Sox2"9 of the AL) express Gli1 and
thus show active Hh signalling'®. Moreover, ubiquitous activation of Hh signalling in
pituitary explants leads - besides an increased Acth, Gh and Prl expression - to
increased proliferation of Sox2* cells'®. This indicates that at least in Sox2* cells Hh
signalling should play a role. Beyond that, also Gli1*/Sox2"9 cells that hypothetically
represent a certain endocrine cell type (e.g. Gh- or Prl-expressing cells) seems to be
cell-intrinsically regulated by Hh signalling. In fact, lineage tracing and RNAScope
analyses revealed that a subpopulation of Gh-expressing cells and FSC of the AL but
never Pomc, Acth or Prl expressing cells descent from Gli1* cells and/or express Gli1

transcripts as the most reliable indicator for active Hh signalling.

On the first glance, these findings do not fully support the previously made conclusion
that Hh signalling most likely regulates Acth, Gh and Prl production and/or secretion.
On the other hand, these results clearly strengthened the assumption that cell-intrinsic
Hh signalling does not affect the homeostasis of corticotrophs since they neither
descent from Gli1* cells nor stain positive for Gli1. Moreover, the new data bring
somatotrophs — potentially as the previously identified Gli1*/Sox2"9 cell population -
and FSC as Gli1*/Sox2* cells into the focus of the question which pituitary cell type is
implicated into the phenotype of ubiquitously Hh signalling activated pituitaries. In case
of Gli1* somatotrophs the most obvious conclusion is that Hh signalling regulates cell-
intrinsically Gh production in these cells although this has not been proven so far but
is currently under investigation (see discussion section 5.2.1). However, it becomes
more interestingly in case of FSC, since these non-endocrine cells are known to
interact with endocrine cells including corticotrophs, somatotrophs and
lactotrophs®2295, Moreover, the fact that FSC express Sox22% as well as S100b63:64
and are able to uptake of the fluorescent dipeptide B-Ala-Lys-N(¢)-AMCA2%7 also stain
positive for the proliferation marker Ki-67 indicate that the previously identified
Gli1*/Sox2* cells of the AL most likely represent FSC. The results furthermore
suggest that FSC are the so far undefined Sox2* cell type that showed increased

proliferation after ubiquitously Pfch depletion'®. Due to the important role of FSC in
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regulating the homeostasis of the adult gland, it also can be hypothesised that Gli1*
FSC cells are responsible for the increased hormone production in Hh signalling
activated pituitary explants'8. Indeed, in vitro experiments using a FSC cell line hint
towards the last-mentioned hypothesis at least for Gh production and release (see
Figure 36). However, corticotrophs and lactotrophs never stain positive for Gli1
expression or descent from Gli1-expressing cells, which also argues in favour for an
indirect regulatory mechanism for Acth and Prl release upon Hh signalling activation in
FSC. In fact, FSC are demonstrated to localize in close proximity to lactotrophs2%® and
to produce small molecules (e.g. Anxa1) that can stimulate hormone secretion?9°,

However, future studies are needed for evaluating this fascinating aspect.

Based on the transcriptome analyses from SAG-stimulated TtT/GF cells an impact of
Hh signalling on the proliferative behaviour of FSC may have to be excluded since the
expression of proliferation marker genes was not altered in SAG-stimulated TtT/GF
cells. Nevertheless, future in vivo approaches are needed to evaluate this conclusion
for the in vivo situation. Beyond that, Gli71 transcripts and reporter gene expression
were only observed in mature somatotrophs and FSC but never in progenitor cells.
Thus, Hh signalling rather seems to be required in the respective mature cells and

most likely is not involved in differentiation processes in the adult gland.

Most remarkably, the results gained from studying murine pituitaries were also
transferable to the human adenohypophysis. @ Combined RNAScope/
immunofluorescent stainings revealed that GL/1 transcripts are expressed in GH
secreting cells and in S100* FSC in the human AL. Thus, HH signalling seems to be
implicated in the same pituitary cell types in mouse and human and also potentially
contributes to equal functions in both species highlighting the pivotal role of this

pathway in the adult gland.

5.2.1. Genetically engineered mouse lines to analyse the impact of Hh signalling

in vivo or ex vivo cultured organs

The results that Hh signalling play a role in mature somatotrophs and FSC of the adult
pituitary are remarkable and novel. However, to gain further insights into the function

of a particular pathway in a certain cell type a cell-specific deregulation of the
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respective pathway (e.g. Cre/loxP system) is the gold standard. Thereby, the use of
an inducible Cre-recombinase (e.g. tamoxifen-inducible CreERT2-recombinases) is
advantageous because deregulation of a developmental important pathway, like the
Hh pathway, during embryogenesis often impedes analyses on adult tissues. However,
currently neither a somatotroph- nor a FSC-specific CreERT2-mouse line is available.
Furthermore, the generation of a cell-specific deleter strain also requires the
knowledge about a cell-specific promoter that in case of FSC is not given. For targeting
somatotrophs, so far different mouse strains are available that expresses Cre-
recombinases in Gh producing cells?82283 or in cells that descent from the Pit-128
lineage (e.g. somatotrophs, lactotrophs and thyrotrophs). However, all these strains
express constitutive active Cre-recombinases that may potentially impede a study of
the impact of Hh signalling in the pituitary of adult animals. The reason for this
conclusion is that both Gh and Pit-1 are expressed during the organogenesis of the
pituitary and during the development of the male reproductive system?39-282.283,300,301
trunk somite?82 and eyes?81:302303 regpectively. An activation or inactivation of Hh
signalling using Gh-Cre or Pit1-Cre deleter strains most likely will not only result in
hypo- or hyperplasia of the pituitary but also may lead to failed development of the
respective organs which finally would impede the analysis of a deregulation of Hh
signalling somatotrophs of the adult pituitary. Thus, an inducible somatotroph-specific
Cre deleter mouse strain would be needed for in vivo analyses of a deregulated Hh

signalling in somatotrophs.

Hence, a part of this thesis was dedicated to the generation of a mouse strain that
enables a pituitary-specific expression of an inducible CreERT2-recombinase. For this
purpose, the Ghrhr promoter region was cloned upstream of a CreERT2-recombinase
gene. This driving promoter was chosen since at least for the rGhrhr it has been shown
that its expression is tightly regulated and restricted to pituitary cells in rGhrhrCre
transgenic mice?®! although endogenous Ghrhr is also expressed in other organs like
the renal medulla?®4, hypothalamus?8S, testis?%6. The initial analyses of an EGFP
reporter under the control of the rGhrhr promoter region?®! failed to be expressed in
Ghrhr* GH3 cells. Thus, the rat promoter sequence was evaluated as not suitable to
drive effective transcription, potentially because the promoter region of the
rGhrhr_EGFP construct ends after the first ATG (at position +9, Figure 25) and thus
resulting in an open reading frame upstream of the EGFP encoding sequence.
However, a new attempt by using the murine and the human Ghrhr promoter
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sequences revealed that both Ghrhr promoters were able to drive EGFP-expression in
GH3 cells. Thus, the shorter (-310,-19) human Ghrhr promoter was used to generate
the hGHRHRCreERT2 vector. Since the encoded CreERT2-recombinase was
efficiently expressed in GH3 cells, tamoxifen-inducible and capable to recombine the
Ptch’ locus this construct was used for the generation of transgenic mice. Currently
3 founder mice were born which however have to be used to establish founder mouse
strains and which have to be characterized by breeding to a reporter mouse strain, like
ROSAZ26-tdTomato. Thereby the analyses should include the evaluation of 1) a
possible leakiness of the CreERT2-recombinase activity without tamoxifen-treatment
during the development and in adult mice and 2) the specificity the CreERT2-
recombinase expression in cells of the adult pituitary or in other organs. In case of
good inducibility and specific expression of the hGHRHRCreERT2-recombinase the
mouse strain can be afterwards used to analyse the impact of Hh deregulation in
somatotrophs of adult pituitaries by monitoring hGHRHRCreERT2/Ptch” and
hGHRHRCreERT2/Smo” mice. Thereby parameters that are symptomatic for
somatotropin overproduction should be documented since based on the previously
generated data it is conceivable that hGHRHRCreERT2/Ptch™ mice will suffer from a
phenotype resembling acromegaly symptoms, like irregularly strong growth304,
abnormal calcium levels3% or cardiac hypertrophy3%. However, examination of Gh and
Igf-1 blood serum levels are the most reliable and abundant parameter for acromegaly
symptoms3%7 and therefore should also be analysed. hGHRHRCreERT2/Ptch” mice
potentially are also predisposed for the development of PA and thus should be carefully
monitored for signs of such tumours (e.g. acral enlargement, osteoarthritis or insulin
resistance3%8:309) However, low PA incidences of these animals might be increasable
by breeding to mouse strains with an elevated incidence for the formation of
hyperplasia and adenoma formation like «GSU.PTTG transgenic mice that express
PTTG in aGSU* cells (e.g. gonadotrophs and thyrotrophs?%'). Unfortunately,
aGSU.PTTG transgenic mice are not available anymore and have to be re-established.
However, within this thesis the plasmid which has been used to generate the original
aGSU.PTTG mouse line has been shown to be suitable to overexpress PTTG in

somatotroph cells in vitro.

Parallel to the generation of \GHRHRCreERT?Z2 transgenic mice the Aldh1/1CreERT2
and Gli1CreERTZ2 deleter mouse strains were chosen to specifically activate or

inactivate Hh signalling in somatotrophs and FSC simultaneously. As shown by lineage
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tracing experiments both deleter mouse strains express a CreERT2-recombinase in
somatotrophs and FSC of the adult pituitary gland. However also adult tissues that are
prone for Hh signalling-mediated tumour growth (e.g. skin31%3"1 Jung2%3, brain312-315 or
liver316-318) express the CreERT2-recombinases. To avoid severe health issues due to
in vivo activation of the CreERT2-recombinases ex vivo tamoxifen-treatment of whole
pituitary organ cultures similarly to Pyczek et al.1® were conducted. Unfortunately,
ex vivo recombination of the ROSAZ26-tdTomato, Ptch’ and Smof loci was not
accomplished. A possible reason for this may be the fact that the CreERT2-
recombinases of Aldh1/1CreERT2 and GIli1CreERTZ2 deleter mice are expressed
under the control of cell-specific promoters whereas Pyczek et al.’® used a
ubiquitously high expressed Rosa26CreERT2 transgene. Thus, the Rosa26CreERT2
recombinase is present more abundantly and most likely can be activated easier with
tamoxifen. Moreover, the blood circulation is interrupted in ex vivo organ cultures,
which may lead to a lower tamoxifen-availability in the tissue than after in vivo
tamoxifen application, especially since the Aldh1/1CreERT2 and Gli1CreERT2
targeted cells are located in the central zone of the gland. Another reason could be a
diminished expression of the CreERT2-driving promoters of the cultured glands
similarly to the altered gene expression profile of ex vivo cultured organs3'®. However,
since Gli1 expression can be still detected in cultured pituitaries'®® most likely
tamoxifen diffusion into the ex vivo cultured glands was not efficient in the approaches
reported here. Since this problem can only solved by conducting single cell cultures,
which on the other side impede the analysis of histological features, in vivo activation
of the CreERT2-recombinases to activate or inactivate Hh signalling in vivo seems to
be the method of choice. However, such approaches most likely will lead to Hh
signalling activation/inactivation in other adult organs despite of the pituitary, which
finally may result in multiple Hh-associated health issues (e.g. hyperproliferation in
skin, lung, brain and/or liver). To avoid or to minimize these difficulties future studies
using Aldh1/1CreERT2 and Gli1CreERT2-deleter for in vivo deregulation of Hh
signalling should be conducted shortly after tamoxifen-application. Since the induction
of a ubiquitous homozygous Ptch depletion in adult mice results in health issues at the
earliest 10 days after the first tamoxifen injection'” a dissection of the pituitaries 5-10
days after tamoxifen induction might be feasible without risking adverse health issues
of the mice. These analyses will show if and how Hh signalling affects hormone

production in a physiological environment in FSC and Gh* cells. However, using
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Aldh111CreERTZ2 and Gli1CreERTZ2-deleter mice a cell-type specific (either in FSC or
in Gh* cells) depletion of Ptch or Smo is not possible. Nevertheless, due to the fact that
suitable mouse models for a cell-specific targeting of somatotrophs and/or FSC are
currently not available in vitro model systems are the tool of choice to analyse the

impact of Hh signalling in either FSC or somatotrophs separately.

5.2.2. Hh signalling activity status and SAG-responsiveness of pituitary cell

lines

To investigate a potential impact of a signalling pathway in a respective cell type in vitro
studies of tissue-specific cell lines can be analysed. Thus, and because suitable mouse
models either were not suitable or are still in a generation process (see above) also in
this thesis in vitro approaches using well-established pituitary cell lines were used to
analyse the role of Hh signalling in somatotrophs and/or FSC. For this purpose, first
the identity of the cell lines and second their Hh signalling status were assessed. These
approaches revealed that the corticotroph AtT-20 cells, the somatotroph GH3 cells as
well as the FSC-cell line TtT/GF express known markers of the respective cell types
and thus verified their identity. Assessment of Hh signalling status showed that AtT-20
cells form only very small and deformed primary cilia without Smo localization in the
cilia. Moreover, the facts that they express very high Ptch but low levels of Gli1 that
were not increasable via SAG treatment indicated that they are not responsive for
canonical Shh-dependent Hh signalling activation. These results substantiate the
previous made observations that Shh-treatment is not sufficient to activate Hh
signalling in AtT-20 cells'®. However, Vila et al. previously reported that Shh-treatment
can stimulate Pomc expression in AtT-20 cells'84. Nevertheless, AtT-20 cells that were
used for the here performed study never showed an increased expression of Pomc
upon SAG- (this thesis) or Shh-treatment'® possibly due to the fact that the here
utilized AtT-20 cells are unresponsive against canonical Hh signalling activation. On
the other hand, Gli1 overexpression in the here used AtT-20 cells can elevate Pomc
transcript level'®S suggesting that Pomc expression might be a target of non-canonical
Shh-independent but Gli1-dependent Hh signalling [similarly as in melanoma via
protein kinase B (AKT)32° or in multiple myeloma via histone deacetylases3?1].
Nevertheless, corticotrophs in adult pituitary glands never showed Gli1 expression and

in vivo deregulation of canonical Hh signalling in these cells did not affect Pomc- or
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Acth-production (this thesis). Thus, it has to be assumed that neither canonical nor
non-canonical Hh signalling regulates Pomc expression in a cell-intrinsic manner in

corticotrophs in vivo.

In contrast to AtT-20 cells, somatotroph GH3 cells form adequate cilia and frequently
show ciliary Smo localization which should be considered as signs of a moderate active
Hh signalling?®®. However, GH3 cells express very low Gli1 but very high Gli2 levels
and irritatingly, SAG-treatment decreases the Gli2 mRNA levels but not did not alter
Gli1 transcription levels. These results stand in contrast to the classical knowledge
about Hh signalling stimulation upon SAG treatment, which normally induces Gli71 and
Gli2 expression322-324 However, a downregulation of Gli2 expression as a result of Hh
signalling activation can also be observed in a human neuroglioma cell line in which
the interaction of NIMA-related expressed kinase 2A (Nek2A) with the suppressor of
fused (Sufu) is responsive for this phenomenon323, Interestingly, the downregulation of
Gli2 after SAG-treatment of GH3 cells was accompanied by a decreased Gh
expression suggesting a direct link between Hh signalling activation status and Gh
repression. In fact, a connection between Gh production and Hh signalling activity has
been previously already made since Shh treatment can stimulate Gh release from
GH3183, Unfortunately, the GH3 analyses of Vila et al. did not determine Hh signalling
activation status after Shh treatment'®. Thus, based on the currently available data an
evaluation of the actual Hh signalling activation status in GH3 cells after SAG-treatment
is impossible. Time-course experiments and expression analyses of Nek2A and other
Hh target genes are needed to determine if SAG-treatment induces or represses Hh
signalling and Gh expression in GH3 cells. However, the fact that Gli1 expression — as
the surrogate marker for active Hh signalling - did not elevate after SAG-treatment
rather suggests that GH3 cells are unresponsive towards canonical Hh signalling
activation and thus that they are an unsuitable model for studying cell-intrinsic Hh

signalling in somatotrophs.

Contrarily to the both endocrine cell lines every single cell of the FSC-derived TtT/GF
cell line form a cilium in which Smo localizes. Moreover, Gli1, Gli2 and Ptch
transcription levels of TtT/GF cells were comparable to that of the Hh responsive cell
line NIH/3T3326, SAG-treatment of TtT/GF cells results in all analysed conditions in an
increased transcription of the Hh target gene GIli1 whereas elevated Gli2 and Ptch

expression was only observed in AtT-20 starvation medium (Figure 35 and Figure 36).



Discussion I 116

Irrespectively, from the varying Gli2 and Ptch expression levels upon SAG treatment
which might be explained by the differential composition of the respective media (e.g.
in contrast to AtT-20 medium GH3 medium contains heat-inactivated FBS) these
results showed that canonical Hh signalling is inducible in TtT/GF cells upon SAG-
treatment. Moreover, these data indicate that TtT/GF cells represent a suitable in vitro

model to investigate the impact of Hh signalling activation in FSC.

5.2.3. Activation of Hh signalling in TtT/GF cells induces the secretion of

vasoactive intestinal polypeptide and stimulates Gh production from GH3 cells

AtT-20, GH3 and TtT/GF cells form cilia and express the Hh signalling marker genes
Gli1, Gli2 and Ptch that strongly suggested that all 3 cell lines may be responsive
towards Hh signalling activation. However, in contrast to AtT-20 and GH3 cells only
TtT/GF cells express increased levels of Gli1 and Gli2 upon SAG stimulation. This
demonstrates that TtT/GF but not AtT-20 and GH3 cells are responsive towards Hh
signalling activation. Furthermore, these data indicate that AtT-20 cells like pituitary
corticotrophs do not show cell-intrinsic Hh signalling. On the other hand, the data
revealed that GH3 cells do not represent a suitable in vifro model for studying a
potential cell-intrinsic impact of Hh signalling in somatotrophs. However, the
responsiveness of TtT/GF cells towards Hh signalling stimulation predispose them as

a model to analyse whether Hh signalling is implicated in FSC function.

FSCs are non-endocrine cells of the AL that regulate hormone expression of
neighbouring endocrine cells327-328, However, the exact regulatory mechanisms behind
the FSC-endocrine cell interaction are not well understood although several small
molecules that most likely are implicated in this process have been identified (e.g.
Anxa132®  interleukin-6339-332 or Vip333). Since so far, a role of Hh signalling in FSC-
mediated hormone secretion is undescribed, it was hypothesized that cell-intrinsic Hh
signalling in FSC might lead to the release of a certain signalling molecule from FSC
that mediates hormone release from endocrine cells. This hypothesis was supported
by the observations that an overactivation of Hh signalling in all pituitary cells results
in increased transcription of Pomc, Gh and Prl'® whereas deregulation of Hh signalling
in Pomc-expressing cells did not impact Acth release (this thesis). Moreover, only the
function of somatotrophs and FSC seems to be regulated via cell-intrinsic Hh signalling
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since no other cell type express Gli1 in the normal gland. In addition, the circumstance
that AtT-20 and GH3 cells are unresponsive towards cell-intrinsic Hh signalling
activation via SAG enables the study of their hormone release independently of
intrinsic Hh signalling activation by culture them in conditioned medium from SAG-
stimulated TtT/GF cells.

In fact, the medium from SAG-treated TtT/GF cells was capable to increase Gh
production indicating that a small molecule secreted of the SAG-stimulated TtT/GF
cells might be the mediator of Gh release. Following transcriptome and supernatant
analysis furthermore revealed that the expression and secretion of the peptide
hormone Vip was increased in TtT/GF cells and in its supernatant after SAG treatment,
respectively. This was remarkable, since Vip is a well-known mediator for Gh293,294,334-
337 Prf336.338 gnd Acth339:340 secretion from endocrine cells both in vitro and in vivo.
Moreover, SAG-stimulation of TtT/GF cells results in Vip concentrations within the
medium of approximately 0.9 nM which correlates with previously reported Vip
amounts that are sufficient to facilitate Gh release (1 nM)337. Vip physiologically signals
to the responder cell via binding to the Gpcr Vipr1 or Vipr2 (type Il receptors), but not
via the Pacap receptor®#!. Since GH3 cells express Vipr2 but not Vipr1 it is most likely

that the Gh release from these cells is mediated via Vip/Vipr2 signalling.

Contrarily to GH3 cells, the medium from SAG treated TtT/GF cells did not induce
increased Pomc production from AtT-20 cells although Vip is known to stimulate Acth
release from a substrain of AtT-20 cells342343, However, Vip has been shown to only
act via Vipr2 in AtT-20 cells343 but AtT-20 cells used in this thesis do not express this
receptor. Thus, the unresponsiveness of the AtT-20 cells towards Vip-containing
medium might be the result from the fact that these cells simply do not express Vipr2.
However, Acth concentration was not measured in the supernatant of treated AtT-20
cells since increased Pomc transcription was not observed after 48 hrs incubation with
CMsac. Due to the fact that increased Pomc transcription is often found shortly after
stimulus contact (max. 3 hrs342343) it seems to be possible that the incubation time
used here was too long compared with other studies to determine altered Pomc mRNA
levels. Thus, repetition of the experiments with shorter incubation times and
measurement of both Pomc mRNA and Acth protein levels should be conducted. In
addition, the responsiveness of the here used AtT-20 cells towards recombinant Vip

should be evaluated (e.g. by measuring Acth release or intracellular cAMP levels).
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Nevertheless, the result that Hh signalling activation in FSC increases the release of
Vip which most likely acts via Vipr2 signalling to induce Gh release from somatotrophs
is novel and remarkably. This is the case since these data provide new insights into
the function and regulation of FSC and their interaction with endocrine cells. Moreover,
additionally to the well known Hh targets Ptch344:345, Hhip345, Gli1344345 and Gpcr161346
also an elevated expression of the Hh target genes Ras/11b344347  Adcy534® and
Psmb93** were identified to be upregulated in SAG-stimulated TtT/GF cells. Thus,
these data also provide a new starting point to investigate the role of Hh signalling in

FSC in more detail.

In addition to Hh target genes SAG-treatment also increased the expression of ECM
marker genes in TtT/GF cells suggesting a direct link between Hh signalling and ECM.
However, although Hh signalling is known to play a role in ECM formation in
cancer3433%0 (e g. in pancreatic cancer®') so far a direct Hh signalling-induced
induction of ECM marker genes has not been described before. Nevertheless, the data
provided here are obtained from transcriptional analyses and it remains elusive if SAG-
treated TtT/GF cells even produce all the proteins. Thus, a proteome or a secretome
analysis from SAG-treated TtT/GF cells would be advantageous. However,
identification of small proteins is still challenging for this method3%2 and thus it is
questionable if small molecules like Vip, that has a size of 28 amino acids353 will be

detectable with this method.

5.3. The impact of the study in context of the pathology of the human pituitary

The most common disease of the adult pituitary gland is the development of PA. This
disorder is mainly characterised by an overproduction of one or even several
hormones. Thereby it leads to an imbalanced hormone status of the body and can
affect other organs. In rare cases, growing of the PA disturbs the surrounding nervous
tissue and causes visual disturbances and headache. Thus, investigations on the

pathology of PA are of high importance.

Previously our group demonstrated that ACTH-, GH- and PRL-secreting PA show high
GLI/1 and SHH levels indicating an increased activity of the Hh signalling pathway in

these tumours'®. Thus and due to the facts, that a ubiquitous activation of the Hh
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signalling in murine pituitaries results in elevated Acth, Gh and Prl production and
enhanced proliferation of Sox2* cells'8% the hypothesis arose that Hh signalling might
also play a role in the pathology of the pituitary like in the formation, progression or
maintenance of some PA subtypes. However, analyses of genetically engineered
mouse models and immunohistological stainings on sections of human pituitary glands
conducted in this thesis clearly demonstrate that the Hh signalling pathway is only
active in subpopulations of FSC and somatotrophs of the adult pituitary. Moreover, the
data presented here exclude an impact of cell-intrinsic Hh signalling in Pomc/Acth-
expressing cells. However, these data do not rule out a role of Hh signalling in the
pathology of the pituitary but rather point towards that aberrant Hh signalling may
impact the function of FSC and/or somatotrophs during homeostasis and potentially

also in pituitary diseases.

Indeed, FSC are found in 40-50 % of ACTH, GH or PRL-secreting pituitary tumours334
mostly at the periphery of PA and pituitary lesions3%5-3%8, However, Hh signalling activity
in tumour-associated FSC have been not studied so far. Thus, currently it can only be
speculated if aberrant Hh signalling contribute to pituitary pathology. Nevertheless, the
findings that FSC-like TtT/GF cells secrete Vip upon Hh signalling activation which in
turn lead to increased Gh release from the somatotroph GH3 cell line suggests that
aberrant HH signalling in FSC may also contribute to increased hormone secretion in
PA. Indeed, ACTH*, GH*, and PRL* PA show increased VIP expression levels3% and
VIPR are also abundantly expressed in human PA3®0, These findings substantiate the
conclusion that FSC also control hormone secretion of PA potentially via HH signalling

which however have to be evaluate in future studies.

Active Hh signalling is known to be involved in proliferative processes in normal adult
tissues361362 gs well as in tumours (e.g. lymphomas3%3 or small lung cell carcinoma?°3).
Thus, and in light of the knowledge that Hh signalling is highly active in PA subtypes'3,
it is plausible to postulate that aberrant HH signalling might be also involved in the
proliferation of PA. This conclusion was further supported by the fact, that the
ubiquitously activation of Hh signalling in pituitary explants results in increased
proliferation of Sox2* cells'® which potentially represent FSC due to their Sox2 and
Ki-67 expression and their active Hh signalling in the normal pituitary (this thesis).
However, this conclusion is not fostered by in vitro experiments with TtT/GF cells since

SAG-stimulation those did not increase any proliferation marker (e.g. Mki67, Foxm1,
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Ccnet). Nevertheless, TtT/GF cells represent an immortalized cell line with a high
basal proliferation rate?7-215, Thus, TtT/GF cells rather are not a suitable tool to draw
any conclusions regarding the impact of Hh signalling activation status and the

proliferative behaviour of FSC.

Besides the regulation of hormone production and proliferation, FSC seems to be also
involved in basement membrane remodelling, tumour neovascularization and tumour
expansion364365 which all are also known processes in which aberrant Hh signalling
can be involved (e.g. in medulloblastoma3® or angiogenesis3t-3¢7). Indeed, SAG-
treatment of TtT/GF cells resulted in increased expression levels of genes implicated
in generation or the remodelling of ECM compartments (e.g. transglutaminase 2368,
fibronectin 139372 | aminin B1 and Alpha 1373, integrin beta-737* and collagen XV/I375).
Physiologically the ECM is involved in cell adhesion, migration, proliferation and
survival. However, aberrant expression of genes involved in these processes play a
crucial role during tumour formation and progression376-378, This is also the case for
pituitary tumours. Thus, differentially expressed isoforms of fibronectin and alterations
in beta1 integrin expression are observed during PA development379-381 Moreover,
collagen | and IV can inhibit Acth synthesis and laminin inhibits ACTH and PRL
production in PA379:382 Together these facts indicate that aberrant HH signalling in PA-
associated FSC may be also involved in ECM formation/remodelling of PA, which
might facilitate hormone secretion beside the secretion of VIP. However, future studies

are needed to test this hypothesis.

Now and then FSC have been discussed as the stem cell reservoir of the adult
pituitary383-385._ However, currently their role as a potential adult stem cell reservoir of
the pituitary gland is secured. In fact, FSC can transdifferentiate in muscle cells38¢ and
also into endocrine cells387 under in vitro cultivation. Moreover, B-Ala-Lys-N(g)-AMCA*
cells (e.g. FSC) are capable to differentiate into Gh* cells in vivo®38. This leads to the
assumption that FSC contribute to PA by producing hormone secreting cells. However,
the transcriptome analyses conducted in this thesis did not support the idea of a
transdifferentiation of Hh signalling activated FSC since SAG-treatment did not change
the expression profile of FSC and/or endocrine cell marker genes in TtT/GF cells.
Nevertheless, in vivo transdifferentiation of FSC into endocrine cells is a long-term
effect (>6 weeks)38 which may not be detectable after 48 hrs short-term treatment with

SAG. Thus, more invivo experiments are needed to determine if Hh signalling
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activation in FSC contribute to PA formation/maintenance by transdifferentiation to
endocrine and/or tumour cells. Thereby, one of the main questions, which have to be
answered in future studies, is whether PA-associated FSC show active HH signalling.
Apart of that, also analyses on genetically engineered mouse models for FSC specific
deregulation of Hh signalling will clarify whether Hh signalling in FSC plays a role in
pituitary pathology. However, currently no FSC exclusive deleter mouse strain is
available. One potential option would be the usage of the GLASTCreERT2 mouse
deleter strain that expresses a tamoxifen-inducible CreERT2-recombinase under the
control of the astrocyte-specific glutamate transporter (GLAST) promoter. Besides its
expression in astroglia and radial glia of the adult brain38 GLAST is also expressed in
in cells of the rat pituitary that harbour the characteristics and localization of FSC39,
However, using the GLASTCreERTZ2 deleter strain to deregulate Hh signalling may
also result in aberrant function of astrocytes by promoting the accumulation of neuronal

stem cells in the brain391.

Altogether, the knowledge of the impact of HH signalling in PA is sparse albeit a role
of this pathway in the pathology of the pituitary can be assumed due the currently
available data. This study revealed new insights into the role of HH signalling in FSC
and thereby bringing FSC again to the focus as pivotal players in PA
formation/maintenance. Even though aberrant HH signalling in FSC is most likely not
involved in tumour initiation, it potentially is implicated in tumour maintenance and
especially hormone secretion of already established PA. Therefore, HH signalling
could be a new therapeutic target for the treatment of PA, especially for PA with

currently no medical treatment available.

5.4. Potential role of Hh signalling in the adult pituitary

In combination with the previous findings of our group'® the data gained within this
thesis were used to establish a model for the role of Hh signalling in the adult pituitary
gland (Figure 40). Within this model, 2 different cell types in the AL of the adult pituitary
gland express Gli1, a subpopulation of Gh* and FSC. Whereas the cell-intrinsic role of
active Hh signalling in somatotrophs has to be investigated in future studies, an
activation of the Hh signalling in FSC leads to the secretion of paracrine factors that
stimulate hormone production and/or release from neighbouring endocrine cells. The

data collected within this thesis strongly agues in favour of this model especially for the
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Hh signalling induced release of Vip from FSC which in turn upregulates the expression
and release of Gh from somatotrophs. Beyond that, Hh signalling activation enhances
the proliferation of Sox2* cells, which potentially represent FSC since they express
both Sox2 as well as the proliferation marker Ki-67. Since finally, FSC are numerously
found in PA Hh signalling also may play a role in tumour maintenance and/or hormone

secretion.

< Acth>Prl€Gh=cMsh *FSC

Figure 40 Proposed model for the role of Hh signalling in the adult pituitary gland in vivo. External Hh signals
affect a subpopulation of FSC and Gh* cells. In FSC the stimulus leads to enhanced proliferation and secretion of
paracrine factors (e.g. Vip) that stimulate Pomc, Gh and Prl transcription and Acth and Gh secretion from
neighbouring cells. Beyond that, Hh signalling enhances the proliferation of Sox2* FSC and cell-intrinsically
stimulates Gh transcription and secretion from somatotrophs.

However, future studies using transgenic mouse models are needed to test if a) the
Hh signalling-induced release of Vip from FSC and its stimulation of Gh production is
transferable to the invivo situation, b) whether similar mechanisms are also
responsible for Acth- and/or Prl- release from corticotrophs and lactotrophs,
respectively, ¢) Hh signalling plays also a role in proliferation of FSC and/or in
somatotrophs cell-intrinsically and d) Hh signalling activated FSC contribute to the
maintenance and/or hormone production of PA. In fact, the general basis for such
in vivo studies has been laid by this thesis since here also a new somatotroph-specific
CreERT2-deleter strain was generated and Aldh1/1CreERT2- and Gli1CreERT2-
deleter mice were characterized as tools for targeting somatotrophs and FSC

simultaneously.
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RNA
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