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0 Abstract

Introduction

Progressive osseous heteroplasia (POH) is a rare disease of mesenchymal stem cell
differentiation leading to heterotopic ossification. It is characterized by ectopic dermal
ossifications during infancy that progress from subcutaneous fat tissue into deeper
connective tissues during childhood, including tendons, fascia and skeletal muscle. The
genetic cause of this disease is a heterozygous inactivation of GNAS, which gives rise
to a variety of gene products including the alpha-subunit of the stimulatory G protein

(G s pyand its extra-large variant X L a s

Methodology

Since X L a@n mimic Gs @ction, and since G s aleficiency promotes osteogenic fate
of stem cells, we hypothesized that XLa s deficiency i n c
haploinsufficiency contributes to the development of heterotopic ossifications. The aim
of the thesis is to test a preferential osteogenic cell fate of adipose-derived stromal cells
(ADSCs) isolated from a POH animal model. Experimental results were obtained from
adipogenic differentiation of ADSCs isolated from paternal and maternal Gnas exon 2
knockout (E2KO) mice compared to wild-type litermates. ADSCs were differentiated for
12 days and screened for gene expression levels of two adipogenic markers,
peroxisome proliferator-activated receptor gamma (P P A R gnd adipocyte lipid-binding
protein (aP2). Moreover, Oil Red O stainings of ADSCs were performed on Day 7 of

differentiation to determine intracellular lipid accumulation.

Results

Results were variable among replicas. However, paternal E2KO cells tended to have

ombi 1

higherPPARY and aP2 mRNA | e valipaenit differentiaionianditot i at i

differentiate faster than wild-type cells, although the differences were not statistically
significant. Maternal E2KO cells, in contrast, showed similar

expression levels before initiation of adipogenic differentiation and similar adipogenic
differentiation profiles to wild-type cells. Oil Red O stains of the cells following seven
days of growth under adipogenic conditions appeared to be consistent with increased
differentiation of paternal, but not maternal, E2KO ADSCs, although the difference

10
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between the quantified values in wild-type and paternal E2KO cells was not statistically

significant.

Conclusion

Our investigation of ADSCs and their genotype-specific capacity for adipogenic
differentiation has suggested increased adipogenic potential for ADSCs from paternal
E2KO mice and seemingly normal adipogenic potential for maternal E2KO mice
compared to wild-type littermates. These findings are opposite of what we originally
hypothesized and suggestt hat XL as mayircreasea aglipoganic differentiation
potential of ADSCs.

11



Abstract

Einleitung

Progressive osseous heteroplasia (POH; deutsch: progressive knécherne Heteroplasie)
ist eine seltene Krankheit mesenchymaler Stammzell-Differenzierung, welche zu
heterotoper Ossifikation fuhrt. Die Krankheit ist gekennzeichnet durch ektopische
dermale Ossifikationen wahrend des Sauglingsalters, welche wahrend der Kindheit vom
subkutanen Fettgewebe in tiefere Bindegewebsschichten, einschliel3lich
Sehnengewebe, Faszien und Skelettmuskel, fortschreiten. Die genetische Ursache
dieser Krankheit ist eine heterozygote Inaktivierung von GNAS, welches eine Vielfalt
von Genprodukten ermdglicht, wie die alpha-Untereinheit des stimulierenden G-Proteins

(Gsa) und dessenextra-gr o e Vari ante XLas.

Methodik

Da XLas Gsa-Aktion nachahmen kann und Gsao-Defizienz ein osteogenes Schicksal
von Stammzellen fordert, stellten wir die Hypothese auf, dass XLas-Defizienz in
Kombination mit Gsa-Haploinsuffizienz der Entwicklung von heterotopen Ossifikationen
beitragt. Das Ziel der Dissertation ist die Untersuchung eines bevorzugt
osteogenetischen Zellschicksals von aus Fettgewebe stammenden Bindegewebszellen
(ADSCs, adipose-derived stromal cells), welche aus einem POH-Tiermodell isoliert
wurden. Experimentelle Ergebnisse wurden durch adipogenetische Differenzierung von
ADSCs erzielt, welche aus paternalen und maternalen Gnas exon 2 Knockout-M&usen
(E2KO) isoliert und mit Wildtyp-Wurfgeschwistern verglichen wurden. ADSCs wurden
12 Tage lang differenziert und Genexpressionsraten zweier adipogenetischer Marker, d.
h. Peroxisom-Proliferator-aktivierter Rezeptor gamma (PPARy) und adipocyte lipid-
binding protein (aP2), untersucht. Zudem wurden Oil-Red-O-Farbungen von ADSCs am
Tag 7 der Differenzierung durchgefiihrt, um die intrazelluldre Lipidakkumulation zu

bestimmen.

Ergebnisse
Ergebnisse waren variabel unter den Replikaten. Dennoch tendierten die paternalen
E2KO-Zellen vor Beginn der adipogenetischen Differenzierung zu héheren PPARy und

aP2 mRNA Raten und differenzierten schneller als Wildtyp-Zellen, wenn auch der

12



Unterschied nicht statistisch signifikant war. Maternale E2KO-Zellen dagegen zeigten
vor Beginn der adipogenetischen Differenzierung &ahnliche PPARy und aP2
Expressionsraten und ahnliche adipogenetische Differenzierungsprofile wie Wildtyp-
Zellen. Oil-Red-O- Farbungen der Zellen, welche sieben Tage nach Wachstum unter
adipogenetischen Bedingungen folgten, schienen mit einer gesteigerten Differenzierung
von paternalen, aber nicht maternalen, E2KO ADSCs Ubereinstimmend, obwohl der
Unterschied zwischen den quantifizierten Werten der Wildtyp- und paternalen E2KO-

Zellen nicht statistisch signifikant war.

Schlussfolgerung

Unsere Untersuchung von ADSCs und ihrer genotyp-spezifischen F&higkeit zur
adipogenetischen Differenzierung hat auf ein gesteigertes adipogenetisches Potential
fir aus paternalen E2KO-Méausen stammende ADSCs und ein scheinbar normales
adipogenetisches Potential fir ADSCs aus maternalen E2KO-M&ausen im Vergleich zum
Wildtyp hingewiesen. Diese Ergebnisse sind entgegengesetzt zu dem, was wir
urspringlich als Hypothese aufstellten, und suggerieren daher, dass X L a-Befizienz

das adipogenetische Differenzierungspotential von ADSCs erhthen kann.
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1 Introductionand Hypotheses

1.1  Progressive osseous heteroplasia (POH)

Even though many rare diseases show a particularly low prevalence, between 27 million
and 36 million people living in the European Union (EU), i. e. 6-8 % of the EU
population, suffer from a rare disease.!® In addition, between 5000 and 8000 distinct
rare diseases exist today, but exact estimates vary as countries define rare diseases
differently.3>* The EU defines a rare disease as a life-threatening or chronically
debilitating "disease affecting no more than 5 per 10,000 persons in the European
Union", though most patients with rare diseases suffer from less frequently occurring

diseases affecting 1 in 100,000 people or even fewer patients.

Rare diseases are often neglected diseases and therefore deserve special scientific
devotion. Progressive osseous heteroplasia (POH) is such a rare disease of heterotopic
ossification. In 1994, POH was first described by Kaplan et al. and in 2000 defined as a

"developmental disorder of mesenchymal differentiation characterized by dermal
ossification during infancy and by progressive heterotopic ossification of cutaneous,

subcutaneous, and deep connective tissue during childhood".>®

Since then, it has received a growing scientific interest, as knowledge and
understanding about the pathogenesis involved in POH and other rare disorders have

broader implications for a wide variety of more common diseases.

POH (OMIM' 166350) is an exceedingly rare autosomal dominant disorder of
mesenchymal differentiation and heterotopic ossification caused almost exclusively by
paternally inherited inactivating mutations in GNAS (formerly GNAS1; OMIM 139320), a
gene that encodes the alpha-subunit of the stimulatory G pr ot ei n ( Gs 0d
signalling protein involved in second messenger cascades.”® However, approximately
30 % of patients with the clinical diagnosis of POH do not possess mutations of
GNAS.”® Around the world, less than 60 cases of POH have been clinically confirmed.’

The initial appearance of POH involves the de-novo-formation of bone in reticular

' Online Mendelian Inheritance in Man (OMIM), a catalogue of human genes and genetic disorders.
(http://www. ncbi.nlm.nih.govomim)

14
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dermis and subcutaneous fat (Fig. 1) through predominantly intramembranous
mechanisms, i. e. mesenchymal cells differentiate directly into bone-forming
osteoblasts, indicating that the wunderlying pathology entails a defect in the
mesenchymal stem cell fate.>®®1%12 However, also scarce and limited endochondral
ossification, i. e. with prior formation of cartilage, has been observed amidst some of the

I 5,6

affected tissues or their contiguous regions as well.”” Within the pathological process of

heterotopic ossification osteogenesis occurs in nonskeletal tissues, forming qualitatively
9,13,14

normal skeletal bone.

Figure 1: Histopathology of a POH lesion, manifesting irregular bone deposits within the dermis
(hematoxylin/eosin staining).

(A) 50x amplification. (B) 200x amplification. Abbreviations: POH, progressive osseous heteroplasia.
(Adapted from Shore EM and Kaplan FS, 2010)9

Primary infantile dermal ossification is accompanied by corresponding areas of
congenital maculopapular lesions. Osseous heteroplasia in infancy is a non-
inflammatory process and lesions are asymmetrically scattered.>® Typically,
radiographs display a diffuse, web-like reticular pattern of POH-type heterotopic

ossification (Fig. 2).1°

15



Figure 2: Photograph and radiograph of the left upper limb of a patient with POH.

(A) Linear papular pattern of cutaneous heterotopic ossification at 2.5 years of age. (B) Characteristic
web-like reticular pattern of POH-type heterotopic ossification in the same patient at 8 years of age,
affecting particularly the radial side of the forearm and causing ankylosis of the elbow. Abbrevations:

POH, progressive osseous heteroplasia. (Adapted from Schimmel RJ, Pasmans SG, Xu M, et al., 2010)15

During childhood islands of heterotopic bone coalesce into plaques.>® As a matter of
fact, the disease characteristically manifests by a progression of ectopic bone formation
from the skin and subcutaneous tissues into deep connective tissue that include
tendons, fascia, skeletal muscle and ligaments, underlying areas of earlier involvement
of the skin.>®81817 This heterotopic ossification in extraskeletal soft tissues as well as its
progression from superficial to deeper tissue is critical for the distinction of POH.88 The
phenotype among patients with POH varies widely in its degree of severity.” Ectopic
bone formation can lead to a variety of developmental defects and morphological
abnormalities in extremities as well as surrounding tissues (Fig. 3). In some individuals,
muscles can be largely replaced by heterotopic bone.®> The extensive ossification of the
deep connective tissue can cause ankylosis of affected joints and limbs, resulting in a
minimum residual motion. Severe growth retardation and a complete loss of function of
affected limbs have also been observed.>®1%2° Furthermore, some patients developed
digital anomalies, e.g. secondary hallux valgus deformities. Even though no evidence of
a primary neurological or vascular disorder has been adduced in any patient with POH,
these disorders can still be associated with heterotopic bone formation. Examined
patients demonstrated de facto an adequate intellectual level for their age, with normal
cognitive and motor milestones.®

16



Figure 3: Clinical and radiographic features of POH in three patients.

(A) Posterior view of the legs and feet of a five-year-old girl with severe maculopapular lesions, caused by
extensive dermal and subcutaneous ossification in the left thigh, leg, foot, and heel. (B) Lateral
roentgenogram of the right leg of an 1l-year-old girl, showing sewere heterotopic ossification of the soft
tissues. (C) Computed tomographic image of the thighs of a 10-year-old boy, rewealing atrophied soft
tissues of the left thigh and extensive soft-tissue ossification of the skin, subcutaneous fat, and
guadriceps muscles that extended to the anterior cortex of the femur. Abbreviations: POH, progressive

osseous heteroplasia. (Adapted from Shore EM, Ahn J, Jan de Beur S, et al., 2002)7

The results of routine laboratory studies among most affected patients with POH have
turned out to be normal. Patients with POH have normal endocrine function. Serum
levels of calcium, inorganic phosphate, parathyroid hormone (PTH), calcitonin and
vitamin D metabolites are unremarkable for most patients. However, elevated levels of
serum alkaline phosphatase have been occasionally detected in some individuals
during phases of progressive heterotopic osteogenesis.>® Elevated serum levels of
lactate dehydrogenase (LDH) and creatine phosphokinase (CPK) have also been
observed sporadically, potentially reflecting bone deposition in skin and skeletal

muscle.?!

POH is a devastating, disabling disease that seriously exacerbates the state of health of
affected patients. In the last decade, new scientific knowledge has emerged in the field
of POH. However, the pathogenesis of this disorder is still not entirely known at present.

Besides the possibility of surgically removing well-circumscribed areas of heterotopic

17



ossification, there is still no effective means of prevention or treatment for POH. The
long-term prognosis for patients with POH is yet unclear as only few individuals have
been followed beyond adolescence. Yet, it appears in these patients that the
progression of the disease followed a slower progression or ceased during adulthood.>”
As other rare diseases, POH is probably underdiagnosed. Through the careful
investigation of clinical and radiographic features, POH can be distinguished from other
rare primary developmental disorders of heterotopic ossification, such as Albright
hereditary osteodystrophy (AHO) or fibrodysplasia ossificans progressiva (FOP).
Physicians should be aware of the distinctions between these childhood disorders of

heterotopic ossification to avoid misdiagnoses and medical malpractice.

1.2  Other developmental disorders of heterotopic ossification
1.2.1 Fibrodysplasia ossificans progressiva (FOP)

Unlike the osteogenesis in POH, the rare and severely debilitating disease
fibrodysplasia ossificans progressiva (FOP; OMIM 135100) is characterized by
progressive  heterotopic  ossification formed by predominantly endochondral
mechanisms, i. e. mesenchymal cells differentiate into chondrocytes that are gradually
replaced by bone containing osteoblasts and osteoclasts.>®!%*? This most disabling
condition of ectopic skeletogenesis has a worldwide prevalence of approximately one
case in 2 million individuals with more than 700 cases identified.>*?* Most of these
FOP cases occur sporadically. However, autosomal dominant inheritance has been
observed in a small number of families, with mutations inherited paternally or
maternally.’ FOP has been associated with the 2g23-24 region of chromosome 2.2823 |n
fact, a single heterozygous activating mutation in the glycine-serine activation domain of
activin receptor type-l/activin-like kinase-2 (ACVR1/ALK2; OMIM 102576), a bone
morphogenetic protein (BMP) type | receptor, was identified in all classically affected
individuals, causing a single amino acid substitution of arginine by histidine in codon
206 (c.617G>A; R206H) and provoking dysregulated BMP signalling.1*23%¢
Consequently, this mutation changes the regulation of progenitor cell differentiation.?’
There is no cutaneous and subcutaneous ossification in FOP, but a similarly

widespread progressive heterotopic ossification of deep connective tissue as in POH

18



(Fig. 4B), which forms the first pillar of two major diagnostic characteristics in“ c | as s i ¢
FOP.>%!8 This extra-skeletal bone formation involves skeletal muscles, tendons,
ligaments, fascia as well as aponeuroses, generating a functional bone organ system. It
occurs episodically and is accompanied by painful preosseous inflammatory tumor-like
swellings (so-c a | | e du p“sfthht aypieally occur during the first decade of life and
transform into bone.®9141827.28  Heterotopic ossification forms qualitatively normal
skeletal bone.!®!* The second distinct characteristic of FOP is a congenital
malformation of the great toes (hallux valgus, malformed first metatarsal, and/or
monophalangism; Figure 4A), which is not to be mistaken for a secondary deformity of
the great toes as occurring in patients with POH.>'*8 At birth, this congenital
malformation of the great toes is the only obvious, most recognizable and earliest
observation.’

Figure 4: Clinical features of FOP.

(A) Characteristic malformation of the great toes. (B) Extensive heterotopic ossification, here protruding
from the back and right arm of a patient with FOP and causing considerable deformation. Abbreviations:
FOP, fibrodysplasia ossificans progressiva. (Adapted from Pignolo RJ, Shore EM, Kaplan FS, et al.,
2011; Kaplan J, Kaplan FS, Shore EM, 2012)**?°

The phenotype of FOP includes predictable regional anatomic patterns of distribution
(dorsal to ventral, axial to appendicular, cranial to caudal, proximal to distal).®'®
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Heterotopic bone formation usually starts in the neck and upper back and later
episodically progresses to infiltrate the trunk as well as extremities.?” As a result of
extra-skeletal formation and skeletal malformation, further clinical features, including
extensive extra-articular ankylosis and scoliosis, may present in patients with FOP,
often causing loss of mobility by the second decade of life.!*?® Moreover, some
individuals with FOP present with pneumonia and right-sided heart failure due to

thoracic insufficiency syndrome.#3°

Frequently observed neurological symptoms
among FOP patients?®, such as recurrent severe headache, myoclonus and sensory
abnormalities have recently been linked to dysregulated BMP signalling, being
responsible for central nervous system demyelination.®! Surgical removal of heterotopic
bone has been experienced to induce explosive new bone growth and should therefore
not be undertaken.!* Other soft tissue injury, such as through preschool immunization,
may also elicit exacerbation in patients.!*?®32 Pharmacotherapy is restricted to
treatment of flare-ups that affect major joints, jaw or submandibular area by using high-

dose corticosteroids within 24 hours of a new flare-up for a period of four days.**

1.2.2 Albright hereditary osteodystrophy (AHO)

Another rare primary developmental disorder of heterotopic ossification in children is
Albright hereditary osteodystrophy (AHO), which refers to a variable set of clinical
features comprised of brachydactyly / brachymetacarpia, short stature, obesity,
subcutaneous ossification or calcification, round face, and often cognitive impairment
(Fig. 5).>%*% A high prevalence of carpal tunnel syndrome has often also been
identified in patients with AHO.®
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Figure 5: Clinical features of AHO in a 71-year-old female patient.

(A) Absence of the fourth knuckle on each hand and brachymetatarsia of the fourth toes. (B) Radiograph,

showing a fourth metacarpal and metatarsal shortening. Abbreviations: AHO, Albright hereditary
osteodystrophy. (Adapted from Rolla AR and Rodriguez-Gutierrez R, 2012)°’

Even though AHO and POH are both associated with intramembranous ossifications in
ectopic locations, the lesions in AHO are confined to the skin and superficial tissues
only. Frequently, it is therefore also diagnosed as osteoma cutis by dermatologists.=®
AHO shares with POH a more random distribution pattern of heterotopic ossifications
and represents another non-inflammatory process of osseous heteroplasia.’> An
overview of features in POH, FOP, and AHO is presented in the table below (Tablel).
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Table 1: Features of heterotopic ossification in POH, FOP, and AHO.

Feature POH FOP AHO
] o Autosomal Autosomal Autosomal
Genetic transmission ; ) )
dominant dominant dominant
Predominant mechanism of
o Intramembranous Endochondral Intramembranous
ossification
Congenital malformation of
- + -
greattoes
Congenital papular rash + - -
Cutaneous ossification 4 - +/-
Subcutaneous ossification 4 - +/-
Muscle ossification 4 + -
Superficial to deep
+ - -
progression of ossification
Severe limitation of mobility + + -
Severe flare-ups of disease - + -
Regional patterns of
- + -
progression
PTH resistance A - +/-
Hypocalcemia and ;
- - +/-
hyperphosphatemia
Heterozygous
inactivating o . Heterozygous
_ ) ; Activating mutation ; o
Genetic mutations mutations of the inactivating
of ACVR1/ALK2 ) _
paternal allele of mutations in GNAS
GNAS

Abbreviations: POH, progressive osseous heteroplasia; FOP, fibrodysplasia ossificans progressiva; AHO,
Albright hereditary osteodystrophy; PTH, parathyroid hormone; ACVR1/ALK2, activin receptor type-
1/activin-like kinase-2. (Adapted from Kaplan FS and Shore EM, 2000; Schimmel RJ, Pasmans SG, Xu
M, et al., 2010)>*°

AHO is an autosomal dominant disorder, which in most cases is caused by

heterozygous inactivating mutations in GNAS, causing an approximately 50 %

"There have been several reports of POH showing evidence of PTH resistance. Those cases presented with
hypocalcemia and hyperphosphatemia. Mutations were located onnttagernal GNAS allelein those cases.
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deficiency in Gs a expression in most tissues and resulting in Gs a
haploinsufficiency.®’343%4! Phenotypic features of patients with AHO vary considerably,
depending on the parent-of-origin of the mutated allele.

Maternal inheritance of GNAS mutations is associated with a disorder of multihormone
resistance, termed pseudohypoparathyroidism type la (PHPla; OMIM 103580), which
primarily involves an end-organ resistance to the actions of the parathyroid hormone
(PTH), thyroid-stimulating hormone (TSH), gonadotropins and growth hormone-
releasing hormone in the presence of AHO features, particularly obesity.”**** Mutations
occur throughout the entire gene.® All of these hormones exert their actions by binding
receptors that couple Gs ato stimulate adenylyl cyclase.”***®* However, not all
hor mones or mol ecul es that act via Gsa
while PTH resistance is commonly observed, vasopressin actions appear to be
unimpaired.** Typically, patients with pseudohypoparathyroidism present with elevated
plasma PTH levels in the presence of hypocalcemia and hyperphosphatemia.3%4°
Hypoparathyroidism itself is caused by a lack of PTH rather than by resistance to it,
causing likewise hypocalcemia and hyperphosphatemia.*®

On the contrary, paternal inheritance of GNAS mutations results in AHO without
multihormone resistance. This disorder is termed pseudopseudohypoparathyroidism
(PPHP; OMIM 612463).”*¢ However, patients with paternal GNAS mutations mostly
lack obesity and cognitive impairment.***’ Reports of patients with AHO showing
atypically extensive, POH-like heterotopic ossification suggested a common genetic
background for the two disorders.®*® The following table compares the different features
of PHPIla, PPHP, and POH (Table 2). Variable phenotypic expression of AHO and
resistance to some, but not all, hormones suggested a tissue-specific manner of
imprinting of GNAS, with Gs cdbeing primarily expressed from the maternal allele in
certain hormone-responsive tissues.**#**°  Genomic imprinting itself refers to an
epigenetic phenomenon that affects a small number of genes, such as GNAS, leading
to differential gene expression from the two parental alleles with partial or total loss of

expression of one allele.®>3

23



Table 2: Clinical, pathological and molecular features of PHPla, PPHP, and POH.

Feature PHPIla PPHP POH
PTH resistance A - -
AHO features + + rarely

Cutaneous and

subcutaneous heterotopic + + +
ossification

Heterotopic ossification in

skeletal muscle and deep - - +
connective tissue

Heterozygous loss of

function or expression of + + +
GsU

mutations in mutations in mutations in
GNAS defect

exons 1-13 exons 1-13 exons 1-13
Transmission maternal paternal paternal

Abbreviations: PHPIla, pseudohypoparathyroidism type la; PPHP, pseudopseudohypoparathyroidism;
POH, progressive osseous heteroplasia; PTH, parathyroid hormone; AHO, Albright hereditary
osteodyst r op h3yubunitGe the stinaulatprin & protein. (Adapted from Kaplan FS and Shore
EM, 2000; Izzi B, Francois |, Labarque V, et al., 2012)6'54

1.3 The GNAS complex gene and its involvement in POH

Guanine nucleotide-binding proteins (G proteins) belong to a ubiquitous superfamily of
proteins that are capable of binding guanine nucleotides with a high affinity and
specificity.>®> Each heterotrimeric G protein is defined by its alpha-subunit, which
exchanges guanosine diphosphate (GDP) for guanosine triphosphate (GTP) upon
receptor activation thereby allowing dissociation from the (3 ycomplex. Through an
intrinsic guanosine triphosphatase activity, the free, active GTP-b ound Gsa r et ur n
GDP-bound state.”*®*®® One of the most important functions of G proteins is the
regulation of signal transduction of extracellular signals from seven-transmembrane /
heptahelical receptors (GPCRs, guanine nucleotide-binding protein-coupled receptors)

to intracellular effectors, involving the generation of intracellular second messengers,
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such as cyclic adenosine monophosphate (CAMP). Moreover, a wide range of
extracellular first messengers, including hormones and neurotransmitters, require G

proteins for the regulation of cellular activity or function.”>>>®

GNAS (OMIM 139320), a complex gene located at 20q13.2-13.3 consisting of 13 exons,
and its mouse ortholog Gnas at distal chromosome 2 consisting of 12 exons encode a
variety of gene products.®®%%®! Both human GNAS and the murine ortholog Gnas
exhibit a similar organization and imprinting pattern.®>% It is a complex locus, as GNAS
generates oppositely imprinted gene products, i. e. paternal, maternal, or biallelic
transcripts that use alternative promoters and first exons.3#424956:62 Among these gene
products is the alpha-subunit of the stimulatory G protein (G s of adenylyl cyclase, a
signalling protein involved in second messenger cascades by increasing levels of
cAMP.%8%1 Gs o  slinggisiaukial for the formation of normal bone in early osteoblast
lineage.®* Furthermore, Gs a p | aigtimguished role in regulating the bipotential
osteogenic-adipogenic lineage cell fate of mesenchymal progenitor cells in soft
tissues.®®®’ It is a ubiquitous protein that is biallelically expressed in most tissues, thus
being equally expressed from the paternal and maternal chromosomes.*2°%:63:68
However, in certain tissues, such as in renal proximal tubules (the major site of renal
PTH action), thyroid, pituitary, paraventricular nucleus of the hypothalamus, testis,
ovary, as well as neonatal murine brown adipose tissue, Gs a predominantly
expressed from the maternal allele and paternally silenced, indicating that this
monoallelic, parent-of-origin specific Gs oexpression is imprinted in a tissue-specific
manner.**%36974 This seems to be important in the development of hormone resistance.
In fact, in certain hormone targets with a predominantly maternal-specific expression of
G s amutations on the maternal allele of GNAS elicta consi derabl e decr
expression and/or activity, being consistent with hormone resistance within the scope of
PHPIa.**% In contrast, the absence of resistance to multiple hormones, such as TSH, is

characteristic in patients with paternal Gs omutations. Thus, mutations in the inactive

paternal all el e have mar gi inithése tsdudseaffettet bon Gs
imprinting.”® Disruption of maternal or paternal Gnas allele leads to subcutaneous
calcified tumor formationi n mi c e, being most l'i kely the r
rather than tot’al Gsa deficiency.

Alternative promoters and first exons that splice onto common exons 2-13 result in

multiple other sense and antisense gene products, such as the extra-large alpha-
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subunit agXLoaht BahfGs @s axXh diudilize exons 2-13, but X L auses
a unique, alternative first exon (exon XL) and a distinct upstream promoter that is active
exclusively on the paternal allele.>®37%"® Mutations in patients with POH have been
detected almost exclusively on the paternal GNAS allele and are located throughout the
entire gene in exons 1 through 13, thus mostly affecting both X L aand Gs jaand
causing a complete loss of X L g due to exclusive paternal expression of X L g and a

loss of one G s allele.”811,54.79-81

X L a bas been shown to be associated with the plasma membrane of primarily
neuroendocrine tissues, particularly pituitary, and can be additionally detected in
cerebellum, pancreas, heart, kidney as well as white and brown adipose tissue.>®""82 A
recent study has de mopranoterast alsd activah ia the tadcdar
smooth muscle.®® Furthermore, X L o & expressed in several other cells, including
murine bone marrow stromal cells, chondrocytes, calvarial osteoblasts, and human
mesenchymal stem cells.®® Studies indicate an interaction of X Lawi t h t
dimer.®® In fact, sharing most exons, Gs @nd X L aexhibit partly identical structural and
functional features, which allow X L ate mimic some of the functions of Gs asuch as

stimulating cyclic AMP formation in response to different receptor agonists.’®8¢

XLas

he [

Moreover, experiments with Gnasxl knockout (XLKO) mice, in which the paternal X L a s

allele is disrupted, assign to this protein a regulatory function in postnatal feeding,
including energy homeostasis and glucose metabolism. | n f act , XLas
demonstrate a failure to adapt to feeding after birth, showing hypoglycaemia and thin
bodies and dying mostly within a few days after birth, and thus develop hypoglycaemia
and reduced fat mass.®*® When they succeed to survive, adult Gnasxl mice present
with increased glucose tolerance and insulin sensitivity, while being hypermetabolic with
reduced fat mass and hypolipidemia.?? Therefore, a role as a negative regulator of
sympathetic nervous system activity in mice has been additionally assigned to
XL o8

However, a disparity among phenotypes of Gnasxl knockout mice®>#°

phenotypes of Gs especific exon 1 knockout mice’*®, i n whi ch Gsa,

244,91-93

as opposed to the

disrupted, and mice with heterozygous disruption of Gnas exon , affecting both
Gsa and XLas, -identcdlifuncaonseo$ both proteins and assigns a unique

role to XLas.
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Depending on the parent-of-origin of the disrupted allele, heterozygous disruption of
Gnas exon 2 causes opposing effects on energy and glucose metabolism as Gsa

imprinted in a tissue-specific manner: Paternal E2KO mice are severely lean, showing
reduced lipid accumulation in white and brown adipose tissue (Fig. 6). They are
hypermetabolic and hyperactive, mostly dying within some hours after birth due to

failure to suckle.**91%3

Increased sympathetic nervous system activity, glucose
tolerance as well as insulin sensitivity in paternal E2KO mice is likely to be a result of
X L o deficiency.®® Paternal Gs especific exon 1 knockout mice present with mild
obesity and minimal glucose intolerance as well as mild insulin resistance. %%

By contrast, maternal E2KO mice have subcutaneous edema at birth, develop obesity
with increased lipid accumulation in white and brown adipose tissue and are
hypometabolic as well as hypoactive (Fig. 6).*49%° Obesity is also a cardinal feature in
maternal G s -@pecific exon 1 knockout mice.’>®® Furthermore, maternal G s -@pecific

exon 1 knockout mice — unlike maternal E2ZKO mice — develop glucose intolerance,

insulin resistance, and hyperlipidemia.’?%%%4% Recently, tissue-specific Gsa i mp r i

was referred to as a requirement for t he
mutations, with obesity resulting from Gsa deficiency in one or more metabolically
active tissues.”> In fact, obesity has been shown in mice with a maternal, but not
paternal, central nervous system-specific Gsa  d e | °& Thiis,oobesity was associated
with imprinting in the central nervous system and a subsequent stimulation defect of the
sympathetic nervous system activity and energy expenditure through central
melanocortins.®®%% |n particular, Chen et al. have shown that Gsa is predominantly
expressed from the maternal allele in the paraventricular nucleus of the hypothalamus,
thereby contributing to obesity.?’

Homozygous Gs deficiency results in embryonic lethality, indicating that the gene is

indispensable for normal development.*4446°92

27

S

nti

me t



Figure 6: Distinct phenotypes of newborn E2KO pups.

(a) paternal E2KO, (c) maternal E2KO, (b) / (d) wild-type littermates. Abbreviation: E2KO, exon 2
knockout.

(Adapted from Yu'S, Yu D, Lee E, et al., 1998)**

Further major GNAS transcripts are generated from alternative transcript-specific
promoters and first exons that are spliced to exons 2 through 13, leading to additional
oppositely imprinted gene products: the exclusively maternally expressed
neuroendocrine-specific protein of 55 kDa (NESP55; Nesp55 in mice) and the
exclusively paternally expressed, presumably non-coding A/B transcript (also referred to
as 1A eson 1Alin mice; Figure 7).749°0.63.72.7898-100 \aregver, another non-coding
transcript that is antisense to NESP55 is paternally derived from GNAS, called
antisense transcript (AS; Nespas in mice).**¢3190191 v/arious GNAS products undergo
alternative pre-messenger ribonucleic acid (pre-mRNA) splicing, leading to further

different variants.®

Maternal

16 kb 30 kb

Paternal

Figure 7. The Gnas complex gene. Gs ds encoded by exons 1 through 13. Three alternative exons
upstream of exon 1 are spliced to exons 2 through 13 to produce the exclusively maternally expressed
protein Nesp55 (black arrows) as well as XL a and exon 1A that are transcribed exclusively from the
paternal allele (gray arrows). Abbreviation: kb, kilobase; Nesp55, neuroendocrine-specific protein of 55
kDa; XL a sxtra-large alpha-subunit (of the stimulatory G protein). (Adapted from Germain-Lee EL,
Schwindinger W, Crane JL, et al., 2005)72
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A wide spectrum of human diseases is caused by G protein disorders.”*® As a key
regulator of osteoblastic commitment in nonosteogenic connective tissues, GNAS
usually limits ossification to the skeleton. Therefore, somatic or germ-line mutations in
GNAS form the basis for numerous bone disorders.” Studies on Gs oaand its
involvement in mesenchymal stem cell fate uncovered potential inhibitory roles in early
osteogenic lineage commitment in nonosseous connective tissues by Gs activity and
the cyclic AMP signalling pathway, respectively.'%? Hence, such inactivating mutations
in GNAS could plausibly result in down-regulation of adenylyl cyclase catalyzed
pathways, subsequently impair regulation of cyclic AMP-mediated signal transduction in
mesenchymal stem cells and inappropriately recruit to an osteogenic lineage from

pluripotent mesenchymal cells.®404157

While these germ-line inactivating GNAS
mutations can cause either AHO or POH, somatic activating mutations of GNAS with an
up-regulation of Gs aand constitutive (hormone-independent) activation of adenylyl
cyclase can result in endocrine tumours or McCune-Albright Syndrome (OMIM
174800).58°519 The |atter, named by their discoverers McCune and Albright, typically
presents with a clinical triad, consisting of hyperpigmented skin lesions (café-au-lait
spots), gonadotropin-independent sexual precocity, and fibrous dysplasia of bone,
which is a focal and benign fibrous bone lesion. 34248193 At present, 189 unique DNA
variants and 511 individuals with variants have been reported with GNAS complex
i

locus.” The cellular role of X L ais still not obvious and its potential involvement in the

regulation of stem cell fate and the pathogenesis of POH remains largely elusive.

Although both bone disorders, AHO and POH, are caused by haploinsufficiency of
GNAS, one can distinguish POH from AHO and other GNAS-based disorders of
heterotopic ossification. In fact, ossifications in patients with AHO - as opposed to
patients with POH - are limited to the skin and superficial tissues only while POH
manifests superficial heterotopic ossification that progresses to deeper tissues in the
absence of AHO features and without hormone resistance.>”® POH therefore appears
to be an extreme form of AHO. Why some patients manifest superficial ectopic

ossification and others develop POH-like features still needs to be clarified. Albeit

http://www.ncbi.nlm.nih.govvomim; Retrieved 18th July 2014.
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unknown, genetic background, environmental factors or epigenetic modifications might
account for the invasive nature of ossifications observed in patients with POH.

AHO and isolated POH also show a clear difference in the parental origin of the mutant
GNAS allele, consistent with the potential involvement of the deficiency of an imprinted
GNAS gene product.***® Mutations that lead to isolated POH always correlate with a
paternal inheritance of the GNAS mutation or occur de novo on the paternal GNAS
allele, suggesting that a paternally derived GNAS product regulates progressive
osteogenic differentiation and/or proliferation of cells in soft connective tissues.’
However, it is still not obvious, why in some patients a paternal inheritance of the
mutated GNAS allele resulted in a less severe manifestation of AHO featuring a lack of
hormone resistance (pseudopseudohypoparathyroidism). POH might only depict the
end stage of a series of bone disorders caused by GNAS.° By contrast, maternal
inheritance of the mutant GNAS allele is associated with AHO and hormone resistance,

referred to as pseudohypoparathyroidism type la.”*3

1.4 Hypotheses

A growing number of scientific investigations indicate that multipotent stem cells from
65,104-106 4
that Gsa may be a key regul ator b%®Pnwsudies

by Pignolo et al. revealed accelerated osteoblast differentiation with enhanced

adipose tissue can differentiate along an osteogenic and adipogenic lineage

expression of osteogenic markers in adipocyte soft tissue stromal cells from paternally
i nher i tspedific ®®ml knockout mice as compared to the same cells isolated
from wild-type mice.’® In a different study, it has also been shown that paternal ablation
of @soml leads to impaired adipogenic differentiation of stromal cells derived from

adipose tissue.®

The subcutaneous adipose tissue is of high interest with regard to the pathogenesis of
progressive osseous heteroplasia (POH), as it manifests the primary appearance of
bone lesions and potentially harbours early dysfunction in signalling pathways.

Extraskeletal bone formation requires precursor cells that can potentially differentiate
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into bone. ADSCs represent multipotent cells that can lead to ectopic bone formation
and/or adipocyte formation in POH.

This thesis will focus on questions with regard to differences in the differentiation
capacity of adipose-derived stromal cells (ADSCs) between paternal exon 2 knockout
(pat E2KO) and CD1 wt mice as well as between maternal exon 2 knockout (mat E2KO)
and CD1 wt mice, respectively (Table 3).

Inactivating mutations causing POH are nearly always paternally inherited and affect
common exons of Gsa and XLas, causing a di
compl et e | o Osr firgt imouse Lmodel. thus comprises paternal E2KO mice

(Table 3). Paternal E2KO mice are severely lean, demonstrating reduced lipid
accumulation in white and brown adipose tissue.**°**® We therefore hypothesize that

XLas deficiency combined wi t h Gs a hapl oi ns
commitment of mesenchymal cells more readi |y than Gsa hapl oi nsu
further | oweri ng t he c AMP l evel s t hat ar e
haploinsufficiency. And, therefore, as a consequence of this diminished adipogenesis,

the mesenchymal cells undergo osteogenesis more readily, thus contributing to the
pathogenesis of POH. Paternal E2KO mice will be compared to maternal E2KO mice
which | ack one <copy Thi$ hysbdthesis i Inased on thedunctiomal 3 ) .
role of XLds kas paoGsan. X L tingulater of tAMP aignallieg, pot e
which itself is presumed to have a suppressive effect on early stages of osteogenic
differentiation and plays opposing roles in osteogenesis vs. adipogenesis.'%®1% Within

the scope of this reciprocal relationship cAMP signalling is presumed to thus promote

adipogenic differentiation.'%®

The knockout of Gnas exon 2 has been previously utilized in a similar model to address
therole of XLas deficiency in addition to G:¢
Investigating the differentiation of growth plate chondrocytes in chimeric mice containing

both wild-type cells and cells with a heterozygous disruption of the maternal or paternal

allele of Gnas exon 2, Bastepe et al. have shown that chondrocytes with a paternal

Gnas exon 2 disruption underwent premature hypertrophy more significantly than those

with a maternal Gnas exon 2 disruption® Thus , XLas deficiency

phenotype ¢ aummothsufficigncy Gstiis setting, similar to our hypothesis

31



regarding t he role of combi ned XLas defi ci

pathogenesis of POH.

In order to test our hypothesis, our research project comprised the investigation of
adipose-derived stromal cells derived from Gnas exon 2 knockout mice for their lineage
commitment and capacity to differentiate into adipocytes. Comparing cells from paternal

and maternal Gnas exon 2 knockout mice would allow us to determine whether the loss

of XLas i n addition to the | oss of one Gs
transformation of these cells. We investigated 1) Gnas exon 2 paternal knockout mice,

whi ch | ack both XLas andGnasnexon 2 maieynal bnbcko@®s a , a
mi c e, whi ch |l ack one c d&Gpag exonf2 paBesnal knackoutynicd T a b |

serve as a model for patients with POH.

Table 3: Genetically manipulated mouse strains used in our studies.

. Gs U XLUs
Mouse strain o _ _
(biallelic expression) (only paternal expression)
Gnas exon 2 ko pat +/- -
Gnas exon 2 ko mat +/- +

Abbreviations: ko, knockout; pat, paternal; mat, maternal.

Adipogenic differentiation was assessed by the expression of adipogenic markers,
including peroxisome proliferator-act i vat ed receptor (PPARY)
binding protein (aP2). Furthermore, Oil Red O stainings were applied to some cell

cultures to assess the extent of fat accumulation.

Anticipated results of our study were as follows:

fXLas deficiency does nwdexpacted no tiffererGes betwdenf i c i ¢
paternal and maternal Gnas exon 2 knockout mice. In contrast, if XLas def i ci enc
t o Gs a d,ecklis drone mateyal Gnas exon 2 ko mice were predicted to
differentiate into adipocytes less rapidly than those from maternal Gnas exon 2 ko mice.

Based on the reciprocal relationship between adipogenic and osteogenic differentiation,

the latter findngwoul d suggest that XLas deficiency ¢

formation.
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We have developed our hypothesis during the year of 2010, prior to the research visit in
Boston. In 2011, at the time when the experiments were conducted, other research
groups have worked on very similar working hypotheses however using different mouse

models®>1%4

(see discussion).

Due to the extent of our research project, this thesis focussed on questions with regard
to differences in the adipogenic differentiation capacity of ADSCs between paternal
E2KO and CD1 wt as well as between maternal E2KO and CD1 wt, respectively.
Therefore, this thesis is to be seen as part of a more complex and larger research
project that in other parts aimed to test the further questions of osteogenic

differentiation.
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2 Methodology

My research responsibilities within our research project comprised the genotyping of
newborn mice litters and the isolation, cultivation and differentiation of ADSCs from
newborn paternal and maternal exon 2 knockout mice as well as from their wild-type
litermates. Furthermore, | was responsible for the isolation of cell ribonucleic acid
(RNA) on different time points, complementary deoxyribonucleic acid (cDNA) synthesis,
guantitative reverse-transcription polymerase chain reaction
(gRT-PCR) and the analyses of gene expression levels relative to the expression level
of beta-actin. In addition, | have performed all Oil Red O stainings and done the

guantitation of Oil Red O elution for all experiments as well as their analyses.

2.1 Mouse strains and genotyping

The different mouse strains, i. e. paternal Gnas exon 2 ko (pat E2KO) and maternal
Gnas exon 2 ko (mat E2KO), wereavai | abl e i n Dr . aBdahadtbeep
previously generated by targeted mutagenesis.**®? Mice were maintained on a 12-h
light/dark cycle (6 am/6 pm) and on a standard pellet diet (NIH-07, 5 % fat by weight).
Female CD1 wt mice were mated with male heterozygotes and male CD1 wt mice were
mated with female heterozygotes to create paternal and maternal E2KO mice,
respectively, as previously described.*

Animal experiments were approved by and performed in accordance with the standards
of the Institutional Animal Care and Use Committee (IACUC), Massachusetts General
Hospital, Boston, USA.

Prior to our experiments, newborn litters from crossed adult mice were genotyped with
the help of established laboratory protocols:

A small piece of tail tip was obtained from every pup, placed in a 75 pyL suspension of
Alkaline Lysis Reagent with a final concentration of 25 mM sodium hydroxide (NaOH)
and 0.2mM ethylenediaminetetraacetic acid (EDTA) and heated up to 95°C for 30
minutes. Thereafter, the suspension was cooled down to 4°C. Another aliquot of 75 pL

of Neutralization Buffer consisting of a final concentration of 40 mM tris hydroxymethyl
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aminomethane-hydrochloride (Tris-HCI) was afterwards added and the whole
suspension carefully shaken. PCR could then be performed for each of the genomic
DNA samples, by using GoTaq® Green Master Mix (Promega), double-distilled water
(ddH,O) and specific primers (Table 4). Wild-type DNA samples and DNA from

knockout mice were used as negative and positive controls, respectively.
Table 4: Primer sequences for genotyping of newborn mice.
Genotype Primer name Primer sequences

bGlo-x54 5 CCACAGATCCTATTGC!

beta-globin gene

bGlo-x56 5' CATAAGACCCCAGTAA
E2KO
Neo-F 5' GATCGGCCATTGAAC!?
Neomycin-specific primers
Neo-R 5' AAGGTGAGATGACAIFC

Finally, the amplified DNA material was run on a 1.6 % agarose gel by electrophoresis,
and the genotypes were subsequently evaluated. Products from knockout mice were
identified by double bands, while wild-type littermates showed a single band showing

the amplicon from the endogenous beta-globin locus (Fig. 8).
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Figure 8: Characteristic double bands for knockout mice as seen after electrophoresis.

The sample in the ninth lane, but not the others, viemm a heterozygous E2KO midde last lane
contains the DNA ladder used to deteime the size of the amplicon$he lane seond to last contains

an aliquot of the PCR reaction in which the genomic DiMdptate was replaced by watérhat reaction

was included in all experimesas a control for any contaminating PCR products from previous runs.

2.2 Isolation of adipose-derived stromal cells (ADSCs) from mice

ADSCs were isolated according to previously described methods with slight
modifications.'%#199110 Briefly, the inguinal region of the examined mouse was firstly
disinfected with isopropanol. Inguinal fat pads were then extracted with the aid of
forceps and surgical knives. Fat pads were washed with 1x phosphate buffered saline
(PBS) containing 100 units/mL penicillin and 100 units/mL streptomycin. Afterwards, fat
pads were minced with sterilized blades and digested in a freshly prepared 25 mL
solution of PBS with 0.075 % collagenase type 2 at 37 C for 30 minutes during rotation
in a FisherBiotech Hybridization Incubator®. After digestion, the suspension was
neutralized with 25 mL of high glucose Dulbecco's Modified Eagle Medium (DMEM),
containing 10 % fetal bovine serum (FBS), 100 units/mL penicilin and 100 units/mL
streptomycin. The suspension was then processed by a filtration through a 70-pum mesh
filter and a subsequent centrifugation [400x gravity (g), 10 minutes, 4 C]. After

centrifugation, the floating fat was removed and precipitated cells were cultured.
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2.3 Cell culture

Isolated cells were cultured ina 24-well plate (500 pL/well) with high glucose DMEM,
supplemented with 10 % FBS, 100 units/mL penicillin and 100 units/mL streptomycin in

humidified air with 5 % carbon dioxide (CO2) at 37 C. Initial cell seeding number

averaged 100,000 cells per well. After 24 hours, non-adherent cells were once washed
away with 500 pL 1x PBS. The media was changed every three days and cells were
subcultured before they got confluent. Cells were lifted off the culture dish by using 0.25
% trypsin-EDTA.

2.4  Adipogenic differentiation of ADSCs

ADSCs were cultured until a sufficient cell number was available for differentiating
subcultures. As soon as enough cells were cultured, they were lifted with 0.25 %
trypsin-EDTA, counted with a hemocytometer and then subcultured into 48-well plates
(in duplicates) with a seeding number of 35,000 to 50,000 ADSCs per well. Until
confluence, cells were still cultured with high glucose DMEM, containing 10 % FBS, 100
units/mL penicillin and 100 units/mL streptomycin in humidified air with 5 % CO2 at
37 C. Upon confluence, the basic media was removed and replaced by differentiation
media.

According to protocols of our laboratory, adipogenic differentiation was induced by
adipogenic media, which consisted of a 0.45 um-filtered alpha modification of Eagle's
medi um (, cdh@idvyg 10 % FBS, 100 units/mL penicillin and 100 units/mL
streptomycin and a final concentration of 5 pg/mL insulin, 1 uM/I rosiglitazone and 108

M dexamethasone in humidified air with 5 % CO2 at 37 C. Adipogenic media needed to

be freshly prepared each time the media was replaced.
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25 Total RNA extraction from ADSCs and RNA concentration measurement

Different i ati on st ar ta w agdiffateatiatiom whin défferentialion media
containing insulin, rosiglitazone and dexamethasone was first applied to replace the

basic media. Total RNA was harvested from“ Day 0", “Day 3y, télDay 6
cultures treated with or without adipogenic differentiation factors in order to quantify

adipogenic gene expression levels. RNeasy Plus Mini Kit® (QIAGEN) was used

according to the supplied protocol for isolation and purification of total RNA. Finally,

concentration of purified RNA was measured with the aid of a NanoDrop®

spectrophotometer (Thermo Scientific) and diluted in sterile water to achieve the same

RNA concentrations for all samples.

2.6  First-strand cDNA synthesis

Harvested RNA was reverse transcribed to first-strand cDNA using the kit SuperScript®
lll First-Strand Synthesis System (Invitrogen) according to the supplied protocol and
yielded a 20-uL reaction volume:

1 yL of 50-250 ng random primers, 10 pg — 5 ug total RNA (or 10 pg — 500 ng
messenger ribonucleic acid [mRNA]) and 1 pL 10 mM dNTP mixture were added into a
nuclease-free microcentrifuge tube and filled up to 13 L with sterile, distilled water to
be heated up to 65°C for five minutes. The mixture was thereafter cooled down onice
for at least one minute. 4 pL 5x First-Strand Buffer, 1 uL 0.1 M DTT, 1 pL RNaseOUT™
Recombinant RNase Inhibitor and 1 pL SuperScript™ Il RT were added to the mixture
and then followed by another cycle at 25°C for five minutes and a subsequent
incubation at 50°C for 60 minutes. The mixture was then heated up to 70°C for 15
minutes to inactivate the reaction. Finally, RNase H was added and the mixture
incubated at 37°C for 20 minutes to allow a removal of RNA complementary to the
cDNA. Synthesized first-strand cDNA could then be processed as templates for a

subsequent real-time quantitative reverse-transcription PCR.
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2.7 Real-time quantitative reverse-transcription PCR (QRT-PCR)

To assess gene expression levels for certain investigated genes, we performed
guantitative real-time reverse-transcription PCR (QRT-PCR), using QuantiTect SYBR
Green RT-PCR Kits® (Qiagen) and StepOnePlus™ Real-Time PCR System (Life
Technologies - Applied Biosystems) as PCR instrument. gRT-PCR was performed
according to thmstustmsiuf acturer’ s

For each investigated sample, a reaction mixture containing 20 uL SYBR Green, 7 uL
ddH20, 2 pL uracil DNA glycosylase, 3 pL cDNA sample and 8.25 pL of the
corresponding gene-specific primer mixture (each at 2.5 uM) was prepared. Genes

were amplified with the aid of various primers as specified in the table below (Table 5).

Table 5: Primer sequences of different murine genes analysed by gRT-PCR.

Gene Forward Primer Reverse Primer

name
b-actin 5 GATCTGGCACCACACCTTCT 3’ 5 GGGGTGTTGAAGGTCTCAAA 3’
GsU 5 GCAGAAGGACAAGCAGGTCT 3’ 5 CCCTCTCCGTTAAACCCATT 3’
XLUs 5' CTCATCGACAAGCAAC 5° CCCTCTCCGTTAAACC
PPARg 5 GTGCCAGTTTCGATCCGTAGA 3 5 GGCCAGCATCGTGTAGATGA 3’
aP2 5 ACACCGAGATTTCCTTCAAACTG 3’ = 5 CCATCTAGGGTTATGATGCTCTTCA 3’

B-actin was used as reference gene and ddH,O instead of a template as negative

control, allowing the detection of extraneous DNA.

2.8 Oil Red O staining

Prior to Oil Red O staining, cells were washed twice with PBS and fixed for 20 minutes
at room temperature with 10 % formalin. Afterwards, cells were rinsed twice with
ddH20. A working solution of Oil Red O was diluted from a 0.5 % Oil Red O stock
solution dissolved in isopropanal, i. e. three units of stock solution per two units of

ddH20 (3:2), and filtered using a 0.22 micron syringe filter, applied to the cells and
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incubated for 60 minutes at room temperature. Cells were washed three times with
ddH,O and air dried for five minutes.

For evaluation, isopropanol was added and the cell culture plate put on a rotating plate
for 10 minutes for Oil Red O elution. Standard curves were prepared and elutions
collected to perform a spectrophotometric quantitation of Oil Red O staining by a
microplate reader. Absorbance was read at 510 nm and data recorded with
SoftMaxPro®.

2.9  Statistical analysis

Data are expressed as mean * standard error of the mean (s.e.m). All experiments

were performed atleastint ri pl i cate. The -taBed)uceperformedby t e st
using raw data values, i. e. before any normalization, for comparing two means. In

experiments quantifying the expression levels of adipogenic markers, there was marked

variation in data among experiments. Therefore, we used a paired t-test to compare the

values obtained from CD1 wt and E2KO ADSCs, i. e. values obtained from wild-type

and E2KO genotype in a single experiment were paired. Observed differences between
genotypes were considered statistically significant, if the p value was less than 0.05 (p <

0.05). All statistical calculations were performed with the help of Microsoft Excel.
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3 Results

3.1 Gene expression measurements

3.1.1 Expression levels of the alpha-subunit of the stimulatory G protein (GsU) in

ADSCs from heterozygous E2KO mice vs. CD1 wt mice

On Day 0, i. e. prior to adipogenic differentiation, ADSCs both from CD1wt and paternal
E2KO mice were screened for Gsa expression levels. Five experiments per genotype
were performed in order to determine Gsa expression, which was then averaged for
each of the genotypes. B-actin was used as a reference gene and results of the gRT-
PCR were expressed relative to the values of CD1 wt Day 0. Figure 9 shows that
ADSCs from paternal E2KO mice have about half of the expression levels of Gsa
compared to the levels in ADSCsfrom CD1wt mice. This difference was statistically

significant (p < 0.05).
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Figure 9: GsU mRNA expression in ADSCs from CD1 wt vs. pat E2KO mice. (n=5)
Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; Gsa, alpha-subunit of the

stimulatory G protein; ADSCs, adipose-derived stromal cells.

Similarly, Gsa expression is reduced to about 47.4 % in ADSCs from maternal E2KO

mice in comparison to ADSCs from CD1 wt mice, as shown in Figure 10. Again, this
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difference was statistically significant (p < 0.05). Four experiments were conducted to

determine an averaged Gsa expression for each of the genotypes.
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Figure 10: GsU mRNA expression in ADSCs from CD1 wt vs. mat E2KO mice. (n=4)

Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout;

stimulatory G protein; ADSCs, adipose-derived stromal cells.

Gs a,

aubynib af the

42



3.1.2 Expression levels of the extra-large alpha-subunit (X L 0 én ADSCs from
heterozygous E2KO mice vs. CD1 wt mice

Furthermore, we screened ADSCs from CD1 wt mice and from paternal E2KO mice for
XLas expr es,sve conductedAligesexperiments per genotype and averaged
XLas e xp Figuedl dsplays markedly low expression o f  Xih ADSCs
isolated from paternal E2KO mice as compared to ADSCs from CD1 wt mice, which
show full expression of X L a his observed difference was statistically significant (p <
0.05).
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Figure 11: XLUs mRNA expression ivs p&BZKOsnicé.(ne5n CD1 wt
Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; XL a s , -lagge @lpha-

subunit (of the stimulatory G protein); ADSCs, adipose-derived stromal cells.

X L aexpression is elevated by about 40.1 % in ADSCs from maternal E2KO compared
to same cells isolated from CD1wt (Fig. 12) — even though equal expression is to be

expected, but the observed difference was not statistically significant (p = 0.0511). Four
experiments were performed, expression levels for each genotype were averaged, and

B-actin was used as a reference gene.
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3.1.3 Expression levels of adipogenic markers in ADSCs from paternal E2KO

mice vs. CD1 wt mice

3.13.1 Expression of peroxisome proliferator-activated receptor gamma

(PPARD)

Peroxisome proliferator-activated receptor gamma ( P P A Rwas) used as one of two

adipogenic markers in order to assess adipogenic differentiation. As a second

adipogenic marker, we used lipid-binding protein (aP2). P P ARYy

S

expressed

early adipogenic differentiation. It is therefore used as a very early differentiation

marker, while aP2 is a late differentiation marker.

We isolated ADSCs in four single experiments (n=4). These ADSCs were cultured to

proliferate and subsequently differentiated (in duplicates per value) for a total number of

12 days, with Day 0 being the starting point for the adipogenic differentiation, thus

representing the base level expression without differentiation. We d et er mi ned PP,



MRNA expression levels in ADSCs from CD1 wt and paternal E2KO mice in each

experiment and averaged the data obtained from multiple experiments.

In Figure 13, absolute PP ARy mMRNA expression iChbiwvan&Cs der
paternal E2KO mice is shown. Results ofthe gRT-PCR wer e expressed r el
actin that was used as a reference gene. On Day 0, prior to differentiation, absolute

PPARY m&mbldare about 3.8-fold higher in ADSCs from the knockout compared

to CD1wt Day 0, but the observed difference was not statistically significant (p =

0.1393). The expression levels in the CD1 wt mice (blue line) rise until Day 6 of

differentiation, with absolute PP ARy mMRNA e bemg abauts0iO@l?, i. e. more

than nine times higher as compared to CD1 wt Day 0 levels under adipogenic

conditions. Day 6 is likewise a turning point as absolute PP ARy mMRNA expr essi

levels on Day 12 are declined to about 0.0004, i. e. less than threefold the levels

compared to Day 0.

In contrast, absolute PP ARy mMRNA e xpr eADSCsderive romedtesnal i n

E2KO (green line) increase to about 0.0014, i. e. about 2.8-fold levels on Day 3 as

compared to paternal E2KO Day 0 levels, and thereafter decrease to about 0.0009 on

Day 12, i. e. less than two-fold levels as compared to paternal E2KO Day 0O levels.
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Figure 13: Absol ute PPARO mMRNA expressi opat B2KO n@S(&4) fr om CLU
Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; PPARYy, peroxisome

proliferator-activated receptor gamma; ADSCs, adipose-derived stromal cells.
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Looking at the standard error of the mean (s.e.m.), Day 6 exhibits the highest variation
for CD1 wt and Day 3 the highest variation for paternal E2KO throughout the
differentiation period with an error (=percentage of the s.e.m. relative to the mean value)
of approximately 47.6 % for CD1 wt and about 63.8 % for paternal E2KO, respectively.

Figure 14 demonstrates the same datasetof PP ARy mMRNA expriassi on | e
ADSCsderived from CD1 wt and paternal E2KO mice, but being normalized to Day O

levels of CD1 wt, as was done in the published study by Liu et al.®®* On Day 0, prior to

di fferentiati on, nor malized PPARYy mRNA | evel
knockout by about 3.8-fold compared to CD1wt Day0. PP ARY mMRNA expressi
for CD1 wt increase on Day 3 and grow especially on Day 6, finally decreasing then on

Day 12. Normalized values are about 3.7 on Day 3, about 9.2 on Day 6 and about 2.7

on Day 12.

PPARY mMRNA expression | evels of paternal E2K
wt show about 3.8f ol d PPARYy mMRNA expression | evels as:s
Wt i.e . prior to differentiation. Unt i | Day 3,
E2KO ADSCs normalized to Day 0 of CD1 wt exhibit an increase with about 10.6-fold

levels and thereafter gradually decrease to about 7.8-fold levels on Day 6 and about

6.7-fold levels on Day 12. Throughout the differentiation period except for Day 6,

PPARY mRMessior lgvels of paternal E2KO ADSCs normalized to Day 0 of CD1

wt are above the CD1wt growth rate forP P ARy mMRNA expr.ession | eve
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Figure 14: PPARO mMRNA expression i n pdB2XQsmicdeachmor@dlizedtwt v s.
CD1 wt Day 0. (n=4) Abbrevations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout;

PPARYy, peroxisome proliferator-activated receptor gamma; ADSCs, adipose-derived stromal cells.

Again, highest s.e.m. value regarding CD1 wt can be detected on Day 6 of
differentiation with an error of about 47.6 %. Looking at the paternal E2KO values
normalized to wild-type Day 0O, s.e.m. values are quite high, the highest being on Day 3

with an error level around 63.8 %.

3.1.3.2 Expression of lipid-binding protein (aP2)

Lipid-binding protein (aP2) was used as a second marker for adipogenic differentiation.
We used the same RNA from the previous four experiments for determination of aP2
MRNA expression levels in ADSCs from CD1 wt and paternal E2KO mice. The data
obtained from multiple experiments was averaged once again, being presented in

absolute (Fig. 15) or normalized values (Fig. 16).

Figure 15 shows the absolute mMRNA expression levels of aP2 in ADSCs from CD1 wt
and paternal E2ZKO mice. Results ofthe gRT-PCR wer e express@n rel at
that was used as a reference gene. Throughout the whole differentiation period,

absolute aP2 mRNA expression levels are generally higher in the knockout mice
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compared to their wild-type littermates. Peaks of absolute aP2 mRNA expression in the
knockout mice have been observed for Day 3, Day 6 and Day 12 of adipogenic
differentiation with levels up to around 0.3986, 0.4093 and 0.3652, respectively, i. e.
more than 11 times of the paternal E2KO levels of Day 0.

Absolute mRNA expression levels of aP2 in ADSCs from CD1 wt rise from about 0.2627
on Day 3 to about 0.3488 on Day 12, i. e. about 25.4-fold levels on Day 3 to about 33.7-
fold levels on Day 12 of differentiation as compared to CD1 Day O levels.
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Figure 15: Absolute aP2 mRNA expression in ADSCs from CD1 wtvs. pat E2KO mice. (n=4)
Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; aP2, adipocyte lipid-binding

protein 2; ADSCs, adipose-derived stromal cells.

Variation can be detected on all of the examined differentiation days. Maximum s.e.m.
values occur on Day 3 for both genotypes with errors of about 48.7 % for the wild-type
and 55.9 % for the knockout, respectively. The observed difference on Day 3 was not

statistically significant (p = 0.6159).

In Figure 16, the changes in aP2 mRNA expression levels from CD1 wt mice are

compared to aP2 mRNA expression levels in ADSCs from paternal E2KO normalized to

the Day 0 aP2 expression levels of ADSCs from CD1 wt mice. On Day 0, prior to

di fferentiati on, nor mali zed PPARYy mRNA | evel
knockout with about 3.2-fold compared to CD1 wt Day 0. Throughout the whole

differentiation period, aP2 mRNA expression levels in ADSCs from paternal E2KO mice
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normalized to Day O of CD1 wt tended to be generally higher compared to the CD1
growth rate. ADSCs from paternal E2KO mice normalized to wild-type Day O levels
show an increase in aP2 mRNA expression levels on Day 3 with about 38.6-fold high
levels that remain on a similar level on Day 6 and Day 12, i. e. 39.6-fold high levels and
35.3-fold high levels, respectively.

aP2 mRNA expression levels in ADSCs from CD1 wt mice rise up to about 25.4-fold
levels on Day 3 and show maximum aP2 expression levels on Day 12 of differentiation
with about 33.7-fold levels.
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Figure 16: aP2 mRNA expression in ADSCs from CD1 wtvs. pat E2KO mice each normalized to
CD1 wt Day 0. (h=4) Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; aP2,
adipocyte lipid-binding protein 2; ADSCs, adipose-derived stromal cells.

Again, maximum s.e.m. values occur on Day 3 for both genotypes with errors of about
48.7 % for the wild-type and 55.9 % for the knockout, respectively.
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3.1.4 Expression levels of adipogenic markers in ADSCs from maternal E2KO

mice vs. CD1wt mice

3.14.1 Expression of peroxisome proliferator-activated receptor gamma
(PPARD2)

Methodically identical RNA assays were performed with ADSCs from CD1 wt and
maternal E2KO mice. Peroxisome proliferator-activated receptor gamma ( PP ARY ) was

used once again as one of two adipogenic markers.

Results of the gRT-PCR wer e e xpr e s saetoh. ADXCk §ami ODé wittamd 3
paternal E2KO mice exhibit a similar trend with regard to their absolute mMRNA
expression levels (Fig. 17). Pe a k s of absol ut exprésstoh Rgn benR N A
observed on Day 3 with about 0.0082 for wild-type and about 0.0100 for maternal

E2KO, i. e. about 99.7-fold and about 188.3-fold increase over genotype-specific Day 0
absolute P P A RWRNA expression levels. Day 6 and Day 12 show a gradual decrease

i n absolute PPARY mRNA e x p.00&5sfa CDlnwt aneg abeut s  wi
0.0010 for maternal E2KO, i. e. about 17.9-fold and about 18.7-fold increase as
compared to genotype-specific Day O levels, respectively.
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Figure 17: Absol ute PPARJ? mMRNA expressi omatkE2KHO ADES@=4, from CC
except for Day 3 with n=3) Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout;

PPARYy, peroxisome proliferator-activated receptor gamma; ADSCs, adipose-derived stromal cells.
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Maximum s.e.m. values for both genotypes are obtained on Day 3, with errors of about
79.9 % for CD1 wt and 80.5 % for maternal E2KO, respectively.

A comparison of PPARy mMRNA e x pr e sosmalzed tolC®Vve Day O for each
genotype indicates that both CD1 wt and maternal E2KO ADSCs have again highest

e X p r e smsDiayo3rfFigl I8)vRPARy mMRNA expressi on
the wild-type background rise to approximately 99.7-fold of the starting value, while the
of ADSCs f

PPARy mRNA

corresponding PPARy mRNA expression |l evel s

rise to about 122-fold of the starting value. Towards Day 12, genotype-specific PPARy

MRNA expression levels tended to decrease with about 17.9-fold for ADSCs from CD1

wt mice and about 12.1-fold in the knockout background.

In general, Fig. 17 and Fig. 18 show a stable genotype-independent trend and similar
e X p r e with ionty mindr diffeeemceas in ADSCs from CD1 wt and

PPARy mRNA

maternal E2KO mice as compared to the more random course of the PPARy

MR NA

expression curve in the paternal E2KO experiments (Fig. 13 and Fig. 14). In addition,

absolute PPARy mMRNA expression i n thes(Fgi

7@ asn al

compared to the paternal E2KO experiments (Fig. 13) is in relation much higher.
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Figure 18: PPARD

MRNA expressi on i n mAEKOsmick eachmor@Blizedw t

to CD1 wt Day 0. (n=4, except for Day 3 with n=3) Abbreviations: CD1 wt, CD1 wild-type; mat E2KO,

maternal exon 2 knockout; PPARYy, peroxisome proliferator-activated receptor gamma; ADSCs, adipose-

derived stromal cells.
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With regard to the expression profile in CD1 wt, errors are about 79.9 % on Day 3,
about 38.6 % on Day 6 and about 46.9 % on Day 12 of differentiation. On the other
hand, maternal E2KO data normalized to CD1 wt levels of Day O show errors of
approximately 80.5 % on Day 3, about 46.7 % on Day 6 and about 46.7 % on Day 12 of
differentiation. Again the variation in the data was quite high, and the differences

observed on Day 3 were not statistically significant (p = 0.87).

3.14.2 Expression of lipid-binding protein (aP2)

Lipid-binding protein (aP2) was again used as a second marker for adipogenic
differentiation.

Figure 19 displays absolute aP2 mRNA expression levels in ADSCs from maternal
E2KO mice as opposed to CD1 wt mice. Results of the gRT-PCR were expressed

r el at i-actm. Throughdiit the whole differentiation period absolute aP2 mRNA
expression levels are lower in ADSCs from maternal E2KO mice as compared to
absolute aP2 mRNA expression levels of wild-type background. Both genotypes exhibit
a similar trend with peaks of absolute aP2 mRNA expression levels on Day 3. ADSCs
from CD1 wt mice show absolute aP2 mRNA expression levels around 2.4869 on Day
3, about 1.0401 on Day 6 and about 0.8172 on Day 12, i. e. 347.3-fold levels on Day 3,
145.2-fold levels on Day 6 and 114.1-fold levels on Day 12 as compared to Day 0.

On the other hand, ADSCs from maternal E2KO mice feature absolute aP2 mRNA
expression levels that are about 1.9587 on Day 3, about 0.6947 on Day 6 and about
0.5673 on Day 12, i. e. about 550.9-fold high levels on Day 3, about 195.4-fold high
levels on Day 6 and about 159.6-fold high levels on Day 12 of differentiation as

compared to maternal E2KO Day 0O levels.
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Figure 19: Absolute aP2 mRNA expression in ADSCs from CD1 wtvs. mat E2KO mice. (n=4,
except for Day 3 with n=3) Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout;
aP2, adipocyte lipid-binding protein 2; ADSCs, adipose-derived stromal cells.

Again, highest s.e.m. values for both genotypes can be detected on Day 3 of
differentiation with errors of about 80.7 % for CD1 wt and 76.6 % for maternal E2KO,

respectively.

Figure 20 depicts the normalization of day-specific aP2 mMRNA expression levels in
ADSCsfrom CD1 wt and maternal E2KO mice to Day 0O levels of CD1 wt. Again, peaks
of aP2 mRNA expression levels can be observed for both genotypes on Day 3 of
differentiation. Normalized aP2 mRNA expression levels in the wild-type rise to about
347.3-fold levels on Day 3, while normalized aP2 mRNA expression levels in the
knockout rise to approximately 273.5-fold levels on Day 3. Towards Day 12, the aP2
MRNA expression levels in CD1 wt ADSCs decrease to about 114.1-fold, and those in
maternal E2KO to about 79.2-fold.

Again, Fig. 19 and Fig. 20 show a stable genotype-independent trend and similar aP2
MRNA expression levels with only minor differences in ADSCs from CD1 wt and
maternal E2KO mice as compared to the more random course of the aP2 mRNA
expression curve in the paternal E2KO experiments (Fig. 15 and Fig. 16). Furthermore,
absolute aP2 mRNA expression in the maternal E2KO experiments (Fig. 19) is again

much higher as compared to the paternal E2KO experiments (Fig. 15).
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Figure 20: aP2 mRNA expression in ADSCs from CD1 wtvs. mat E2KO mice each normalized to
CD1 wt Day 0. (h=4, except for Day 3 with n=3) Abbreviations: CD1 wt, CD1 wild-type; mat E2KO,

maternal exon 2 knockout; aP2, adipocyte lipid-binding protein 2; ADSCs, adipose-derived stromal cells.

Variation for the CD1 wt-specific trend in aP2 mRNA expression shows errors of about
80.7 %, 44.6 % and 37.3 % for Days 3, 6 and 12, respectively. On the other hand,
maternal E2KO data normalized to CD1 wt Day O levels show errors of about 76.6 % for
Day 3, about 38.0 % on Day 6 and about 35.9 % on Day 12 of differentiation. Because
of the high s.e.m. values, it is hard to determine whether the differences are real or have

occurred by chance.

3.1.5 Comparison of expression levels of adipogenic markers in ADSCs from

CD1wt mice between experiments

3.15.1 Expression of peroxisome proliferator-activated receptor gamma
(PPARD)

In Figure 21, we compared absolute PPARy mMRNA e x fevels smADSCafrom
CD1wt mice between the two main experimental set-ups, i. e. paternal E2KO vs. CD1
wt and maternal E2KO vs. CD1 wt. The following figure displays absolute PPARYy

MRNA expression levels in ADSCs from CD1 wt mice used in the maternal vs. paternal
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E2KO experiments. The results show that wild-type ADSCs in maternal E2KO
experiments have about 16.5-fold, about 2.2-fold and about 4.1-fold higher PPARy
MRNA expression levels on Days 3, 6, and 12, respectively, than the wild-type ADSCs
used in paternal E2KO experiments, although the differences were not statistically
significant. Note that equal PPARy mR BxAression levels and similar differentiation
trends are expected in wild-type ADSCs in both paternal and maternal E2KO

experiments.

0,01

B CD1 wt (pat E2KO)
CD1 wt (mat E2KO

ARg mRNA (relative toactin)

0,002 1 I T
o U i e -

Day 0 Day 3 Day 6 Day 12
adipogenic differentiation

PP

Figure2l: Absol ute PPAR2 mMRNA expression in ADSCs from CD1
of CD1 wt_Day t (mat E2KO) with n=3) Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon
2 knockout; mat E2KO, maternal exon 2 knockout; PPARYy, peroxisome proliferator-activated receptor

gamma; ADSCs, adipose-derived stromal cells.

Errors in the absolute PPARYy mMRNA e xpr e s &bScCafrorh Elevi used in n
the paternal E2KO experiments are about 75.7 % on Day 3, about 47.6% on Day 6 and

about 68 % on Day 12, while those used in the maternal E2KO experiments are about

79.9 %, about 38.6 % and about 46.9 %, respectively.
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3.15.2 Expression of lipid-binding protein (aP2)

Figure 22 shows that absolute aP2 mRNA expression levels in ADSCs from CD1 wt
mice used in the maternal E2KO experiments are about 9.5-fold, about 3.7-fold and
about 2.3-fold higher on Days 3, 6, and 12, respectively, as compared to the
corresponding absolute aP2 mRNA expression levels in ADSCs from CD1 wt mice used
in the paternal E2KO experiments, although the differences were not statistically
significant. Again, equal aP2 mRNA expression levels and similar trends are expected

in wild-type ADSCs in both paternal and maternal E2KO experiments.
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Figure 22: Absolute aP2 mRNA expression in ADSCs from CD1 wt mice. (h=4, exceptfor Day 3 of
CD1 wt_Day t (mat E2KO) with n=3) Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2
knockout; mat E2KO, maternal exon 2 knockout; aP2, adipocyte lipid-binding protein 2; ADSCs, adipose-

derived stromal cells.

Errors in the absolute aP2 mRNA expression levels in ADSCs from CD1 wt used in the
paternal E2KO experiments are about 48.7 % on Day 3, about 35.8 % on Day 6 and
about 33.6 % on Day 12, while those used in the maternal E2KO experiments are about
80.1 %, about 44.6 % and about 37.3 %, respectively.
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3.2 Oil Red O results

In order to re-confirm trends by an alternative experiment, we further conducted staining
experiments with Oil Red O. After isolation and cultivation of ADSCs, the Oil Red O

staining was performed on Day 7 of adipogenic differentiation.

3.2.1 Oil Red O elution in ADSCs from paternal E2ZKO mice vs. CD1 wt mice

Comparing amounts of eluted Oil Red O from CD1 wt and paternal E2ZKO ADSCs, one
can detect an about 2.22-fold elevated amount of Oil Red O in ADSCs from paternal
E2KO mice on Day 7 (Fig. 23). The value for the knockout normalized to wild-type
tended to be higher than in the wild-type, but the observed difference was not
statistically significant (p = 0.10). Staining experiments were performed three times per
genotype and spectrophotometric quantitation of Oil Red O staining was expressed
relative to the values of CD1 wt Day 7. The error in the paternal E2KO normalized to the
CD1wt value is about 28.8 %.
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Figure 23: Relative amounts of Oil Red O in ADSCs from CD1 wt vs. pat E2KO mice normalized to
CD1 wt. (n=3) Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; ADSCs,
adipose-derived stromal cells.

57



The following figures show pictures of stained wells within the scope of our Oil Red O
experiments, both for CD1wt as well as paternal E2KO. In all of the three experiments
(Fig. 24, Fig. 25 and Fig. 26) an increased staining of lipid vacuoles can be observed in
ADSCsisolated from paternal E2KO (Fig. 24, A2/B2; Fig. 25, A4/B4; Fig. 26, A6/B6) as
opposed to CD1 wt mice (Fig. 24, A1/B1; Fig. 25, A3/B3; Fig. 26, A5/B5).

Figure 24: Oil Red O staining of CD1 wt and pat E2KO ADSCs on Day 7 of adipogenic
differentiation. (experiment #38)

(Al) CD1 wt, 1x amplification. (A2) Pat E2KO, 1x amplification.

(B1) CD1 wt, 10x amplification. (B2) Pat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.
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Figure 25: Oil Red O staining of CD1 wt and pat E2KO ADSCs on Day 7 of adipogenic
differentiation. (experiment #43)

(A3) CD1 wt, 1x amplification. (A4) Pat E2KO, 1x amplification.

(B3) CD1 wt, 10x amplification. (B4) Pat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.
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Figure 26: Oil Red O staining of CD1 wt and pat E2KO ADSCs on Day 7 of adipogenic
differentiation. (experiment #46)

(A5) CD1 wt, 1x amplification. (A6) Pat E2KO, 1x amplification.

(B5) CD1 wt, 10x amplification. (B6) Pat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; pat E2KO, paternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.

3.2.2 Oil Red O elution in ADSCs from maternal E2KO mice vs. CD1 wt mice

Staining of ADSCs from CD1 wt and maternal E2KO with Oil Red O and a subsequent
guantitation of the Oil Red O elution on Day 7 exhibits an approximately 1.24-fold higher
amount of Oil Red O in maternal E2KO cells as compared to cells isolated from wild-
type littermates (Fig. 27). The observed difference was not statistically significant (p =
0.90). Staining experiments have been performed three times per genotype and
spectrophotometric quantitation of Oil Red O staining was expressed relative to the
values of CD1wt Day 7.

60



1,8
1,6
14
1,2 -

14
0,8 -
0,6 -
04 -
0.2 -

B CD1 wt
H mat E2KO / CD1 wt

Relative amounts of Oil Red O

Day 7

Figure 27: Relative amounts of Oil Red O in ADSCs from CD1 wt vs. mat E2KO mice normalized to
CD1 wt. (n=3) Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout; ADSCs,

adipose-derived stromal cells.

The error in the maternal E2KO normalized to the CD1 wt value is about 25.1 %.

Oil Red O stainings for ADSCsisolated from maternal E2KO mice and their wild-type
littermates are shown inthe following figures. In Figure 29, one can observe more OiIl
Red O staining of lipid vacuoles for the knockout, i. e. for ADSCs isolated from maternal
E2KO mice (Fig. 29, A4/B4) compared to CD1 wt littermates (Fig. 29, A3/B3). Note,
however, that an increase in Oil Red O staining was not observed in all the experiments
(Fig. 28 and Fig. 30), and this is reflected in the finding that the difference between wild-
type and maternal E2KO littermates is not significant (see Fig. 27).
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Figure 28: Oil Red O staining of CD1 wt and mat E2KO ADSCs on Day 7 of adipogenic
differentiation. (experiment #32)

(A1) CD1 wt, 1x amplification. (A2) Mat E2KO, 1x amplification.

(B1) CD1 wt, 10x amplification. (B2) Mat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.
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Figure 29: Oil Red O staining of CD1 wt and mat E2ZKO ADSCs on Day 7 of adipogenic
differentiation. (experiment #37)

(A3) CD1 wt, 1x amplification. (A4) Mat E2KO, 1x amplification.

(B3) CD1 wt, 10x amplification. (B4) Mat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.
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Figure 30: Oil Red O staining of CD1 wt and mat E2ZKO ADSCs on Day 7 of adipogenic
differentiation. (experiment #47)

(A5) CD1 wt, 1x amplification. (A6) Mat E2KO, 1x amplification.

(B5) CD1 wt, 10x amplification. (B6) Mat E2KO, 10x amplification.

Abbreviations: CD1 wt, CD1 wild-type; mat E2KO, maternal exon 2 knockout; ADSCs, adipose-derived

stromal cells.
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4 Discussion

Progressive osseous heteroplasia (POH) is a very rare bone disorder caused by
heterozygous disruption in the GNAS allele on chromosome 20q13.2-13.3, which
encodes the alpha-subunit of the stimulatory G protein ( G s. dnactivating mutations
causing POH usually originate paternally. They elicit a progressive ossification that
starts in subcutaneous fat tissue and advances to deep connective tissues, including
skeletal muscle, tendons and ligaments. Further precise knowledge of signalling
pathways is needed to better conceive the pathogenesis of this bone disease.
Adipogenesis is regulated through several transcription factors. We investigated gene
expression levels of the adipogenic markers peroxisome proliferator-activated receptor
gamma (P P A Rwnd adipocyte lipid-binding protein (aP2) in adipose-derived stromal
cells (ADSCs) during early differentiation to elucidate the activation pattern of these
specific adipogenic genes. We chose ADSCs because ectopic ossification in patients
with POH typically emanates from the subcutaneous tissue and osteogenesis may
therefore involve abnormal lineage commitment of mesenchymal precursors that are
present in this tissue. It has been shown that multipotential progenitor cells from
adipose tissue can differentiate along an osteogenic and adipogenic lineage and that a
reciprocal bipotential relationship between bone and fat cell differentiation may
exist.®>1941% |n this regard, it has further been shown that cAMP signalling has a pivotal
impact, mediating opposing effects during early and late stages of osteogenic
differentiation: cAMP signalling suppresses osteogenic differentiation during early
stages, whereas increased levels of cAMP in late stages enhance osteogenic
differentiation. Based on the reciprocal relationship between adipogenic and osteogenic
differentiation, it has been also confirmed that increased levels of CAMP at early stages

promoted adipogenesis, even under treatment with osteogenic induction factors.'

Parental origin of the mutant GNAS allele and its effects on the murine phenotype
Another previous study by Yu et al. with Gnas exon 2 mice has shown that energy
metabolism depends on the parent-of-origin of the disrupted allele.®? In additionto a
lean phenotype, knockout mice with a paternal deletion of the Gnas exon 2 allele
presented with increased glucose tolerance, insulin sensitivity and sympathetic nervous
system activity.**°"% This lean phenotype, albeit much milder, could also be observed
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in mice with paternally inherited Gnas exon 1 knockout mice® %%

, suggesting that fat
stores, in particular leanness, are regulated by the paternal allele expression of GNAS
in humans 84244476592 Gnasx| knockout mice manifest a similar phenotype to paternal
Gnas exon 2 knockout mice, sharing leanness with reduced lipid accumulation in
adipose tissue.®>®° In contrast, mice with a maternally inherited Gnas exon 2 knockout
allele show, besides obesity with increased lipid accumulation in white and brown

adipose tissue, increased serum leptin levels and decreased energy expenditure.**9%:%

Determination of allelic Gs Wxpressionand additional screening
expression in the knockout mice

Prior to analysing adipogenic marker expression in different knockout cells, we
performed an investigation of expression levels of Gsa in undifferentiated (Day 0)

ADSCs. This experiment not only served as a reference point for the successful

targeted deletion of one copy of Gsa in the knockout mice, but also demonstrated that,

unlike in certain tissues, suchas br own adi pose tissue and r e
expression in ADSCs is biallelic (Fig. 9 and Fig. 10). After isolation and successful
proliferation of ADSCs, these cells were differentiated for 12 days, with an investigation

of gene expression levels on Day 0, 3, 6 and 12 of differentiation. We also screened

ADSCs from paternal and maternal E2KO mice for XLa s mMRNA e x(pig. élsasdi 0 n

Fig. 12). ADSCs isolated from paternal E2KO mice showed a markedly low expression

of XLas i n comparison to CD1 wt ADSCs, whi
paternal t r ans (Fig.ilp)t A aomparizdn o K L &X9InRN&A expression in
ADSCs from maternal E2KO and CD1 wt mi ce s
MRNA expression in ADSCs from maternal E2ZKO mice, even though we expected
similar XLas expression in ADSCs (@igdnThsat er n
finding could perhaps indicate acompe ns at ory i ncrease inithafacéL as e

of reduced Gsa expression in an attempt to g
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Adipogenic differentiation potential of ADSCs from paternal vs. maternal E2KO

pups compared to ADSCs isolated from wild-type littermates

In our experimental series, we compared absolute mRNA expression levels and mRNA
expression levels normalized to CD1wt DayOlevelsof PPARyYy and aP2 in .,
CD1wt and paternal E2KO mice as well as in ADSCs from CD1 wt and maternal E2KO

mice. Our gene expression experiments show two different trends, although the

variation among experiments precludes us from making strong conclusions. Absolute

values and data normalized to Day O levels of CD1 wt (figures with blue and green

lines) exhibit an opposite trend with paternal E2KO cells differentiating more than wild-

type and maternal E2KO cells showing seemingly normal adipogenic potential

compared to wild-type. Induced adipogenic differentiation in our experiments could have

been affected by how much adipogenic differentiation was already present at Day 0.

The latter may depend on cell density and how much the cells had to be cultured before

the induction of adipogenic conditions. ADSCs isolated from paternal E2KO mice
tendedtohave el evated PPARYy and aP2 mRNA-ypeecellsl s i n
before the initiation of adipogenic differentiation, i. e. on Day 0. Those cells showed little

further differentiation into adipocytes compared to wild-type cells under adipogenic

conditions (Fig. 13, Fig. 14, Fig. 15 and Fig. 16, respectively). This may be due to the

fact that paternal E2KO cells have already reached quite high adipogenic gene

expression levels.

ADSCs from maternal E2KO, however, appeared to have similar levels of adipogenic

marker expression compared to wild-type cells before the initiation of adipogenic
differentiation. Wild-type cells showed elevation of aP2 mRNA expression levels under
adipogenic conditions, but the trend did not seem to differ significantly from the trend
observed in maternal E2KO cells (Fig. 19 and Fig. 20, respectively). Regar di ng PPA
MRNA expression levels, an increase of this marker was detected for maternal E2KO

cells on Day 3 of differentiation (Fig. 17 and Fig. 18, respectively).

We expected similar PPARy and aP2 mRNA expression |l evels
differentiation profiles in wild-type ADSCs in both paternal and maternal E2KO

experiments. However, a comparison of absolute PPARy and aP2 mRNA expr
levels in ADSCs from CD1wt mice between the two main experimental set-ups, i. e.

paternal E2KO vs. CD1 wt and maternal E2KO vs. CD1 wt, showed a tendency toward

higher expression of both markers in ADSCs from CD1 wt mice used in the maternal
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E2KO experiments than in the paternal E2KO experiments (Fig. 21 and Fig. 22,
respectively).

Since the differences were not statistically significant, this discrepancy may simply
represent normal experimental variation. Alternatively, the differences between these
experimental settings may suggest a possible influence of the genotype of the mother.
The mothers used to generate paternal E2KO pups were wild-type females. In contrast,
the mothers used to generate the maternal E2KO pups were paternal E2KO females
(maternal E2KO mothers were not used due to their hormone resistance phenotype,
such as hypocalcemia). Thus, it is conceivable that the gene expression profile is
altered in the offspring of paternal E2KO females (even the wild-type offspring) during
pregnancy and immediately after birth owing to an as-yet-unknown phenotype of the
mot her that | i kel yinauficency. ts from Gsa hapl o
Oil Red O stains of the cells following seven days of growth under adipogenic conditions
did not reveal statistically significant differences. However, the mean levels tended to be
higher in paternal E2ZKO ADSCs than wild-type ADSCs (Fig. 23), while they appeared to
be similar in maternal E2KO ADSCs and wild-type ADSCs (Fig. 27). These
observations are consistent with the general trend obtained from our gene expression
experiments, particularly when data are analysed by normalizing to the values obtained
from CD1 wild-type ADSCs at Day 0.

Opposing findings by Liu et al. and methodical differences compared to our study

In contrast to our findings, a recent study by Liu et al. examining adipose-derived

stromal cells from paternally inherited Gs @pecific exon 1 knockout mice and their

capacity for adipogenic differentiation has shown an inhibition of adipogenesis
compared to ADSCs from wild-type littermates. Moreover, in spite of adipogenic
conditions, enhanced osteogenic differentiation could be observed in ADSCs with a
paternally inherited deletion of Gnas exon 1. Unexpect edl y, AP&iics fr o
exon 1 knockout mi ce expr e, swegedtingrthatdhe tneade | e v e
commitment maybea combi ned effec® of Gsa and XLas
As opposed to our research method, ADSCs were not isolated from newborn mice, but

from 3-month old adult mice. Furthermore, cells were isolated exclusively from male

mice, whereas we pooled together ADSCs from newborn mice with same genotypical
background, regardless of their sex. More importantly, Li u et a |-specificcegod Gs a

1 knockout mice, while we investigated exon 2 knockout mice, whichl ack XL a.s ent
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Unlike our research group, Liu et al. also used triiodo-L-thyronine (T3) in their
differentiation media.®®

In addition, studies by Pignolo et al. previously additionally revealed an enhanced
expression of osteogenic markers, including alkaline phosphatase, osteopontin and
osteocalcin, in G s -@pecific exon 1 knockout-derived adipocyte soft tissue stromal cells
under osteogenic conditions in comparison to the same cells isolated from wild-type
mice.® Moreover, our observations are not consistent with the phenotype of paternal
and maternal E2KO mice, which are thinner with reduced lipid accumulation in white

and brown adipose tissued491-93

, or show an increased corporal mass of fat,
respectively*?#4929 The in vivo phenotypes of those mice, however, can be explained
by systemic factors. The paternal and maternal E2KO mice are hyper- or,
hypometabolic and in addition, they show increased or decreased central sympathetic
nervous system activity, respectively.”” These differences in metabolism could override

the cell-autonomous defects in adipogenic differentiation of ADSCs.

In summary, our investigation of ADSCs and their genotype-specific capacity for
adipogenic differentiation could show mildly enhanced adipogenic potential for ADSCs

from paternal E2KO mice and seemingly normal adipogenic potential for maternal

E2KO mice compared to their wild-type littermates.

Initially, we hypothesized that XLas deficie
in paternal E2KO mice) impairs adipogenic lineage commitment of mesenchymal cells

more readily than Gsa haptlovermgtoefcAMPclevedssiihaty al o
are already reduced as a result of Gsa hajy
presumed that mesenchymal cells undergo osteogenesis more readily, thus contributing

to the pathogenesis of POH.

Our findings are opposite of what we originally hypothesized, suggestingt hat XL as
deficiency in ADSCs increases their adipogenic differentiation potential. Therefore, we

cannot confirm our hypotheses. However, as indicated above, because observed

differences in adipogenic marker expression levels did not reach statistical significance,

we cannot conclude whether these changes occurred by chance or they actually

represent actual trends.
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Variability of the experimental results

The experiments led to quite variable results. In the paternal experiments, there is no
common trend for both adipogenic markers. Whereas PPARy mMRNA expr e
in ADSCs from paternal E2KO mice increase until Day 3 of differentiation and thereafter
gradually decrease, PPARy mMRNA e xpr e s wilddype ADEOs ede sintil Day
6 of differentiation and decrease on Day 12 of differentiation. On the other hand, aP2
MRNA expression levels in ADSCs from paternal E2KO mice are generally higher
compared to their wild-type littermates throughout the whole differentiation period with
peaks on Day 3 and Day 6 of differentiation. A comparison with the corresponding aP2
MRNA expression levels in wild-type ADSCs shows an increase of aP2 mRNA
expression on Day 3 that continues to grow to peak expression levels on Day 12 of
differentiation.

Despite the overall variation, there is a more common trend in the maternal
experiments: Both adipogenic markers, PPARy and shoR 2, stable genotype-
independent trend and similar mRNA expression levels with only minor differences in
ADSCs from CD1 wt and maternal E2KO mice as compared to the more random course
of the adipogenic mRNA expression curves in the paternal E2KO experiments. PPARYy
and aP2 have peak expression levels on Day 3 and thereafter gradually decrease.
Furthermore, both adipogenic marker expression levels are much higher in the maternal
experimental set-up as compared to the paternal experimental set-up. These
observations may all argue for a more successful induction of adipogenic differentiation

in maternal E2KO experiments than paternal experiments.

As our data are quite variable among experiments, it is important to have a look at
possible sources of error. This variability of gene expression levels may have different
reasons and it seems as if cell systems of ADSCs are very sensitive in general and tend
to be variable. On one hand, factors being different from one experiment to another
could account for the contradictory gene expression levels. These include the initial
seeding cell density for proliferation purposes after isolation, but also the time the cells
were cultured before seeding for the differentiation experiment. Both may lead to
premature differentiation in some cases, for example if cells get over-confluent and
crowded, and this premature differentiation would prevent further differentiation under
adipogenic conditions, thus distorting the results. For instance, Liu et al. have seeded

20,000 cells per cm?, which is the area for a 48-well plate, as opposed to our range of
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35,000 to 50,000 cells per well.?® In addition, mice were in the CD1 background, which
is an outbred strain and may therefore additionally contribute to the variability. We
deliberately kept the mice in CD1 background, because studies by Yu et al. showed that
these knockout mice had better survival in this genetic background than in some of the

pure backgrounds, in which no knockout mice indeed survived beyond weaning.**

From a more general point of view, other environmental factors, such as the non-
standardized media with differentiation factors, that was prepared each time freshly for
a media change, may account for premature or delayed differentiation. In addition, the
adipogenic media that we used was based on a M E Mollowing established protocols of
our laboratory. In contrast, other research groups have used adipogenic media based
on DMEM.®>!! This different component of adipogenic media may cause adipogenic
fate of cells less or more vigorously.

Furthermore, a fluctuation in the incubation temperature of the cells may cause variation
among experiments, too. In addition, any further subsequent methodical proceeding of

the cells or the cell RNA / cDNA harbours potential sources of error.

Research perspective

A quantitation of osteogenic gene expression levels may be useful to further
characterize the bipotential osteogenic-adipogenic lineage fate. In fact, these
experiments have been started and are similar to the osteogenic differentiation
experiments of ADSCs from mice with paternally inherited Gsao-specific exon 1
disruption conducted by Pignolo et al.}®* Adipose-derived stromal cells in this case were
cultured under osteogenic conditions to allow new insights into the osteogenic lineage
commitment of these cells dependent on the genetic background. Pignolo et al. have
shown that ADSCs from paternal Gnas exon 1 knockout mouse expressed osteogenic
markers at higher levels even when the cells were differentiated in the presence of
osteogenic media, indicating that paternally inherited Gsa inactivating mutation

potentiates osteogenic differentiation of stromal cells.1%*

In addition, one could expand, in this case, a quantitation of certain gene expression
levels by flow cytometry, detecting early cells committed to adipogenic or osteoblastic
lineage. For this purpose, transgenic mice in which green fluorescent protein (GFP)

expression is driven for instance by the osterix promoter, an early osteoblastic
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marker—<, would need to be crossed with the relevant knockout mice prior to isolation of

mesenchymal cells from mouse litters. If significant differences in knockout and wild-
type mice can be shown, then in vitro-expanded multipotent cells can further be
differentiated in vivo. For this purpose, one could transplant these cells under the skin of

113114 and observe the formation of bone in real time at

115

immunodeficient nude mice
different time points. This has been previously performed with progenitor cells.
Likewise, an investigation of embryonic stem cells may be fruitful, especially with regard

to osteoblast differentiation.*®

A growing number of scientific investigation

6567 cAMP signalling

regulating the balance between osteogenesis and adipogenesis.
has been shown to have a suppressive effect on osteogenic lineage recruitment of

progenitor cells and is additionally associated with adipogenesis by induction of

adi pogenic transcripti on¥¥® factors, such as
Liu et al. demonstrated impaired adipocyte differentiation in ADSCs from paternal G s a
specific exon 1 knockout mice which could be rescued by treatment with forskolin, an
adenyl yl cycl ase act i-cAMR sggnalling may dve necadsarynirg t hat
early adipogenesis.®® In a different study, it has been shown that adipose stromal cells

from pater nal ispecific exbnelknockeudmic&unadergo an accelerated

osteoblast differentiation under osteogenic conditions as compared to the same cells

isolated from wild-type mice.%*

Conclusion

In conclusion, our investigation of ADSCs and their genotype-specific capacity for
adipogenic differentiation can show mildly increased adipogenic potential for ADSCs
from paternal E2KO mice and no significant difference in adipogenic potential for
maternal E2KO mice compared to their wild-type littermates. There is growing evidence
that a bipotential relationship between osteogenic and adipogenic cell fate may exist,
and that GNAS inactivating mutations may direct cells into either of the two lineages
depending on the parent-of-origin of the inherited disrupted allele. Thus, GNAS and,
subsequently, the cAMP signalling may have a critical role in the regulation of cell fate
decisions.

Assiduous subsequent studies involving, in particular, at hi rd mouse model ,

knockout mice, as well as investigating the osteogenic differentiation of ADSCs and
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other cells in Gnas exon 2 knockout mice, as well as other novel genetically
manipulated mice that are relevant to the GNAS locus, are crucial and indispensable in
order to enhance our understanding of the regulation of GNAS, which in turn will help to
further elucidate the pathogenesis of progressive osseous heteroplasia. From a more
general point of view, new findings with respect to involved genes and signalling
pathways can further contribute to the comprehension of cell-fate decisions and the

overall regulation of heterotopic ossification.

As a complex and challenging disorder, new insights and a better understanding of the
pathogenesis underlying POH may bring about change to prevent, diagnose, and treat
people with other rare or more common diseases, for instance by potentially identifying
new signalling molecules involved in the pathogenesis of POH. Recently, a study
showed that most individuals with this disorder had a lesional bias toward one side or
the other, and that the lesions had a dermomyotomal distribution, suggesting that this
disease may stem from postzygotic defects that occur in addition to inherited
heterozygous GNAS mutations.’” A separate study has shown that complete loss of
Gsa in the subcutis can also |l ead to ectopi
in POH patients.*'® Taken together, it is possible that the intact Gnas allele or another
gene in the same pathway is also mutated in a postyzygotic manner. Furthermore, the
latter study indicated that the hedgehog signalling was elevated in POH lesions, further

providing insights into the underlying mechanisms.

| would like to end my medical thesis with a quotation by Wiliam Harvey (1657), the
discoverer of the systemic circulation of the blood (as cited by Kaplan and Shore®):

"Nature is nowhere accustomed more openly to display her secret mysteries than in
cases where she shows traces of her workings apart from the beaten path, nor is there
any better method to advance the proper practice of medicine than to give our minds to
the discovery of the usual law of nature by careful investigation of cases of rarer forms

of disease." 1*°
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