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Abstract

Gerodermia Osteodysplastica (GO) is a prematuren@géisorder characterized by
wrinkled, lax skin and premature osteoporosis. GCcaused by loss-of-function
mutations in GORAB, a novel Golgin with poorly umsk®od function. This study is
focused on in vitro and in vivo studies in orderdget insight into the molecular
pathomechanism of GO. A conditior@brab mouse model was created and crossed
with Runx2cre to inactivatésorab in osteoblast and chondrocyte lineage. The
GorabRunx2cre mutants displayed growth retardatoreduction of trabecular and
cortical bone volume, mineralization defects, apdrganeous fractures mostly in the
long bones. Further analysis revealed a significarease of osteoblasts with a delay

in osteocyte differentiation.

To identify the reason for the impaired osteobtherentiation, expression analyses
on primary osteoblast isolated from the calvaria GdrabRunx2cre mice, were
conducted. An increase of early osteoblasts matkgether with a delayed osteocyte
maturation was found. In addition, an incrased esgion of the cell cycle inhibitor

p21 and TGH were observed.

In vitro, GorabRunx2cre mutant bone cells and GORJM&fcient fibroblasts
exhibited increased levels of reactive oxygen s=c(ROS) leading to an
accumulation of oxidative DNA damage and subsedyetat increased cellular
senescence markers. The increase of RG&rab-deficient cells and bone tissue is
correlated with excessive TGF- Nox4 signaling. These enhanced TGkvels in
Gorab-deficient tissues were correlated with a strikimigcrease in decorin
glycanation known to modulate the activity of TBFThe organization of collagen
fibers in the cortical bone of GorabRunx2cre miasvinighly altered, showing thin
and fragmented fibers. Taken together, these sedalnonstrate that oxidative DNA
damage and cellular senescence are triggered bgtete TGFS signaling which is
caused by abnormal glycanation of extracellular rixatcomponents. This

pathomechanism is suggested to play a dominantrdhe development of GO.



Zusammenfassung

Gerodermia osteodysplastica (GO) ist eine autosaemdssiv vererbte segmental
progeroide Erkrankung, die durch frihzeitige Osteope und Faltenbildung der
Haut gekennzeichnet ist. Die molekulare Ursachd Bintationen im Gen GORAB.

Die hier beschriebene Studie befasste sich mittno wnd in vivo Untersuchungen
zur molekulare Pathophysiologie von GO. Ein kowdiélles Gorab Mausmodell

wurde etabliert und durch die Kreuzung mit der Ramg Linie fuhrt dies zu einer
Inaktivierung des Gens in Osteoblasten und Chowytieaz GorabRunx2cre Mutanten
zeigten Wachstumsverzdgerung, eine Reduktion dasekularen und kortikalen
Knochenvolumens, verzogerte Mineralisierung undnggee Frakturen vor allem in
den langen Ro6hrenknochen. Zudem wurde eine deeatlisferanderung der

Osteozytenmorphologie festgestellt. In 4 WocheenralTieren konnte zudem eine
starke Zunahme von unreifen Osteoblasten beobaeteeden. Dieses Ergebnis
deutet darauf hin, dass Differenzierung von Osteoryaus Osteoblasten
beeintrachtigt ist. Zur ndheren Untersuchung di€&steoblastenfehlfunktion wurde
die Genexpression, von aus der Schadeldecke dab&anx2cre Maus gewonnenen
priméaren Osteoblasten, untersucht. Dies zeigtestugine Erhohung der frihen
Osteoblastenmarker und spéater eine verlangsamteofysénreifung. Zuséatzlich

konnten eine verstarkte Expression des Zellzykhinbitors p21 und von TGB-

beobachtet werden. Die erhéhte Aktivitat des TESEignalweges konnte auch in GO

Hautfibroblasten bestétigt werden.

AulBerdem zeigten GorabRunx2cre und GORAB defizibnoteane Fibroblasten eine
vermehrte Produktion von Reaktiven Sauerstoff e@ROS) welche zu vermehrten
DNA Schéden fihrte und in weiterer Folge zu erhbledlularer Seneszenz. Die
Erhéhung von ROS in den verschiedenen Geweben weursacht durch den
gesteigerten TGB- - Nox4 Signalweg. Die erhdohten T@FWerte im Gorab
defizienten Gewebe Kkorrelierte stark mit einer viedarten Glykanierung von
Decorin, welches die Aktivitat von TGF-moduliert. Die Kollagenstruktur im
kortikalen Knochen wies starke Veranderungen auif,dénnen und fragmentierten
Fasern. Zusammengefasst zeigen die Experimenteegiritnte Anzahl von DNA
Schéden und in weiterer Folge zellulare Senesze@O. Dies wird verursacht durch
eine Verstarkung des T@FSignalweges auf Grund einer veranderten Glykangeru

des Proteoglykans Decorin verursacht wird.
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Introduction 1

1. Introduction

1.1 Gerodermia Osteodysplastica

Gerodermia Osteodysplastica (GO, MIM231070) is ee rautosomal recessive disorder
characterized by wrinkled and lax skin, which isstnorominent in the face and at the dorsum
of the hands and feet. Patients with GO appeaetolder than the normal physiological age
and bones show severe osteoporosis in early chitthdhe disorder was first named and
described by Bamatter et al. in 1950 in five membefra Swiss family. A more detailed

study was published by Hunter et al. (1987) inaigdiwo consanguin families with six

affected children. Up to date, not more than 100 GSes were diagnosed. GO can be

considered as a segmental progeroid disorder imgplyone and skin [1], [2], [3].

1.1.1 Clinical features of GO

GO patients in general have a decreased heightwaight when they are born. Its main
clinical features are lax and wrinkled skin and rpiment veins most marked over the
extremities, especially on the dorsum of the haamdkfeet. GO patients have a specific facial
appearance which include craniofacial variationtai droopy, jowly face, large ears, a large
bulbous nose, a broad prominent forehead, malaogigpia and a mandibular prognathism
(Figure 1). Other characteristics include joint @sgxtensibility and radiological
manifestations including Wormian bones [2]. Histptal abnormalities include excessive
fragmentation of the elastic fibers [1]. These eltaristics give the patients a premature aged
appearance. One major characteristic of GO patierttse early onset of osteoporosis in the

long bones and vertebrae. Patients suffer fromtapewous fractures and hip dislocations.

1.1.2 GO in comparison to other Cutis laxa syndromes

Debré et al. (1937) were the first ones using ¢ tcutis laxa (CL;CLGDD; OMIM 219200)
to describe a rare disorder characterized by hanlgiose skin, pre- and post-natal growth
deficiency, mental retardation, large fontanelp, dislocation and dysmorphic facial features,
as well as radiological signs consisting of osteopis and Wormian bones [4]. Other
histological findings include aggregation, fragneian and clumping of elastic fibers. Today
we know that cutis laxa is a group of connectigsue disorders. The lax skin is often most
prominent in the face which results in a premataged appearance. CL does not only affect
the skin; other organs including the skeleton, nassdeart and lungs can be affected. The

features of GO are corresponding to the ones afsautal recessive cutis laxa type Il (Debre
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type, ARCL2A) and recessive cutis laxa with proggreatures (ARCL2B). ARCL2A and
ARCL2B share many common features like generaliazdand wrinkled skin, osteopenia,
developmental delay and microcephaly. In contrasARCL2B, ARCL2A patients show
defects in N- and O- linked glycosylation in plastrensferring and apolipoprotein CllI [5].
GO patients generally have osteoporosis and reguttone fractures whereas ARCL2A and
ARCL2B patients have only mildly increased fracttisk. Taken together, GO shares a lot of
common features with ARCL2A and ARCL2B, which malkegliagnosis only based on

phenotypical appearance challenging (see Table 1).

Table 1: Phenotype comparison in GO, ARCL2A and ARE. [6]

Characteristics GO ARCL2A ARCL2B
Causative Gene GORAB ATP6VO0OA2 PYCR1
Generalized Cutis Laxa - + +
Wrinkled skin at birth + + +
Osteopenia + +/? +/?
Fractures + - -
Spinal deformity + + +
Mental retardation - + +
Abnormal N- and O- glycosylation - + -
Delayed motor development + + +/?
Maxillary Hypoplasia + - -

1.1.3 GORAB, the causative gene for GO

GORAB was found to be the causative gene for Gerodermtaddysplastica [6]. The study
involved patients from 13 families, all showing iggl GO features like osteoporosis which
frequently resulted in fractures of long bones e vertebrae. A genome wide scan in all
affected patients from a Mennonite pedigree ideatih homozygous region on chromosome
1g24. By a candidate sequencing approach a homogygansense mutation in a gene called
GORAB (also known as Scyllbpl, NTKLBP1) was found infallr Mennonite families. In
nine other patients with GO features from Germdtaly, Oman, Pakistan, Libya, Mexico
and the United States they were able to identiiptedther mutations including five nonsense
mutations, one splice-site mutation and one mutadiffecting the methionine start codon.
The GORAB protein was completely absent in immuabkhalysis of patient-derived cells
(Figure 1.E). Staining with markers for differentibsellular locations showed a clear
localization at the Golgi apparatus. GO patientsassho other Golgi abnormalities comparing
to controls. Nevertheless gene expression analgsdsferent tissues revealed a ubiquitous

expression oforab with highest gene expression in the lung, skinlaorke. This expression
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pattern correlates with the disease phenotype. Gapeession ofGorab increases with

progressing osteoblast development [6].

Another group described one missense mutatiorelG@®RAB gene of GO patients where the
alpha helix structure containing the two coiledratdomains of the GORAB protein was
disrupted [7]. Both groups concluded that the lfsi&inction mutation in the gert@ORAB is

the cause for Gerodermia osteodysplasticd 1],

)
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Figure 1: GORAB (Scyl1lbpl) is the causative gene of GQA) Gerodermia osteodysplastica is chararcterized
by a premature aged appearance with wrinkled sémgular face (B) and osteoporosis. (C) GORAB iwovel
Golgin, located at the Golgi apparatus (co-locafizivith the Golgi marker GM130) and interacts wRhb6.

(D) Schematic diagram showing different positiofsnaitations found in GO patients and the differ@oinains

in the GORAB protein (CC- coiled-coil; DUF622-an clmaracterized domain). (E) Immunoblot analysis
showing GORAB (Scyl1bpl) protein with a size ofawmd 50kDA in human fibroblasts whereas in GO pasien
a complete loss of the protein was observed. Ristarodified and adopted from [6].

1.2 GORAB and its interacting partners

Gorab is a highly conserved gene that can be found iareety of species including human,
mouse, dog, chimpanzee, zebrafish and xenopuslt[8. located on chromosome 1 and
according to Ensemble the distinct position is:,530,129 - 170,553,446. The full-length
cDNA sequence of th&orab gene consists of 2,537 bp, which encodes 368 aatius (aa).

In human two transcripts are known. The longerivere®f GORAB has 394aa and another
shorter isoform that contains 368aa; the prediptedtein size is 44993 dalton (Da). In silico
analysis of GORAB predicted three coild-coil regioon following positions: 130-170aa,
200-250aa and 270-300aa [9].
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GORAB was originally named and described as a hmgiartner of NTKL (N-terminal
kinase-like protein) and therefore it was named NTHnhding protein 1. This NTKL protein
was renamed into Scyll, therefore also NTKL1bpl wiasnged into Scyllbpl. Scyllbpl
underwent another name change into GORAB (GolgiB interacting) because it was
described as the causative gene of Gerodermia @sglastica (GO). Up do date several
interaction partners of GORAB have been describede that GORAB is the notation for the

human protein and Gorab is the notation for theimeyprotein.
Scyll

Scyll mRNA is found ubiquitously in human tissuids located on 11g13 and is mapped
around chromosomal breakpoints. Scyll was idedtifis a high affinity partner of COPI
coats acting as a regulatory element in COPI mediedtrograde trafficking [10]. Moreover it
was reported that Scyll knockdown leads to an as@é size of the Golgi apparatus [11].
Scyll mutations are found in several types of caregggesting that Scyll dysfunction may
be involved in carcinogenesis. Scyll shows a cgllezdependent centrosomal localization
suggesting a role in centrosome-related cellulactions [12]. Loss-of-function mutations in
Scyll revealed that it is essential for neuronad, aparticularly, Purkinje cell survival.
Mutations in Scyll lead to an eaibyiset and progressive neurodegenerative disordér wi
muscle atrophy [13], [14]. However, this neuromudacyhenotype is not overlapping with
GO.

Pirh2

Pirh2 is an E3 ligase with central roles in theutation of cell cycle, DNA damage response,
and differentiation. Pirh2 has been reported toyylmijuitylate p53 and to mediate its
proteasomal degradation [15]. Moreover it is imaottfor the in vivo regulation of p53
stability in response to DNA damage [16]. Zhanglefound GORAB as a new interacting
protein of Pirh2 in their yeast two-hybrid systefhe specific interaction of GORAB and
Pirh2 was confirmed by immunoprecipitation in viod in vivo. Contransfection of SMMC
7721 cells with hPirh2 and GORAB showed clearly @ocalization in the cytoplasm

surrounding the nucleus. [17].
MDM2

MDM2 is a proto-oncogene and a nuclear localizeduBEguitin ligase. MDM2 is known to
promote tumor formation by targeting tumor suppoegsoteins such as p53 for proteasomal

degradation. Overexpression is associated witlemifft kinds of cancer [18],[19]. In 2010 it
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was found that GORAB promotes p53 protein staliibraand affects the transcriptional
activity of p53 but also the ubiquitination and sequent proteasome-mediated degradation
of MDM2. GORAB overexpressin also resulted in gelliferation and increased apoptosis.
GORAB might possibly form a complex with P53 and MP. The authors speculate that
GORAB directly inhibits MDM2 mediated p53 ubiquidition by competing with p53 for
binding sites on MDM2 [20].

Liu et al. (2012) reported that GORAB has a traipsicnal activator domain (nuclear
localizing domain). Overexpression of GORAB inhsbiterve outgrowth in PC12 cells and
affects morphogenesis of primary cortical neurogsstvongly decreasing the p53 protein
level in vitro. The authors suggest that GORAB iwael transcriptional activator by directly

modulating the Mdm2/p53-dependent pathway [21].
Rab6 and Arf5

The localization at the Golgi apparatus as wethaspresence of coiled-coil domains and the
interaction with the small GTPase Rab6 defines GBRA a Golgin. Rab proteins represent
the largest branch of the GTPase superfamily. oists of Rab6 are known: Rab6A,
Rab6A’and Rab6B [22]. Rab proteins are involvethnregulation of intracellular membrane
trafficking. Each Rab targets to an organelle goecsies therefore a specific transport step
(exocytic, endocytic, or recycling pathways). Thgbuprotein-protein interactions, Rab
proteins control membrane budding and formatiortrafisport vesicles, vesicle movement
along cytoskeleton, and membrane fusion at thetamxgmpartment. The huge number of Rab

proteins reflect the complexity in these signaliaghways [23],[24].

In a yeast-two hybrid experiment our group couloverthe interaction of Rab6 and Arf5 with
the activated GTP bound domain [6]. It was shovat #rf5 and Rab6 bind to GORAB via

the same internal Golgi-targeting domain (IGRABWOI' GO patients carrying a missense
mutation within the IGRAB domain failed to interaeith both, Rab6 and Arf5 [9].

Interestingly, siRNA knockdown of Rab6 blocks thedl ¢n the metaphase suggesting a role
of Rab6 in cell cycle progression. At the beginniolj each metaphase Rab6 becomes
upregulated, exactly when the Golgi apparatus feags into numerous tubulo-vesicular

structures known as mitotic Golgi fragments [23][2

Arf5, one member of the Arf family (ADP-ribosylatiofactors), are highly conserved
GTPases belonging to the Ras superfamily. ArfSoisnfl on COPI vesicles with potential

roles in vesicle coat formation [26].
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Among the five mentioned potential interacting pars of GORAB: Scyl-1, Rab6 and Arf5
have been reported to play a role in retrogradespart. In addition, the location of GORAB
at the Golgi suggests a role in vesicular traffigki Nevertheless, Scyl-1, Rab6, Pirh2 and
MDM2 have been reported to play a role in cell Bylprogression. The nuclear signaling

domain of GORAB is another important hint for thealvement of GORAB in cytokinesis.

1.3 The Skeletal System

Even though the skeleton seems rigid and unchangirig a living, metabolically active

organ. Each bone of the body is a complex livingtesy that is made up of many cells, fibres
and minerals. The skeleton acts as a scaffoldgilkias the body the stature, provides support
and protects the inner organs. New blood cellpasduced by the red bone marrow inside of
our bones. The skeletal system also provides attashsites for muscles to allow movements
of the joints. The adult skeletal system consigt2@5 bones, 32 teeth and a number of

structures that connect the bones together.

1.3.1 Embryonic Development of the Skelton

In vertebrates, bones arise from three distinctdges. The somites generate the axial
skeleton, the lateral plate mesoderm generatebntieskeleton, and the cranial neural crest
gives rise to the branchial arch and craniofaciahds and cartilage [27]. First, the
mesenchyme arises where the initial ossificatiBlegeplace. This occurs by two independent
mechanisms: 1.) intramembranous ossification an)l é@ndochrondral ossification.
Intramembranous ossification occurs primarily ire thones of the skull. Other bones are

formed by endochondral ossification.
Intramembranous ossification

Intramembranous ossification is the direct bonanfdion in which the mesenchyme is
directly transformed into bone without an internageistep. The ossification of the calvaria in
the skull is one example for intramembranous asdifbn. In detail, the mesenchyme
differentiates into osteoblasts which then begirptoduce osteoid (unmineralized matrix).
Then they start to deposit calcium phosphate ih® asteoid tissue which leads to the
differentiation of ostoblast to osteocytes andhe formation of mineralized mature bone
matrix around the mature osteocytes. Some ostdshitasugh remain on the bone surface and

continue to lay down lamellae.
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Endochondral ossification

Endochondral ossification is the bone formationmimich the mesenchymal cells give first
rise to an intermediate cartilage. The cartilaggreedually replaced and becomes bone in a
next step. Endochondral ossification happens ig lmmes of the limbs, in the basal bones of

the skull, the vertebral column and the ribs.

Endochondral bone is formed first by mesenchymbg ¢leat differentiate into chondrocytes
where they start to condense. Afterwards the @&zllarge in size, get more round in shape
and start to produce matrix which is characteribgdhe presence of collagen type Il and
aggrecan. These chondrocytes continue proliferatintij they get into cell hypertrophy.
These hypertrophic chondrocytes secrete a collagenatrix and direct mineralization of
their surrounding matrix and blood vessel invasids .soon as the blood vessels are formed,
perichondreal precursor cells (Osx+) invade theilage with blood vessels and begin the
formation of the primary spongiosa. Round chondiegycontinue to proliferate and form
columns of proliferating chondrocytes. Bone lengthg occurs by chondrocyte proliferation,

synthesis of matrix proteins and cell hypertrop?]|

Post-natally secondary ossification sites are fokm@ertain chondrocytes stop dividing,
undergo hypertrophy and create a new vascularizexapy spongiosa [28]. Chondrocytes
express osteoblast markers like ALP, osteonecsteocalcin and osteopontin (Figure 2.H)
[29], [30],[31].

1.3.2 Runx2 in Bone Development

Runx2 is a member of the Runt domain family of transaoiptfactors that regulates
transcription of several genes in cooperation wother cofactors and thereby controls
osteoblast and chondrocyte differentiation [3Bunx2 expression starts in early bone
development, by E13.5 it is expressed in areasutil@ginous condensation as well as in the
perichondreal region and in the tendons [33], [335], [36]. After ossification has started,
Runx2 is most abundant in pre-hypertrophic and hyperipthondrocytes and in all
osteoblasts at the trabecular as well as the abfimne. Also desmal ossification depends on
Runx2 as indicated by the ossification defects in thevargh and the clavicula found in
patients withRunx2 mutations [34], [37]. In in vitro ossification agsaRunx2 expression

starts to rise at day 3 after osteogenic stimulda].
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Figure 2: Schematic diagram of endochondral ossifation. (A, B) Cells from the mesenchyme condense and
differentiate first into chondrocytes to form trertiiage of the bone. (C) Chondrocytes, in the eeot the shaft,
undergo hypertrophy and apoptosis while they chamgemineralize their extracellular matrix. Thistolled
cell death allows blood vessels to enter. (D, EYHe primary ossification center osteoblasts aaudint in
trough the blood vessels. (F-H) Bone formation grulvth takes place in a controlled order of prodfeng,
hypertrophic and mineralizing chondrocytes. (H) @elary ossification starts by the penetration ajodl

vessels near the tips of the bone. Picture modifampted from [31].

1.3.3 Bone compositions
The inorganic part of the bone is composed of ngatnystalline phosphate salts which are
present in form of hydroxyapatite. This serves agservoir for the bone of calcium and
phosphate that can be mobilized in a controlled.viBne also contains carbonate, fluoride,

acid phosphate, magnesium and citrate [31].

The organic component of the bone makes up ab®atefthe dry weight of the bone. Most

of the organic component is type | collagen, whish synthesized intracellular as

tropocollagen and then exported as collagen fib@steogenesis imperfect (Ol) is caused by
a defect in type | collagen which results in a lesganized bone with loss of the normal
osteon structure. With the failure in osteons thieebfractures with just a minimum amount of
loading [39]. The other organic part of the bonec@nposed of proteoglycans (PGSs),
glycoproteins, glycosaminoglycans (GAGs) phosphadipand phosphoproteins as well as
various growth factors including osteocalcin, ostsziin and bone sialoprotein [31]. Decorin
is a small leucin-rich proteoglycan characterizegl the presence of one chondroitin
sulfate/dermatan sulfate chain [40]. It is knowrbéodirectly involved in the control of matrix

organization and cell growth. In the skeletal sysieis mainly located in the ECM of the
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articular cartilage. Decorin is mainly required fmssembling the collagen fibers [41]. The
decorin core protein has a size of 36 kDA and h&$ &ucine rich repeats and a GAG chain
of chrondroitin/dermatan sulfate with additional§ kDA. Decorin is known to interact with
type | and type Il collagens. The binding site etdrin to collagen I is very close to the
intermolecular cross-linking sites of collagen hetitmers [41]. Decorin is also known to

interact with TGH31 which results in an inhibitory effect on prolidgion.

1.3.4 Bone cells

There are two categories of bone cells. 1.) Thealidast family consists of osteoblasts that
form bone and osteocytes that help maintain borveetisas lining cells that cover the surface
of the bone. 2.) Osteoclasts, the bone resorbilig. &@oth osteoblasts and osteoclasts are
originating from bone marrow derived precursors.e Threcursors of osteoblasts are
multipotent mesenchymal stem cells, which also gige to bone marrow stromal cells,
chondrocytes, muscle cells, and adipocytes [42].

Old bone is continuously replaced by newly formeszhda This process is called bone
remodelling which is necessary to keep bone volameé strength constant. Old cells are
resorped and new bone is formed and integrate@oDlststs are appointed to bone formation.
They are round in shape and build a line on thestsanface. In general, newly formed bone
is calcified immediately therefore uncalcified astkis rare. Osteoblasts have in addition a
supporting role in osteoclast differentiation. Theypress RANKL on their surface and
osteoclast precursors are known to express RANKNIRArecognizes RANK trough cell-

cell interaction and lead to the activation of eli#fintiation in osteoclast precursors [43].

In bone formation, longitudinal growth of long benelepends on proliferation and
differentiation of cartilage cells at the growttafd. Growth in width and thickness is achieved
by formation of bone at the periosteal surface witBorption at the endosteal surface.
Remodelling is a lifelong process whereby the mewa# properties of the bone are

maintained.

The morphology and properties of osteoblasts -caffierdisubstantially in different
developmental stages. Active osteoblasts are pleotmidal, mononuclear cells lying on the
bone matrix which they have synthesized [44]. They highly active and have therefore a
large Golgi complex as well as high mitochondriateat. They synthesize and secrete type |
collagen, glycoproteins such as osteopontin, oatewg cytokines and growth factors into the
osteoid between the cell body and the mineralizattim[45]. Osteoblasts have receptors and
respond to parathyroid hormone (PTH), 1,25-dihyguwitamin D3 [1,25(OH)2D3],
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prostaglandins (PGs), epidermal and transformimgvtr factors (EGFs, TGFs) and tumour
necrosis factors (TNFs) [44]. With progression itih@ mineralization stage, cells become
positive for ALP (alkaline phosphatse). Other obtast related genes are also upregulated in
the following differentiation process: bone sialajgin (BSP), osteopontin (OP), and
osteocalcin (OC) [44].

In order to become an osteocyte, the cell undergoeamatic transformation, from a
polygonal cell to a cell extending dendrites in@dapzed manner toward the mineralizing
front. This process is followed by dendrites extegdoward the vascular space of the bone
surface (Figure 3) [39]. Osteocytes are the terlyirdifferentiated and mature cell type of
the bone which have become trapped within the loagix they have secreted previously.
They are able to communicate with each other throtngir complex canaliculi network.
When the skeleton undergoes mechanical stresqycysts are able to locate and sense the
pressure from mechanical loading of the bone asdomd by bone formation or resorption
[46].

Osteoclasts are multinucleated cells that are resble for bone resorption. They use an
acidic fluid to dissolve mineralized bone and pdevithe environment for enzymatic
degradation of demineralised extracellular matfithe bone [30]. The activity of osteoclasts

is maintained by calcitonin for which they haveighrnumber of receptors [47].

Figure 3: (A) Schematic illustration showing the tansitional stages from osteoblds to mature
osteocytesDuring this process, the volume of the cell bodg #me number of cell organelles decree
(1) Proliferating preosteoblasts (2) preosteoblastieaisiast (3) osteoblast (4) osteoblastic osteodyfe
| preosteocyte) (5) ostebosteocyte (type Il preosteocyte) (6) type llépsteocyte (7) young osteocyte

mature osteocyte. (B) Complex osteocyte canaliwetivork. Figure modified and adapted from [483].
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1.3.5 TGF-B in bone development

TGF$ is a growth factor which is involved in the deyaiwent of various bone-related
diseases including Marfan syndrome and Osteogenbsjserfecta (Ol). Osteoblast
differentiation is regulated by numerous secreteavth factors including the following:
transforming growth factor beta (TG¥; bone morphogenic proteins (BMPs) and fibroblast
growth factors (FGFs). TGE-is an abundant protein that controls proliferatioellular
differentiation and apoptosis in most cell typesnB and cartilage contain large amounts of
TGF [48]. Five different TGH3 isoforms are known, TGB1, $2, and 3 as well as two
heterodimers containing one type 2 subunit, knownT&F$1.2 and TGH32.3 [49].
Homodimers are in general more abundantly expre§3esl TGFB family is also part of the
TGF{ superfamily that consists of nearly 30 memberg #i@re a significant sequence
homology like growth and differentiation factors¥&s) inhibin, activin and BMPs [49],[50].
TGF$ signals are passed on trough type | and type depwrs, both of them are
transmembrane serine-threonine (Ser-Thr) kinasespécific intracellular mediators known
as Smad proteins. Vertebrates have at least eiffiatesht Smad proteins that are divided into
three different functional classes: (a) receptdivated Smads (R-Smad) Smad 1, Smad2,
Smad3, Smad5, Smad8; (b) the co-mediator Smadthécinhibitory Smads, 6 and 7 [50].
The Smad complex translocates to the nucleus atetacis with other co-activators,

repressors or transcription factors to regulateegeanscription [49],[51],[52].

TGF is known to maintain bone mass and quality in eesp to a variety of biological
conditions. It participates in the anabolic resgots mechanical loading. An in vivo hind
limb loading model revealed that mechanical loadiegresses TGB-signalling trough
Smad?2/3 [53].
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1.4 Research Aims

Gerodermia Osteodysplastica (GO) is a rare gewkstmrder characterized by lax, wrinkled
skin and premature osteoporosis. GORAB is a higblyserved golgin with many unknown

functions.

To understand the role of Gorab in bone developrdiéigrent mouse models were generated.
The genetrap mouse model displayed delayed odsificen long bones at E14.5. Moreover,
mutant mice showed abnormal expression of ostebatas osteocyte specific marker genes.
Since the genetrap animals died at birth, severadliional mouse models were generated to
study the specific effect of Gorab in postnatal éodevelopment (GorabPrxlcre,

GorabRunx2cre, GorabCol2alcre and GorabDmplcre).

In this study the bone phenotype of the GorabRurex2onditional mouse line in different
postnatal stages will be analyzed. In addition,vitmo experiments on primary calvaria
osteoblasts followed by a candidate gene expregsiaiiling will help to get insight into the
osteoblast to osteocyte transition process andi¢hvelopment of premature osteoporosis in
GO.

Moreover, preliminary in vitro studies indicatedcieased reactive oxygen species (ROS)
after the loss of Gorab. Therefore, human skinofibasts and primary calvaria osteoblasts
from GorabRunx2cre animals will be used to testtédal and mitochondrial ROS levels and

DNA damages.
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2. Material and Methods

2.1 Instruments

All material and instruments used in this studylested in table 2.

Table 2: Material

Name Supplier

Centrifuges

Centrifuge 5415 C Eppendorf
Megafuge 2R Heraues Instruments

Perfect Spin 24R Refrigerated Centrifuge PeqgLab
Thermo Cycler/qPCR

9700 PCR Systems Applied Biosystems
7500 Real Time PCR Applied Biosystems
LSM 700 inverted confocal microscope Zeiss
DX60 fluorescent microscope Olympus
Axio cam HrC Zeiss
Operetta Perkin Elmer
Microtome Cool Cut HM355S Microm
Leica RM2255 Leica
Leica CM1950 Leica
PerfectBlue Semi-dry electro blotter PeqgLab
FUSION-FX7 Advance PeglLab
Nano Photometer Implen
CO2 Incubator Forma Scientific
Thermomixer Comfort Biometra
TB1 Thermoblock Biometra

2.2 Kits

All kits used in this study are listed in table 3.

Name Supplier

cDNA synthesis kit Fermentas

BCA Protein Assay Kit Pierce

Peroxidase Substrate Kit Vector Laboratories
Direct Zol RNA mini prep Zymo Research
Vectastain Mouse ABC Kit Biozol
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2.3 Software

Table 4 includes all software and programs usetdigstudy.

Table 4: Software

Name Supplier

Microsoft Office Data analysis, text processingtistics

Inkscape Image processing

Columbus Evaluation of HCS data

Ostemeasure Histomorphometry, Cell Count

7500 Real Time gPCR analysis

Skyscan software package CT analysis

Image J Image processing, Immunoblot Quantification

2.4 Cell Culture Methods

2.4.1 Human Fibroblasts

Human skin fibroblasts and from GO patients ananfrcontrols were cultured in DMEM
Medium (Hyclone 4.5g/L D-Glucose) with 10% fetallfceerum, 1% Ultraglutamine (Bio
Wittaker) and 1% Pen-Strep (Bio Wittaker).

2.4.2 Mouse Primary Osteoblasts

Mouse primary osteoblasts were cultured in alphavEyclone 4.5g/L D-Glucose) 10%

fetal calf serum, 1% Ultraglutamine and 1% PenySstre

All ROS experiments were performed in DMEM cultanedium instead of alpha-MEM. The
reason is, alpha-MEM contains additionally L-AsdorAcid, which could lead to an indirect

rescue effect in patient cells.

2.4.3 Primary Osteoblast Calvaria Preparation

Adult mice were dissected and decapitated. Theadalwas obtained; skin and muscles were
carefully removed from the bone. A short step iBe7€hanol was used in order to maintain
the tissue sterile. Afterwards, the bone was washesterile PBS; then the sample was
brought twice into 4mM EDTA for 5 minutes at°87 Supernatant was removed and then
washed 3 times in PBS. First, the bone was incdbatth 0.1% Collagenase for 5 minutes.

The supernatant, containing contamination of osten or muscles, was discarded. Then
Collagenase IV was used 3-5 times for 30 minutedigest the calvaria stepwise. Cells were

passed through a 0.4 cell sieve and stored in a medium containing FBS to deactivate
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the collagenase. Before seeding cells were cegétfdor 5 minutes at 1200RPM. The pellet

was then lysed in alpha-MEM containing 10% FCS i#qdglutamine and1% pen/strep.

2.4.4 BMP-2 Stimulation of Mouse Primary Osteoblasts

4x10* primary osteoblasts (P1) were seeded in 12 wallepl One day after seeding cells
reached confluency and were stimulated with 100hdMP-2 (Biomol) in osteogenic
medium (alpha-MEM, 10% FBS, 1% Pens-Strep, 1% glatamine, 50pg/ml Vitmin C and
10mM B-glycerolphosphate). Medium was changed every 2agsdand new ostegenic
medium with 100ng/ml BMP-2 was added to each viglls were harvested at day 0, 1, 3, 7,
10, 14 for RNA and Protein and Alizarin and ALP Ags were performed. Specific mouse
gPCR primers used for this study are listed inetdbl

2.4.5 Alizarin Staining

Alizarin Staining was performed in order to tesictan deposition in vitro. First, cells were
washed with PBS and then fixed with 4% PFA for lidutes at 4C. Afterwards cells were
washed three times. Then, 2% Alizarin Red S powdes dissolved in A.dest and incubated
for 10 minutes at room temperature. The wells viees washed three times with PBS. Red
staining showed a positive calcium deposition witthie cultured cells. Staining intensities

were qualitatively compared.

2.4.6 ALP Staining

Alkaline phosphatase staining was used to iderAify? expressing cells (osteoblasts) in
culture. First, cells were washed with PBS and firead with 4% PFA for 10 minutes at@.
Afterwards cells were washed three times. ThermDGHAP Buffer (100mM Tris pH 9,5;
100mM NaCl; 50mM MgG) was added to a 12 well plate and incubated fom&tutes.
Afterwards the buffer was removed and replaced.bynDdetection buffer (10ml #D; 45ul
4-Nitro blue tetrazolium chloride; 3% —Bromo-4-chloro-3-indolyl-phosphate). This was

incubated for 30 minutes at room temperature.

2.4.7 Cell passaging or cell splitting

Cells were washed with 1xPBS to eliminate the mfice of the serum to the activity of
trypsin. PBS was removed after 5-10 minutes thenwarmed Trypsin/EDTA (Gibco) was
added to the cell culture and incubated for 5 n@isutCells were checked under the
microscope until they were detached. Then the ce#se resuspended with medium

containing FBS and in the desired concentrationl fiseexperiments.
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2.4.8 Cell freezing

Cells were trypsinized and resuspended in normbloccdture medium. Then cells were
centrifuged (5min 1000RPM) and the cell pellet wasuspended in freezing medium
containing 40%FBS, 10%DMSO and 50% DMEM. Initiadglls were stored at -80 (either

in a polysterene or isopropanol box) and then feared into the liquid nitrogen tank.

2.4.9 siRNA knock down of GORAB in HelLa Cells

7x10* HeLa cells were seeded in a 6 well plate to reacbrdluency of 50-70%. One day
after seeding, the cells were transfected twiceh w#iRNA against GORAB (5-
CCAUGAUGGUCACAACAAUTT-3) or control scrambled siRN (Ambion Cat. #
AM4635) using INTERFERIR' (Polyplus transfection) as a transfection reagdaotording
to the manufacturers protocol, 200nM siRNA was mixgith 2ul interferin in 100 pl
OptiMEM (Gibco) for 10 minutes before adding to ttedl culture. This allows the complexes
of siRNA duplexes and interferin to form, beforeden it to the cells. Eight hours after the
first transfection, the cells were transfected eomsd time with the standard protocol. The
cells were then harvested 72 hours after the tlisstsfection for immunofluorescence, RNA

extraction or protein lysates.

2.4.10 Hydrogen Peroxide Treatment

Cells were seeded at 70% confluence either on csliEs, or for protein or RNA extraction.

Cells were washed 3-4 times to ensure the compét®val of serum in the wells. Then
200uM or 1mM hydrogen peroxide (Sigma Aldrich) wadded to starvation medium

(5mg/ml BSA in DMEM) for maximum 1 hour. Then thgdnogen peroxide was replaced by
normal cultivation medium for up to 3 hours or avght. The standard time points used for
this study were 0, 30, 60, 120 and 180 minutesacara/ernight.

2.4.11 Immunofluorescence

Cells were plated onto glass cover slips at 50P% confluency. The cells were then fixed
in 4% paraformaldehyde (PFA) afCifor 10 minutes. After the fixation the cells were
washed 3-4 times with 1xPBS and permeabilized With% Triton X-100 (TX-100) in
3%BSA in PBS at RT. The cells were then blockedh\8f% BSA for 30 minutes at RT. This
was followed by the primary antibody incubation 48C overnight. Then the cells were
washed 3-4 times with PBS and stained with the miagcsecondary antibody for one hour at
room temperature. The cells were then counterstavith DAPI and washed 3-4 times with

PBS. The cover slips were then mounted with Fluanam™ on a glass slide. Images were
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taken either with the Olympus Bx60 microscope dred ®lympus fluorescent light (U-RFC-
T) or with a confocal microscope LSM700 from Zei€pecific primary and secondary

antibodies that were used in this study are liseldw in table 6.

Table 5: Primary Antibodies

Antibody Manufacturer Ordering Number  Dilution
Gorab Abcam ab128110 1:200
Gorab Sigma Aldrich HPA027208 1:300
GM130 BD 610823 1:500
Rab6 Santa Cruz SC-310 1:300
p-Smad2 Cell Signaling 3101 1:300
Decorin R&D AF143 1:300
Collagen | Abcam 34710 1:200
Lamin A/C Santa Cruz sc-6215 1:500
Calnexin Santa Cruz sc-6465 1:500
TGN46 Serotech AHP500G 1:500
EEAl BD 610457 1:500
GoataMouse Alexa 555 Invitrogen A-21422 1:500
GoataMouse Alexa 488 Invitrogen A-21428 1:500
GoateRabbit Alexa 488 Invitrogen A-11008 1:500
GoateRabbit Alexa 555 Invitrogen A-21428 1:500
DonkeywaGoat Alexa 555 Invitrogen A-21432 1:500
DAPI Lifetechnologies @ D1306 1:3000

2.5 RNA extraction, cDNA synthesis and gPCR analysis

2.5.1 RNA extraction

RNA extraction from cell culture plates was done using TRIzol® reagent (Invitrogen)
followed by RNA isolation using Direct-z8M RNA mini preparation kit. g of RNA was
then used for cDNA synthesis using the RevertAitl (dermentas) according to the

manufacturer’s protocol.

2.5.2 Real time gPCR on cDNA

Quantitative real time PCR was performed with an ABOO real time PCR system (Applied
Biosciences) using EvaGreen (Solis). All the prisndrat were used in gPCR analysis are
listed in Table 5.

The expression levels of specific genes were diieatby real time PCR. Eva green, binds to

dsDNA and during the PCR reaction cycle the flucease intensity increases proportionally.
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The increase in fluorescent signals of the PCRuymrbds measured in real time. Primers for
real time PCR were designed with primer3_(httpoififio.ut.ee/primer3-0.4.0/). gPCR

reaction was performed in 96 well plates in a vauaf 20ul on an 7900 Real-time Cycler
from Applied Biosystems. The data analysis wasqgeeréd with the 7900 software SDS 2.1.
Expression levels of candidate genes were meascoetpared to Gapdh, which is a
housekeeping gene (relative expression) (TableableT7). 1 ng cDNA, 2.5pmol of forward
and reverse primer and Eva Green gPCR master mne wsed for the reaction. The
presented data are averages and standard deviatfotriplicates of one representative

experiment out of at least three.

Table 6: Primers used for gPCR analysis of humarpkes \

Name Sequence 5a 3

oh GORAB F: GGCTAAAGCTATTGCAGAAAGATCC
- R: CCTCAGCCCTGTCAAACCGCT
oh Decorin F: GTGTCATCTTCGAGTGGTGCAG
- R: GCCTCTGGACTGATTTTGCTGATC
F: CACTGCTGGAAGCCGGGGTT
ah_p16/CDKN2A R: GTTCGAATCTGCACCGTAGTTGAG
oh DOITLA F: CTCTCTGGGTGATAGCCACAG
- R: TGGCAGCGCTCAGGAAAGGC
oh SOD2 F: AAGTACCAGGAGGCGTTGGCCA
- R: CTTTGGGTTCTCCACCACCGTTAG
oh TG F: ACCCGCGTGCTAATGGTGGTGGAA
- R: GTACCGCTTCTCGGAGCTCT
oh TGH2 F: ATGTAGCGCTGGGTTGTTGGAGATGT
- R: ATGCCATCCCGCCACTTTCTAC
oh p2t F: GCAATACTTCTGGAGATCTGTACC
~ R: TGACAAAGGAACAATTAAACTGG
oh Serpine F: CCCATAGGGTGAAACCACTGT
- R: GAACTTGAGGATGCAGATGTCTC

2.6 Animal handling

2.6.1 GorabRunx2creconditional mouse model

Gorab (Scyllbpl) floxed animals were created bgrenér colleague (WL Chan) of our lab.
Briefly, a BAC clone containing the mouse Gorabu®evas obtained from Geneservice Ltd
containing Exon2 and Exon 4 of the Gorab flankiagions. LoxP sites were then inserted
into the targeting vector, flanking Exon2 and 3 Hymologous recombination. Runx2cre
expressing mice were obtained from J. Tuckermaam fthe University of Jena. Briefly, a

150 kb BAC clone covering thRunx2 locus was modified by inserting a codon-improved
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Cre-recombinase at the translational start sitthh@fbone-specific site of the distal promoter
(P1) of theRunx2 gene by ET recombination (J. TuckermarR)nx2 cre expressing female
mice were bred with Scyllbpl homozygous male m&eyllbpl (flox/flox) Cre positive
animals were used as Gorab deficient mice and caedp@ Scyllbpl (flox/-) Cre positive
animals that served as control. All mice were Kapbur animal facility at the Max-Planck

Institute of Molecular Genetics in Berlin underrgtard housing conditions.

Table 7: Primers used for gPCR analysis of mousgkEs \

Name Sequence 5a 3

" GGGAAGCCCATCACCATCTT
am_GAPDH - CGGCCTCACCCCATTTG
 Gorb . CGGATGGCTCAGGATTGG
am._ - CGAGTTTTCTTCACAGGAATTCG
 osterix . GAGGCCTTTCGTCTGCAACT
am._ - TTCTTCTCCCGGGTGTGAGT

. CGCAGGTTCTTGGTCACTG
gm_p16/CDKN2Aa - TCTGCACCGTAGTTGAGCAG

: TGACAGATTTCTATCACTCCAAGCG
: CACACAGAGTGAGGGCTAAGGC

: CCTGGCTGCGCTCTGTCT

: TGCTTGGACATGAAGGCTTTG

: TGGCCGGGTCTGTGCTGGGTCCG

: GTCCATGGGAAGATGTTCTGG

: TGGCCGGGTCTGTGCTGGGTCCG

: GTCCATGGGAAGATGTTCTGG

gm_p21/CDKN1A
gm_Osteocalcin
gm_XBP1

gm_XBP1spliced

M 20 T 0T 20T 0T 00T 0T A0TA0TAaT

rerbL . ATACGCCTGAGTGGCTGTCT
qm._ . GCTGAATCGAAAGCCCTGTA

. CGAGGAGTACTACGCCAAGG
Qm_TGFb2 - CAA TGAGCCAGAGGGTGTTG
am_ Noxa . CCAGAGTATCACTACCTCCACCA

R:TCAGAGGTAAGCCAAGAGTGTTC

2.6.2 Runx2 Cre Genotying

For genotyping, genomic DNA was extracted from neotasl cuts. The PCR protocol, the

primers and the cycler temperature program aredibelow.

3 Primer strategy by binding of the 5 primer (2d)the cbfal promoter of the endogenous
gene and the transgene and binding of one 3 pi[2%rto the cre sequence and one 3 primer
(30) to the endogenous cbfa-1 sequence. Therebidtype product 24-30 of 780 bp will be

generated and a transgene product 24-25 of 600Hgpcorresponding primers and sequences

are listed in table 8.
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Table 8: Runx2 Primer Sequences

Name Sequence 5’ a 3

Gorab 1F CGACACAGGACACAATTTTTGA
Gorab 1R GAAGATAAAACAATCACAGGGAT
Gorab 2F TCATGTGCTATGCCATACTGC
Gorab 2R ATCTCCCTCTCACCATTTCTG
Runx2_24 CCAGGAAGACTGCAAGAAGG
Runx2_25 TGGCTTGCAGGTACAGGAG
Runx2_30 GGAGCTGCCGAGTCAATAAC

Template DNA was mixed with the PCR master mix thatescribed in table 9.

Table 9: Runx2 PCR Master Mix

Reagent Volume per Sample
Firepol 12.5M MgC} 2.50pl
dNTPs 1.0Qul
F24 Primer 0.75u
R30 Primer 0.75u
R25 Primer 0.75u
DNA 1ug 2.0Qul

The Gorabfl/fl;, PCR was implemented on a GeneAmpRPS8ystem 9600 (Applied
biosystems under following conditions (see tablg 10

Table 10: PCR Cycler Programm

Repeats Time Temperature
1x 5 min 95°C
30sec 95¢C
35x 30 sec 59°C
1 min 72°C
1x 10 min 72°C

2.6.3 X-Gal Staining

To detect all time point and regions Rfinx2 promoter activity,Runx2 mice were crossed
with a RosalLacZ reporter mouse. Embryonic stages, 2.5, 14.5 and P2 were taken to
study theRunx2 activity in embryonic development. Whole embryostlee tibia and femur
were fixed with PBS containing 5mM EGTA, 2mM MgGind 0.25 Glutaraldehyde. Before
the staining, the tissue was permeabilized witll%Gdeoxycholate and 0.02% NP-40 for

either 3x5 minutes or 3x15 minutes, depending enatpe of the animal. The X-gal staining
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buffer contained 2mM MgG|5mM KsFe(CN)-H20 and 5mM KFe(CN)}. The samples

were incubated for 2-4 hours at°@7and then overnight af@.

2.6.4 Enrichment of osteocytes from mouse long bone f&NA extraction

Osteocytes from cortical bone of mouse long boneevenriched by sequential collagenase
digestion. This protocol was similar to the protogsed by Kramer et al, 2010. Mouse bones
were first cleared from surrounding muscles. Thes ¢piphysis was cut off and the bone
marrow was flushed out using a syringe with PBSe Bbne shaft was then digested twice

with 0.2% collagenase in isolation buffer at 37C

Isolation buffer: 70mM NaCl, 10mM NaHCOs, 60mM Sorbitol, 30mM KCI, 3mM KCI, 3mM
K2HPO4, 1ImM CaCl;, 0.1% BSA, 0.5% Glucose, 25mM HEPES

2.6.5 Mouse Osteoblast extraction from GorabRunx2cr€alvaria

Mouse primary osteoblasts (POBs) were prepared tf@ncalvaria of E18.5 embryos or 2
week old adult GorabRunx2cre mice. The animal wiasedted and further processed to
remove skin, muscles and blood vessels from theadal Then, a pre-digestion followed
using 0.1% collagenase for 10 minutes &iC37These first cells were discarded. Then, 3-4
incubations in collagenase/trypsin followed for hutes. These cells were rinsed trough a
cell sieve and collected in a 50ml Falcon. Collagaitrypsin was inactivated by a medium
containing 10% FBS.

2.7 Biochemical Methods

2.7.1 Protein extraction from tissue

Tissue samples were prepared and immediately froeéquid nitrogen and stored at 8D
until further processing. Then tissues were deepeft homogenized by a metal mortar. The
crushed tissue was lysed in either RIPA buffer (8Dmris HCI pH=7.4, 1%NP-40, 0.5%Na-
deoxycholate, 0.1%SDS, 150mM NaCl, 2mM EDTA, 50mMHA\ or in 8M Urea at room
temperature. Lysis was performed until the whossue was homogenized. Lysates were
sonified and centrifuged aP@ at 1300rpm for 5 minutes. The supernatant wassteared

into a new Eppendorf tube and stored af€20ntil further use.

2.7.2 Protein extraction from adherent cells

Adherent cells were washed first with PBS. Lysistlud cells was performed using RIPA

buffer containing proteinase inhibitors. Tissuetards were always kept on ice in this
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process. Afterwards cells were dislodged by usingel scraper and transferred into a
microcentrifuge tube. Cells were then sonified #@r seconds with a 50% amplitude in a
Branson Sonicator. Then cell lysate was centrifuigecd minutes at 1500 RPM at@. For

storage, the lysates were frozen at -20°C or -80°C.

2.7.3 Determination of protein concentration

Protein concentration was determined by BCA progésisay reagent kit (Pierce) according to
manufacturer protocol. The extinction at 570 wateeined with a microtiter plate reader.
Proteins concentrations were calculated accordmga tBSA standard curve measured

simultaneously.

2.7.4 Sample preparation

Samples derived from cell culture or mouse tissuexe prepared as described before. 10ug -
30ug of protein was prepared and prior to run 1x3@xsling dye diluted in A.dest. The

lysates were properly mixed and then heated fomutas at 100°C for protein denaturation.

2.7.5 SDS Page

Immunoblot analyses was performed in order to s#paand analyze proteins in a semi
quantitative way. Proteins are separated basedheimn tmolecular weight trough a gel

electrophoresis. The results are then transfeoedhlotting membrane, producing a distinct
band for each protein. The membrane is then inewbaith the desired antibody of interest to

detect specific proteins.

2.7.6 Gel preparation

Immunoblot gels were made by two layers of différgpes of acrylamide gel: stacking and
separating gel. The stacking gel is the uppergfatte gel is slightly acidic (pH 6.8). It has a
lower acrylamide concentration making a porous @#lich separates protein poorly but
allows them to form thin, sharply defined bandse Bleparating (lower gel) is basic (pH 8.8),
and has a high polyacrylamide content. This makesgel pores narrower. The proteins are
separated by size, small proteins travel moreyeasill faster trough the separating gels than

bigger ones.

4x Separating Gel Buffer: 1.5M Tris, 0.4%SDS, pH=8.8

4x Sacking Gel Buffer: 0.5M Tris, 0.4% SDS, pH=6.8
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2.7.7 Electrophoresis

The proteins when loaded on the gel have a negeligege, as they have been denatured by
heating, and will travel toward the positive eled&# when a voltage is applied. When the
samples were running through the stacking gel 6@% applied. Later when the proteins
were running through the separating gel the voltages increased to 120V. After

approximately 1.5 hours the protein lysate withdige runs off the bottom of the gel.

10xRunning Buffer: 250mM Tris, 2M Glycin, 1%SDSin A.dest

2.7.8 Membrane Transfer

After separating the protein mixture, it is tramede to a membrane. The transfer is done
using an electric field, causing proteins to mow of the gel and onto the membrane. A
sandwich for transfer was created as follows: ®@rfipaper, membrane, gel, 2 filter papers
using transfer buffer. The membrane was placed dmtvihe gel and the positive electrode.
Transfer lasted for about 90 minutes when usinghingels and 1hour minutes for 0.75 thick

gels.

10xTransfer Buffer: 250mM Tris, 2M Glycin in A.dest

2.7.9 Protein Detection

After membrane transfer was successful, membramge Wocked in 5% blocking milk in
0.1%SDS in PBS. After blocking, membranes were bated overnight at°€ on a shaker
with blotting milk including the primary. The negaly the membrane was washed 3 times in

washing buffer and then incubated with the secondatibody in blocking solution.

Wash Buffer: 0.1%NP-40 in PBS, Blocking solution: 5% nonfat dried milk, 0.2% NP-40 in
PBS

The proteins on the membrane are then detectedanitmtibody, labeled with a horseradish
peroxidase (HRP), which is detected by the signaiaduces corresponding to the position of
the target protein. This signal is captured Immuaotothemiluminiscence device from Peqlab
(FUSION-FX7 Advance SUPER-BRIGHT).
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Table 11: List of antibodies used for Immunobloalgsis

Antibody Manufacturer Ordering Number  Dilution
Gorab Abcam ab128110 1:1000
Rab6 Santa Cruz SC-310 1:1000
p-Smad2 Cell Signaling 3101 1:1000
Decorin R&D AF143 1:1000
Collagen | Abcam 34710 1:500
Lamin A/C Santa Cruz sc-6215 1:500
Smad2 Cell Signaling 3122 1:1000
GapDH Santa Cruz Sc-6215 1:10000
Actin Cell Signaling 4967 1:1000

2.8 High Content Screening

2.8.1MitoSOX Measurement by Operetta

5x1C cells were seeded in a 96 well plate (Cell Carferkin Elmer). 1 day and 7 days after
seeding, cells were incubated at°@7in colourless DMEM containing 5uM MitoSOX

(Invitrogen, M36008) and Hoechst (33342, Invitrogefor 10 minutes. Then the cells were
washed once in PBS and fixed in 4% PFA% #br 10 minutes. In order to remove the PFA

cells were washed 3-4 times with PBS.

2.8.2 CellRox Measurement by Operetta Imaging System

5x10C cells were seeded in a 96 well plate (Cell Carferkin Elmer). 1 day and 7 days after
seeding, cells were incubated at°@7in colourless DMEM containing 5uM CellRox
(Invitrogen, C10422) and Hoechst (33342, Invitra@iemhen the cells were washed once in
PBS and fixed in 4% PFA af@ for 10 minutes. To remove the PFA, the cells weashed
3-4 times with PBS.

2.8.3 Co-Culture Experiments by Operetta Imaging System

1x1C control HAF cells were seeded in a 24 well cultdigh (black Visiplate, TC treated).
GO HAF cells were seeded in ThinCerts (Greiner Bigh a pore size of 1lum. Cells were
either cultured in normal DMEM containing 10% FC3% Pens-Strep and 1%
Ultraglutamine, or with additionally supplied T@Fnhibitor (SB-431542) at a concentration

of 10ng/ml. Medium and the medium containing theFI§Gnhibitor were changed ever 2-3
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days. 7 days after the first TGFmnhibitor stimulation, cells were stained with BBOX and
Hoechst33342, as previously described. Afterwarelés overe fixed in 4% PFA at°@;

washed and prepared for imaging.

" Transwell Insert

Upper Compartment
containing GO HAFs

S e s Weroporous Mermbrane 01w

Lower Compartment
containing Control HAFs

Figure 4: Co-Culture System.This system with an ultrathin glass bottom (Perkimer) was used for co-
culture of GO and control human fibroblasts. ConkiéFs were seeded confluent in the lower compantme
whereas GO HAFs were seeded in the upper compattifiea transwell insert with a microporous membrane
(0.1um) was used for separation. DMEM medium +SBA21TGF$ inhibitor was usedThis image was
modified from:

[http://www.unc.edu/depts/our/hhmi/hhmi-ft_learnimgodules/2012/biologymodule/science.html]

2.8.4 High Content Imaging

24 and 96 well plates with an ultrathin glass lagetton were analyzed with the Operetta
System from Perkin Elmer. The Harmony software wsed to place the settings. CellRox
had an excitation/emission wavelength of 485/520 (@reen), MitoSOX 510/580 nm and
Hoechst 33342 350/461 nm. A 20-fold magnificatioaswused for imaging and following
positions of the well were recorded (see Figurel'ag Perkin EImer Software Columbus was

used to quantify intensity properties of the difietr dyes.
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Cvtoplasm

Intensitv Properies

>50

Figure 5: Workflow High Content Screener Imaging.First nuclei were selected according to Hoechs#233

>100 >150

counts. The cytoplasm was selected automaticaledbaon regions around the nuclei. Dye intensitiesew

calculated and grouped.

2.9 Radiological Methods

2.9.1 uCT Analysis

uCT analysis was done by using the high-resolutiocrarcomputed tomography Skyscan
1172. Long Bones and the vertebras were scann&dd@kV and 124 mA, Al 0.5 mm and a
resolution of 4.9m. Reconstruction of the files were conducted Wiecon using 0.00 as a
lower threshold and 0.10 as upper threshold andambhardening correction of 30%. The
regions of interest for the trabecular and fordbgical bone were defined with CTan due to
following restrictions: 100 slices in total for theabecular bone, starting after the growth
plate below the primary spongiosa. 100 slices bridllowed after the trabecular bone
measurement. The ROI for the cortical bone wasigkt afterwards, 100 slices in total. An
illustration of the region of interest of the lohgnes is shown in Figure 6. The trabeculae of
the fifth and sixth lumbar vertebra were measuretivben the upper and the lower growth

plate.
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Figure 6: ROI definitions with CTan. 100 slices ctrabecular bone was measured after the growth
and primary spongiosa for 100 slices. 100 slicesband afterwards followed by 100 slices cortimzie

measurement.

2.10 Histological Methods

2.10.1 Methylmethacrylate (MMA) embedding and sectioning

Tibia, Femur and Spine were embedded in MMA (Po&smes, Cat. #00843) and then
sectioned for histological studies. The bone samplere first fixed in 4% PFA for 16-24
hours at 4C. Then the samples were dehydrated in ascendiranet 70% ethanol for 24
hours, 80% ethanol for 24 hours, 100% ethanol #rhdurs, ethanol:acetone=1:1 for 24
hours, 100% ethanol for another 24 hours, twicenglfor 2 hours. Then the bone samples
were infiltrated with the infiltration solution faat least 24 hours af@. The polymerization
was started under low pressure (200mbar) and tbatinced at normal pressure &C4in
polymerization solution. The embedded samples wWeee cut at 5 pum thickness using a
Leica RM2255 microtome.

Infiltration solution: 10% v/v polyethylene glycerol (Sgma, Cat. # 202398), and 0.33% w/v

benzoylperoxide in MMA

Polymerization solution: 10% v/v polyethylene glycerol (Sgma, Cat. # 202398) and 0.55%
w/v benzoylperoxide in MMA and 0.5% v/v N,N-dimethyl-p-toluidine in MMA

2.10.2 Histological Staining

MMA sections were deplasticized by washing in 2{meyethylacetate thrice for each 10
minutes. Then, the sections were washed in xylemeetfor 5 minutes and then rehydrated
trough 2x100%, 70%, 50% ethanol for one minute anhestep. Finally the sections were

rinsed in A.dest and then used for the differestdiogical stainings.
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2.10.3 Von Kossa and Toluidine blue double staining

This staining is used for general bone histologgcti®ns were put into 1% silver nitrate
solution for 3 minutes and then washed in wate2faninutes 3 times. The staining was then
developed in 5% NaC&olution with 10% formaldehyde for 2 minutes. Tleet®ns were
then washed in running tap water for at least 1Quteis. Then 5% N&O; solution was
applied to remove unwanted background staining. éations were then washed again in
running tap water for 10 minutes. Finally, the se® were counterstained with 0.05%

toluidine blue solution for around 2-3 minutes.

2.10.4 Masson Goldner

This staining was used for high quality cellulastblogy and extracellular matrix staining.
First, the sections were incubated for 2 minuteSVieigerts Haematoxylin. Afterwards, the
sections were washed in running tap water for 1Quteis. The bone sections were then
stained for 5 minutes with the Ponceau-FuchsintsolChroma Cat. #2C149). This leads to
a blue plasma staining. Then the slices were ringigd 1% acetic acid for only a few
seconds. The sections were then differentiatedram@® G solution (2% w/v Orange G in 3%
phosphomolybdic acid) for 5 minutes. Then the sastiwere rinsed again in 1% acetic acid
and then stained in light green solution (0.1% Wéht green in 2% acetic acid) for 5
minutes, for collagen fibre staining. The sectiamsre then dehydrated and mounted for
imaging. Images were taken with an Olympus Bx60 rbkcope, an AxioCam Rc Zeiss

camera and processed with the Axio Vision Software.

2.10.5 Von Kossa and Pikro Fuchsin double staining

This staining is generally used for osteoid stagnamd quantification. The protocol for the
von Kossa staining can be found above. Then th&osscwere then stained with Picro
Fuchsin solution for 10 minutes and then mountetth \Entellan for imaging. Osteoid area,
volume and thickness in the metaphysic were detethiusing the Osteomeasur¥

software.

2.10.6 Trap Staining

This enzymatic assay was used to visualize thedststs in the trabecular bone region of the
long bones. MMA embedded, PFA fixed sections weilbated overnight in the TRAP
staining solution which consisted out of 1mg Nap#8-MX-phosphat / 100ul N-N
Dimethylformamid in 10ml TRAP buffer (40mM Na-actta10mM Na tatrat, pH5.0). Light

green was used to stain the nuclei.
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2.10.7 Picosirius Red staining

Samples were deplasticized and rehydrated as Hedcabove. Then sections were incubated
in 1.2% Picrosirius Red solution (Fluka/Sigma) whiwas always made fresh containing
1.2% saturated picric acid and 0.2g ‘Direkt Rot’ P (200ml). The samples were visualized

with a polarized light microscope.

2.11 Paraffin Embedding and sectioning

Tibia, Femur and Spine were prepared and immegidibetd with PFA at 4C overnight,
followed by a decalcification step with EDTA. Thehe sections were processed trough
ascending ethanol (70%, 90%, 2x100%) and 2 timdengyfor 30 minutes to ensure a
subsequent dehydration. The samples were thetramditl with liquid paraffin at 6C 3 times
45 minutes each and afterwards the samples wereedstatl in paraffin. The paraffin

embedded samples were then cut at 5 um thicknesg ai eica (2255) microtome.

2.11.1 Immunohistochemistry (IHC) on paraffin embedded tssue

The paraffin embedded section were processed traxiglglene for 10 minutes each, this was
followed by descending ethanol steps to ensure gorophydration. Then sections were
incubated with 3% H202 for 10 minutes to block egelwous peroxidise activity. Then the
sections were washed 3-4 times with PBS. The sectiere then permeabilized using 0.1%
TX-100 in 3% BSA, followed by a blocking step in B&A/PBS for 30 minutes.

Then the sections were incubated for 12-16 houtis thie primary antibody (Table 2) &Gt

in a humid chamber. Then sections were washed iB¥dstin PBS and incubated with a
biotinylated secondary antibody for 30 minutes @imn temperature. Afterwards, sections
were washed 3-4 times with PBS and incubated formGutes with the ABC reagent

(Vectorlabs) for signal multiplication. Then thecgBens were incubated with the DAB

substrate until the optimal colour develops (2-liutes). Then sections were washed in A.
dest. for at least 10 minutes. A counterstainirgyally haematoxylin, was done as a final

step. All primary antibodies used in this study lested in table 12.
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Table 12: List of antibodies used for Immunohisecistry

Antibody Manufacturer Ordering Number  Dilution
Scerlostin R&D AF1589 1:200
Osterix Abcam ab22552 1:200
8-Oxoguanine Abcam ab64548 1:500
53BP1 Santa Cruz sc-22760 1:500
Osteocalcin Enzo Life Science  ALX-210-333 1:3000
p-Smad2 Cell Signaling 3101 1:500
P21 EuroMabNet Hugo291H/H6 1:100
P16 EuroMabNet Car327 1:10




Results 31

3. Results

3.1 Preliminary Results

3.1.1 Gorab genetrap (GT) mouse model

A mouse model was obtained by our laboratory incwhheGorab gene was inactivated by a
genetrap (GT) strategy. In this genetrap animabtwetrap cassette was inserted into the first
intron of the gene leading to a reduction of therab mMRNA by over 90%. Preliminary
analyses of GT animals were done by Dr. Heikuo greaformer colleague of the laboratory.
However, these homozygous animals died soon aiitér because of breathing difficulties.
The lung of the GT animals was examined and it fwagad that the connective tissue in the
lung and the alveoles was highly altered. Neveed®lno lung defects were reported in
human GO patients. Interestingly, the skin seengder comparing to littermate controls.
This finding is also in contrast to human patientsere the skin is lax and loose. The GT
animals showed also mild delay in ossification 45 which was revealed by Von Kossa
staining. In E18.5 no significant difference coblkel detected except for a mild shortening of
the long bones and a thickened and slightly disurgal bone collar. These data point into the
direction of an altered osteoblast developmentlproabGT animals showed a highly altered
gene expression of osteocyte markers in the borveedsas defects in the glycosylation in

skin tissue and in the perichondrium of the longéo

3.1.2 Conditional Knockout Mice

To prevent the lethal effect of the germline knagkand investigate the postnatal
consequences of Gorab deficiency Dr. Wing Lee Cpenerated conditional Gorabflox
knockout mice. First, exon 2 and 3 of the Gorablallvere targeted for deletion. Exon 2 and
3 were chosen because of a.) their small size kb2 #&nd b.) because these exons encode the
majority of the first coiled-coil domain. This déten leads to a frameshift mutation, which
entails the complete loss @orab. SubsequentlyGorab was deleted in different cell types
using transgenic lines expressing cre recombinaderuhe control of the Prx1, Col2al and
DMP1 promoters in mesenchymal progenitor cells hdnocytes, and mature osteoblasts and
osteocytes, respectively. A severely osteoporotienptype was obtained for the resulting
GorabPrx1 and GorabCol2al lines, but not for GorapD. This indicated that the Dmp1-

driven inactivation occurred after the vulnerabiiage of osteoblast differentiation.
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3.2 Role of Gorab in bone development

3.2.1 Generation of conditional GorabRunx2cre mouse mode

GorabRunx2cre conditional mutant mice were obtaingdrossing the Gorabflox strain with

a Runx2 transgenic mouse line in order to inactivate Garalvivo within the expression
domain of the Cre transgene. In Prof. Dr. Jan Tunk@’'s lab a BAC containing tHeunx2
locus was modified through ET recombination to rhgecre recombinase sequence and an
ampicillin resistance gene which were flanked by #RT sites at the translational start site
of the distal promoter (P1) of thunx2 gene.

3.2.2 Phenotypic analysis of GorabRunx2cre animals

By crossing the conditional Gorabfl/fl mouse withet Runx2cre mouseGorab was
inactivated in an early osteoblastic state. Theditmmal mutant mouse was viable, in
contrast to the genetrap mouse model, which digbdeatiay of birth because of lung failure.
Overall, the GorabRunx2cre mouse has weak mineataiz in the long bones, in the
vertebrae and in the calvaria and serves as a guomdkl to study the development of
osteoporosis. Mutant mice of three postnatal stayegeek (juvenile), 12 week and 26 week
(adult) were analysed for phenotypic abnormalifidse characterization of these animals was

mainly focused on the bones of the hind limbs vimgebrae and the calvaria.

A c Mut Het Mut Het
1F 2F i v
655 bp —s Gorab
loxP =3 E3 loxP E4 535 bp 1F1R
<= <

1R 2R

B
600 bp —— Gorab
Runx24 1F2R
Cre Transgene

Runx2
— .
Runx25 Runx30
D D —

Runx2cre

Figure 7: GorabRunx2cre genotyping strategy. (ASchematic diagram of the Gorab locus showing tisggde
for PCR genotyping. 1F1R primer pair flanking tivstfloxP site. 2F2R flanking the second loxP 8% Runx2
locus with the three primer strategy. By bindingtleé 5 primer (24) to thBunx2 promoter of the endogenous
gene and the transgene and binding of one 3 pr{@&¥ to the cre sequence and one 3’primer (30h¢o t
endogenoufRunx2 sequence two PCR products will result. (C) 1F1Roggping result. Homozygous mutants
Gorabfl/fl showing only one band at 655bp and te&etozygous control showing two bands, one at 5Z&tap
an additional one at 655bp. (D) Cre-floxed medidtadckout leads to an amplification of the 1F2Rdurt
with a size of 600bp. (E) With the Runx2cre prirsgategy a wt product of 780 bp (with the primeir 24-30)
and a transgene product of 600 bp (with the pripagér 24-25) will be generated.
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3.2.3 Inactivation of Gorab results in size reduction ad weight loss

GorabRunx2cre mice were significantly smaller aighter compared to their littermate
controls. The weight difference was most strikingtiweek old animals. In detail, by 4 weeks
GorabRunx2cre conditional mice showed a reductiobb63g (SD+1.08) to 8.2g (SD+3.53)
comparing to littermate controls which is a redwoictdf 48%. 12 week old GorabRunx2cre
animals were significantly smaller and lighter. Theight was reduced from 19.38g
(SD+3.19) to 16.12g (SD= 1.59) compared to cordromals, which is in total a reduction of
17%. 26 week old GorabRunx2cre mice had around [Es¥% weight comparing to control

animals. Sincdrunx2 is only active in bone and cartilage, size redutieight differences

and skeletal abnormalities were observed. No attréding phenotypic alterations were seen

in GorabRunx2cre animals.

3.2.4 Inactivation of Gorab results in osteoporosis

Skeletal abnormalities in 4 week old GorabRunx2crenice

To quantify bone quality of GorabRunx2cre mutanteniX-ray radiography was performed.
3D microCT reconstruction of 4 week and 12 week ®twrabRunx2cre conditional mutants
showed clearly skeletal changes and phenotypicerdifices. The long bones were not
properly mineralized; both femur and tibia werengigantly shorter. Whole body X-ray
scans showed that 4 week old GorabRunx2cre mutares significantly smaller comparing
to controls. The femur and tibia were shorter amndner and showed a low mineralization
rate. MicroCT analysis was performed in the digahur, the proximal tibia and thé"&nd

6" lumbar vertebrae. By 4 weeks the tibia and theufeof mutant mice were shorter and
narrower than the control animals. This was indidaty the reduction in total bone volume
and cortical bone thickness. In addition, there wakecrease in trabecular bone volume. For
detailed volumetric analysis of all bones see t@bl@ addition to the thinning and shortening
of the bones, the overall structure was bendedagpéared to be more fragile. The tibia of 4
week old mice showed a decrease in length of 140918D+0.63) to 10.02mm (SD+0.69)
comparing to controls. A similar observation wasdman the femur of the animals. By 4
weeks the femur length was decreased from 13.248m1.02) to 9.99mm (SD+0.58).

Skeletal abnormalities in 12 week old GorabRunx2crenice

Whole body X-ray radiography showed skeletal abraditras in 12 week old GorabRunx2cre
mutants. Similar as in the case of the 4 week pithals; long bones were shorter and thinner

and showed a low mineralization rate (Figure 8lA)detail, distal femur, proximal tibia and
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5 and &' lumbar vertebrae were conducted for volumetridyaig The femur and the tibia
of 12 week old GorabRunx2cre mice was shorter aardower indicated by a decrease in
total bone volume and thickness of the corticaldodn addition, a decrease in trabecular
bone volume to tissue volume ratio as well as aaton in trabecular thickness, number and
an increase in trabecular separation was detethedtibia of 12 week old animals showed a
reduction in length from 15.28mm (SD+0.645) to Dr@n (SD+0.52). A similar observation
was made in the femur of 12 week old mice; femungle was reduced from 15.30mm
(SD+0.35) to 12.98mm (SD+1.07). For detailed voltnoeanalysis see table 13.

A Control GorabRunx2cre

B 4 weeks C 12 weeks

Control GorabRunx2cre Control GorabRunx2cre

p=0.0021 p=0.045

@ Control

@ GorabRunx2cre

4 Weeks 12 weeks

Figure 8: (A) X-ray radiography of a 4 week old GorabRunx2cre animal compared littexmate control

showing a reduction in size and a severe osteopoaishe long bones and the spine. (BXGjay radiography
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on a 4 week and 12 week old control and GorabRuex@nimal revealed a severe shortening and thinoing
tibia and femur. Additionally a severe osteoporosas observed with a low degree of mineralizati@)
GorabRunx2cre animals were significantly lightearththeir littermate controls. The mean weight invdek
animals was reduced from 15.63g (SD+1.08) to 83g#3.53) (n=6) (p=0.0021). In 12 week old mutathis t
weight was reduced from 19.38+3.19 g to 16.12+ 1§ %8=6) (p=0.045). Statistical analysis was perfed by

two tailed paired t-test. Error bars are represgn8D.

3.2.5 Inactivation of Gorab results in bone defects andhigh fracture risk

The low degree of mineralization leads to a highacture risk in GorabRunx2cre mutants
comparing to control animals. The highest fractus& period was found between 2 weeks
and 6 weeks of age (Figure 9.A). Another phenotygbhoormality of the GorabRunx2cre
mutants is the malformed pelvis with a triangulatuvator foramen, a short and thin pubis
and a severe flatting of the ilium and ischium. Tketebra appeared to be shorter, flatter and
narrower in size and had smaller processes (FigBg In all time points a significant size
and weight difference could was observed. Howetber size difference is most striking in 4
weeks of age. With progressing age the weight whffee gets more moderate showing a

regressive phenotype development.

A Control GorabRunxZcre B Control GorabRunxZcre

Figure 9: X-ray Radiography (A) Low degree of mineralizion in GorabRunx2cranutants compared
their littermate controls. The severe thinningta bone leads to a higher fracture risk especietyveen
weeks and 6 weeks. (B) Malformed pelvis in the mutiote the thinner and more bended bone structure

3.2.6 Inactivation of Gorab results in cortical bone thnning

Cortical tibia and femur were significantly thinrmympared to controls. Cortical thickness of
the tibia in 4 weeks old mutants was significantdgduced from 0.115mm (SD%0.015) to
0.069mm (SD+ 0.017), in 12 week old animals frohi2@mm (SD+ 0.014) to 0.084mm
(SD%0.02) and in 26 weeks from 0.198 (SD+0.029Dtb42 (SD+0.011). Femoral cortical
thickness in 4 weeks old animals was reduced frdrh@nm (SD+0.002) to 0.082mm (SD+
0.026), in 12 week old animals from 0.119mm (SD&19) to 0.099mm (SD+0.049) and in
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26 weeks from 0.196 (SD+0.025) to 0.129 (SD+0.0F3yure 10 and Table 13). Note that

the overall structure of the bone was highly atlere
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Figure 10: Cortical bone phenotype(A) uCT images showed a structural bending anddaiced cortical
thickness in 4 and 12 week old Gorab Runx2cre ntsitgiB) Cortical Thickness quantification revealed
significant reduction in 4 week (p=0.0009), 12 wepk0.016) and 26 week (p=0.037) old GorabRunx2cre
mutants (n=7). Statistical analysis was performgdvio tailed paired t-test. Error bars are repréagnSD.

*indicates significant differences (p<0.05).

3.2.7 Inactivation of Gorab results in trabecular bone ghenotype

MicroCT analysis and quantification showed a desgeia trabecular bone volume to tissue
volume ratio in 4, 12 and 26 week old animals. Tigisulted mainly from a decrease in
trabecular number and trabecular thickness anchemrease in trabecular separation. In the
tibia of 12 week old GorabRunx2cre mutants a sigaift reduction in trabecular bone
volume and number was observed. BV/TV values wignaificantly lower in 4 week and 12

week old GorabRunx2cre animals. Figure 11 showdetail the tibia of 4 week and 12 week
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old mutant mice compared to control animals, itahg the thinning of the cortical bone and

the reduction of the trabeculae including BV/TV gtieed by microCT analysis.

A Control GorabRunx2cre
4 Weeks
BVITV (%)
12 Weeks
BVITV (%) 497+ 1.9 1.37£ 0.6 *
B C
8,0 -
* *
7,0 4
Control .
X 6,0 4
c
- W Control
> 5,0 A
=
% 40 4 B Gorab Runx2
8
33,0 A
3
Gorab €50 -
Runx2cre
1,0 -
0,0 4

4 Weeks 12 Weeks

Figure 11: (A) MicroCT analysis of the tibia in 4 week and 12 week old GorabRunx2creanutants
comparing to littermate controls. The cortical bone is thinner and the trabecularebshowed a reductiosf
bone volume to total volume (BV/TV) ratio. (B) Tlerelimensional microCT reconstructiof a 4 week ol
tibia shows the reduction in trabecular number thickness as well as the increase in trabecularaépn. (C
BV/TV reduction in 4 week and 12 week old anim&atistical analysis was performed by two tailedlquht

test (n=6). Error bars are representing SD. * iatgis significant differences (p<0.05).

Trabecular bone number, thickness as well as segaraere significantly changed. By 4
weeks the trabecular number (Tb.N) of the tibia wihanged from 1.45 (SD+0.17) to 0.93
(SD%0.28) and by 12 weeks from 1.37 (SD+0.42) &30(SD+0.10). Trabecular thickness
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(Tb.Th.) was significantly lower in GorabRunx2creutants. By 4 weeks the Th.Th. was
changed from 0.031mm (SD+0.002) to 0.028mm (SD+0z0l by 12 weeks from 0.035mm
(SD#0.005) to 0.029mm (SD#0.005). In the same mantrabecular separation (Tb.S)
increased since trabecular thickness and numbeeakssd. Tb.S. was increased in the tibia of
4 week old animals from 0.261mm (SD+0.02) to 0.2#2(8D+0.04) and in 12 week animals
from 0.291mm (SD+0.03) to 0.304mm (SD+0.02). 26 kvedd GorabRunx2cre animals
displayed a similar phenotype in trabecular andicarbone in tibia and femur. In the tibia
bone volume to tissue volume ratio was decreaseth f6.38% (SD+0.127) to 2.59%
(SD+0.511). Th.N was significantly decreased from88 (SD+0.003) to 0.326 (SD+0.002)
and Tb.Th was significantly decreased from 0.0498n§8D+0.002) to 0.0380mm
(SD£0.001). In the same manner Tbh.S. was incredsed 0.369 (SDx0.007) to 0.382
(SD%0.003). In the femur bone volume to tissue mwuratio was decreased from 3.41%
(SD40.36) to 1.69% (SD+0.506), Th.N from 0.869 ($0395) to 0.172 (SD%0.071) and
Th.Th from 0.0393 (SD+0.001) to 0.0374 (SDz0.01Ph.Sp. was increased from 0.317
(SD£0.014) to 0.411 (SD+0.037).

3.2.8 Inactivation of Gorab results in vertebral bone ptenotype

Since Runx2cre is also active in the spine, the phenotype of thenblar spine in
GorabRunx2cre animals were characterized by micr@@alysis. The vertebrae of the
GorabRunx2cre animals exhibited a lower mineralratate. The vertebrae appeared to be
shorter, flatter and narrower in size and had auidhtly smaller processes. MicroCT
quantification revealed a lower bone volume to ugssvolume (BV/TV) ratio in
GorabRunx2cre animals. BV/TV ratio of th& fumbar spine in 4 week old animals was
reduced from 5.81% (SD+1.92) to 3.14% (SD=0.92) entl2 week old animals from 7.08%
(SD+1.67) to 3.35% (SD+0.67). BV/TV ratio of thé &umbar spine in 4 week old animals
was reduced in a similar manner. BV/TV ratio waargied from 6.02% (SDx1.64) to 3.41%
(SD%0.98) and in 12 week old animals from 6.94% £$B4) to 3.69% (SD+1.31). Like in
the case of the tibia and femur, trabecular nurabertrabecular thickness were significantly
decreased and trabecular separation increasedexaonple, in 4 week old mice trabecular
number was changed from 1.65 (SD+0.38) to 0.99 (628) and in 12 weeks from 1.09
(SD%0.57) to 0.77 (SD+0.21). Trabecular thickness weduced from 0.035mm (SD+0.005)
to 0.032mm (SD+0.004) in 4 week old animals ananfi@037mm (SD+0.011) to 0.029mm
(SD+0.001) in 12 week old animals. In the same regnthe trabecular separation was
increased from 0.291mm (SD+0.107) to 0.345mm (SD#0) in 4 week old animals but
decreased from 0.421mm (SD%0.158) to 0.373mm (SIA).in 12 week old animals. This



Results 39

difference is most likely caused by a general rédooof the trabecular bone in 12 week old
animals (see Table 2 and Figure 11). To summaBGpeabRunx2cre conditional mice show
an osteoporotic phenotype in long bones of the tdings and in the spine. Interestingly, in
the tibiae this finding was more prominent thanthe femora. The osteoporosis is most
pronounced in long bones of 4 week and 12 weekmbe than in elderly animals, indicating

a rather regressive course of disease.
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BVITV (%) 7.08% 01.67 3.3520.67F

Figure 12: Vertebrae characterization (A) X-ray radiography images showed the low minigedlon in the
vertebral column of a 4 week old GorabRunx2cre raatmmparing to a control animal. The vertebral bsdi
were smaller in size with shorter processes. (Bir@fication of BV/TV ratio in the 5th lumbar spishowed a
significant reduction in 4 week and 12 week oldnaads. (C) MicroCT images with the corresponding BV/
values demonstrate the thinning and the reductfothe trabeculae in the vertebrae. Statistical ymiglwas

performed by two tailed paired t-test. Error baesr@presenting SD. * indicates significant diffezes (p<0.05).
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4 Weeks 12 Weeks 26 Weeks
Gorab Gorab Gorab
Control Control Control
Runx2cre Runx2cre Runx2cre
BVITV (%) 4.54 £0.83 2.31 +0.99* 4.97+1.99 1.37+0.48* 5.382+0.127 2.59+0.511*
Trabecular  Tb. N. (1/mm) 1.45+0.17 0.93+0.28* 1.37+0.42 0.53+0.10* 0.4864+0.003  0.3268+0.002*
Bone Th. Th (mm) 0.031+£0.002 0.028£0.004 0.035%0.005 0.029+0.005* 0.0498+0.002 0.0380+0.001*
Tibia Th. Sp (mm) 0.261+0.02 0.272+0.04* 0.291+0.03 0.304+0.02* 0.3690+0.007 0.3821+0.003*
. TV (mm?) 0.609+0.124 0.324+0.103* 0.806+0.314 0.524+0.113* 1.114+0.026 0.698+0.003*
gg:]t(':a' Cortical Th. 0.112+0.015  0.069+0.017* |  0.123+0.014 0.084+0.02* 0.198+0.029  0.1420.011*
Length (mm) 14.01+0.633 10.023+0.689* 15.28+0.645 11.896+0.524* 16.217+0.789 13.286+0.286*
BV/TV (%) 6.86+0.89 4.81+0.83 5.34+2.93 1.49+1.13* 3.417+0.36 1.691+0.506*
Trabecular  Th. N. (1/mm) 1.97+0.23 1.27+0.96 1.49+0.89 1.2620.11* 0.869+0.095 0.172+0.071*
Bone Th. Th (mm) 0.034+0.001 0.032+0.001 0.033+0.006 2040.002 0.039310.001 0.0374+0.01
Femur Th. Sp (mm) 0.242+0.009 0.246+0.002 0.259+0.019  0.235+0.010* 0.317+0.014 0.411+0.037*
. TV (mmd) 0.687+0.156 0.356+0.135* 0.496+1.369 0.396+0.159* 0.523+£0.003 0.462+0.008*
gg;}fa‘ Cortical Th. 0.116+0.002  0.0820.026* |  0.119+0.019 0.099:0.049 0.1960.025  0.129+0.039*
Length (mm) 13.241+1.021 9.987+0.576* 15.298+0.348 12.978+£1.069* 16.7235+1.002 13.269+1.236*
BVITV (%) 5.81+£1.92 3.14+0.92* 7.08+£1.67 3.35+0.67* 7.56x1.29 5.45+0.89*
5th Lumbar Th. N. (1/mm) 1.65+0.38 0.99+0.28* 1.09+£0.57* 0.77+0.21* 1.29+0.06 0.86+0.09*
Th. Th (mm) 0.035+0.005 0.032+0.004* 0.037+0.011 0.029+0.001* 0.041+0.001 0.023+0.005
) Th. Sp (mm) 0.291+0.107 0.345%0.114 0.421+0.158 78:9.079 0.327+0.003 0.426+0.021*
Spine BVITV (%) 6.02+1.64 3.41+.0.983* 6.94+1.64 3.69+1.31* 6.78+1.89 4.65+0.73*
6th Lumbar Th. N. (1/mm) 1.36+£0.31 1.09+0.24* 1.19+0.52* 0.77+0.24* 1.26+0.31 0.79+0.02*
Th. Th (mm) 0.030+£0.001 0.030+0.004* 0.038+£0.011 0.026+0.002* 0.059+0.002 0.059+0.003
Th. Sp (mm) 0.286+0.107 0.364+0.174 0.432+0.158 43+8.081 0.394+0.052 0.413+0.012*
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3.2.9 Inactivation of Gorab results in a skull phenotype

Runx2 is also active in the osteoblasts of the skullyefere Gorab is deleted in the
calvaria in mice. In general, the appearance ofGleabRunx2cre mouse head was
characterized by a shortened snout (Figure 13).eé'hdimensional microCT
reconstructions revealed a mineralization defegtiwtvas most prominent in the suture
region of the calvaria. Von Kossa histology of MM#nbedded bone sections revealed
less mineralized bone (Figure 13.B and Figure 1%0dJ an increased number of

osteocyte-like cells (Figure 13.D).

Figure 13: Calvaria phenotype.(A) Three dimensional MicroCT reconstruction shaws thinning of
the calvaria with a mineralization defect in théuse region of 4 week old GorabRunx2cre animal3. (B
and (C) Von Kossa/Toluidine blue histology staining 5um thick MMA sections exhibited less
mineralized mature bone (stained in black) compaoedontrol animals. (D) Masson Goldner staining
showed an accumulation of round osteocyte-likescgtd) in mineralized (green) bone comparing to

controls.
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3.2.10 Loss of Gorab has no effect on osteoclast number

Tartrate-resistant acid phosphatase (TRAP or TRAPas highly expressed in

osteoclasts, activated macrophages and neuronglentify whether the decrease in
trabecular number and thickness as well as thecteauin cortical thickness resulted
from an increased osteoclast activity, TRAP enzjenataining was performed and
counterstained with light green. 5um thick MMA sens of the tibia of four week

GorabRunx2cre animals were used and TRAP positsteoalasts were counted and
normalized to the bone perimeter 1mm below the troplate. No significant

difference was found by comparing with littermatatrols. Controls displayed 4.25 +
2.01 and mutants 4.01 + 2.68 osteoclasts per benmgter. 12 week old animals have
only a small proportion of trabecular bone remainitherefore TRAP staining could

not be conducted in these animals.
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Figure 14: TRAP staining on 5um MMA section of the tibia from 4 week old @bRunx2cre animals.
1mm below the growth plate was the region of irger©steoclasts number (red) per bone perimeter
(OC.N per B. pm) was counted (Scale=500um). Noifsegimt difference could be observed (n=5). Error
bars representing SD. Scale=100um. Statisticaysisalvas performed by two tailed unpaired t-test.

3.2.11 Histomorphometric alterations in GorabRunx2cre mice

Von Kossa/van Giesson staining was performed ttondisish between mineralized,
mature bone (black) and the osteoid which is a gomot mineralized and immature
bone (red). Alterations in tibia osteoid contentrevaletected by quantifying the

trabecular bone 1mm below the growth plate. Ostéuitkness (O.th), osteoid surface
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area (OS/BS) and relative osteoid volume (OV/BV)raveclearly increased in
GorabRunx2cre mutants. Osteoid thickness was isecerom 2.05 (SD+0.21) to 2.83
(SD#0.14) indicating a 25% increase of osteoid enhtomparing to control animals.
Other parameters like the osteoid surface areaB®)¥howed an increase from 13.50
(SD+1.38) to 25.08 (SD+ 1.98) and osteoid volum&/@Y) from 1.62 (SD+0.17) to
4.29 (SD+ 0.43). Histomorphometric analyses werdopmed by OsteoMeasure™
software (Figure 15).
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Figure 15: Histomorphometry on the trabecular boneof the tibia. (A) Histological analysis of the
trabecular bone in 4 weeks old GorabRunx2cre msitavibn Kossa/Van Giesson staining showed
mineralized adult bone (black) in comparison toeoit (immature not mineralized bone in red). (B)
Significant increase in osteoid thickness, O.Thnim), from 2.05 (SD+0.21) to 2.83 (SD%0.14) relativ
osteoid surface area (p=0.0027), OS/BS, from 13.58B%1.38) to 25.08% (SD+ 1.98) (p=0.019) and
relative Osteoid volume, OV/BV, 1.62% (SD+0.17)4®9% (SD+ 0.43) (p=0.010) was found in the
mutants (n=4). Histomorphometric analyses weregoeréd by OsteoMeasure™. Statistical analysis was
performed by two tailed, unpaired t-test. (n=3)tdErbars are representing SD. * indicates significa

differences (p<0.05).
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3.2.12 Altered osteocyte network in GorabRunx2cre mice

Two different approaches were conducted to identifg quality of the osteocyte
canaliculi network within the cortical bone of 4 ekeold GorabRunx2cre animals.
Firstly, fresh bone samples were infiltrated wittodamin 6G solution and canaliculi
networks were visualized. Canaliculi are nanométék tunnels which connect the
cells within the cortical bone. Canaliculi integrits important for bone quality and
mechanosensing of the osteocytes. Secondly, paraffibedded bone samples were
stained with silver nitrate (AgNO3) and sectionsravexamined for the osteocyte
canaliculi network. The silver nitrate staining iomed the initial results from the
rhodamin 6G infiltration. Within the cortical bonesteocytes showed a more round
shape and had less canaliculi per cell. The overafialiculi network was highly
disturbed (Figure 16).

Rhodamin 6G AgNO3

Control

GorabRunx2cre

Figure 16: Structural observations in GorabRunx2cretibia. Canaliculi network in GorabRunxZrr
mouse tibia. 4 week old GorabRunx2ateowed a highly disturbed osteocyte canaliculi oekwin the
cortical bone(A) Rhodamin 6G and (B) AgGNO3 staining on 5um thMKMA sections (Scale is 50p
and 20pm respectively).

3.2.13 Extracellular matrix components are changed in GO

To investigate the matrix composition of the catibone in GorabRunx2cmaice the
collagen content was inspected. MMA embedded bangkes of tibia and femur were

stained with picosirius red and visualized withgs@ed light microscopy in order to
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detect the collagen fibers within the bone. Thioll anature fibers are shown in red and
immature and thin fibers in green. Control animaiibited a thick and mature
collagen network which appeared mostly in red whisnalized with polarized light.
Collagen fibers were highly orientated. In contr&brabRunx2cre animals exhibited a
thin and immature collagen network with lots ofgin@ented fibers, which appeared in

yellow-green.

sorab
RunxZere
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Control

Gorab Control Gorab
Runx2cre Runx2cre

etaphysis

Figure 17: Matrix abnormalities in Gerodermia Ostealysplastica (A) Cortical Bone Phenotype of 4
week old GorabRunx2cre femur. Picosirius red stginising polarized light to visualize collagen fibe

in the bone exhibited disorganized collagen fiber&orabRunx2cre animals. In addition collagenrf$be
were fragmented and less mature (yellow-green) emimg to control animals with thick mature (red)
and well organized collagen netwo(B) Immunohistochemistry staining using decorinilzody showed
increased signal intensities in the metaphysishefttbia in GorabRunx2cre. Note that highest signal

intensity is more distal of the growth plate conipgito the control (Scale is 500pum).

The proteglycan decorin is known to affect theilibgenesis and the ultrastructure of
collagen. It is highly expressed in connectiveutsssand matrix of the bone. Since
decorin and collagen content are highly accompayyinis specific proteoglycan was
investigated. Immunohistochemistry staining onrttetaphysis of GorabRunx2cre tibia
revealed a different expression of decorin. Mutasttewed an increased staining
intensity and though the intensity of staining wasted to increase more distally.
Immunoblot analysis in GO HAFs showing a light mase in size of glycanated
decorin. GorabRunx2cre cortical bone lysates shgwam increased decorin core
protein (40 kDA) and a reduction of glycanated emot(90-120 kDA) in mutants. P-

Smad signals in GorabRunx2cre mutants are significincreased (data not shown).
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3.2.14 Osteoblast Differentiation delay in 4 week old GabRunx2

Immunohistochemistry on 4 week old GorabRunx2cieals revealed an osteoblast to
osteocyte developmental defect in the trabeculaebegion of the metaphysis in the
tibia of 4 week mice (Figure 18.A). Cell countimg4 week old tibia revealed a 4.5-fold
increased number positive for osterix, an earlgasiast marker. In the metaphysis of
control animals in average 242 + 33.08 whereasaraBRunx2cre mutant 884 + 175.1
cells were counted (2.03 + 0.45 comparing to 1%78.27 Ob/B.pm; Figure 18.B).

Immunoblot analysis confirmed this finding (Figut8.C). However, in 12 week old

GorabRunx2cre animals no significant increase td@rossignal was detected.

Since sclerostin is expressed in vivo by minerabedded osteocytes, its antibody was
used to identify late osteoblasts or early ostexywithin the bone. In the
GorabRunx2cre mutant tibia diaphysis cells posifive sclerostin were significantly
increased comparing to controls. The same trenddcoe observed in 12 week old
animals (Figure 18.D). As described above osteoaytephology was altered. The
osteocytes were more round in shape and showeddesdiculi per cell. These findings
were supported by Rhodamin6G and AgNo3 (Figure 16).

To summarize, 4 week old mutant GorabRunx2cre dsiewhibited a 4-fold increased
osterix number compared to controls. This accurrarabf early osteoblasts was
vanished by 12 weeks. Sclerostin positive cellsewsignificantly increased in the
GorabRunx2cre mutant bone diaphysis and in additisteocyte morphology was

highly changed.

3.2.15 Oxidative DNA-damage in GorabRunx2cre animals

Previously it was found that GORAB knockdown in Hekells and human patient
fibroblasts lead to an increase in DNA damagesréibee GorabRunx2cre bone tissues
were tested for 8-oxoguanine, a DNA damage marngeciic for oxidative stress. In
the tibia of 4 week old GorabRunx2cre mutants iaseel signal intensities for 8-
oxoguanine were detected. This increase could bereéd in the trabecular bone of the
metaphysis and also in the diaphysis. This readitated an accumulation of oxidative
stress induced DNA damages in the bone of mutare fiigure 19).
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Figure 18: Differentiation delay in 4 week old GordRunx2cre animals.(A) Immunohistochemistry

images showing an increase of osterix positivesciellthe tibial metaphysis region. (B) Mutant mice
exhibited a 4.5-fold increase of osterix positivellc per bone perimeter (p=0.002) Error bars are
representing SD. (C) Immunoblot analysis on borsatlys with increased osterix signal. (D) Sclerostin
staining in the tibial diaphysis. Osteocytes moipbyp is altered, immunohistochemistry images show
round cells with less canaliculi per cell (Scale5@0um). Statistical analysis were performed by two

tailed unpaired t-test (n=4). Error bars are regméag SD. * indicates significant differences (3%).

As shown in a previous dissertation by our coll@yye Wing Lee Chan and in this
current study we can summarize that Gorab knockmads to an increase in DNA
damages in vitro and in vivo. This current datavehancreased DNA damages in the

mutant mouse tibia caused by elevated oxidatiesstr
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Control

Gorab
Runx2cre

Figure 19 8-oxoguanine mmunohistochemistry on GorabRunx2cre mouse tibia. 4 week ol
GorabRunx2cre animals displayed increased antilstaiping of 8-oxoguanine in théial metaphysi
and diaphysis (n=4). Scale=350um.

3.2.16 Increased TGF4{ signaling and cellular senescence in GO

TGF is known to be elevated in several bone-relatesbaties like Osteogenesis
Imperfecta and Marfan Syndrom. In GORAB deficienelld cells TGH and
downstream targets were found upregulated in puosviexperiments. Therefore,
GorabRunx2cre bone tissues were probed with abadyispecific for phospho-Smad
(P-Smad). Smads are known to transmit Tg5Bignals from the cell surface to the
nucleus. GorabRunx2cre showed increased p-Smadisigithin the metaphysis of the
tibia. GorabRunx2cre bone tissues were tested 2dr (€dknla) a well-known cell
cycle regulator. By immunohistochemistriy we cosltbw increased p21 levels in the
tibial metaphysis of GorabRunx2cre mutants. In @oldian upregulation of thp21

gene was detected by rtPCR.

To summarize, tibia and femur and the lumbar spiné week, 12 week and 26 week
old GorabRunx2cre animals displayed reduced trdaedone volume and thickness
and a lower trabecular number. In a similar manneabecular separation was
increased. Histology on bone sections revealednarease of osteoid, the immature
bone. The osteoclast number per bone perimetenatashanged suggesting a low bone
turnover osteoporosis. GorabRunx2cre mice exhibidthnges in the matrix

composition, in particular collagen and decorin.rdaver histology stainings on mouse
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tibia revealed that osteocytes maturation was @eland their morphology was highly
altered. This was supported by the fact that magkeles for early osteoblastic markers
were upregulated and terminal osteocyte markerse wiewnregulated. In addition,
GorabRunx2cre mice exhibited increased oxidativeARldmages in the diaphysis and
metaphysis of the tibia. In the same time TGE&nd the senescence marker p21 were
significantly upregulated. Together this demonssahat a deficiency of Gorab causes
defects in osteoblast maturation trough the infbeenf TGFB signalling and p21-
mediated cellular senescence.
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Figure 20: (A) Gorab deficiency leads to increase@-Smad and Cdknla (p21) signals in theibial
metaphysis.Images were taken in the metaphysis of 4 week ate fScale is 500um; n=4). (Relative
gPCR expression analysis on the epiphysis of GarakRre animals compag to controls. Gore
expression was not significantly reduced. OstefiGH31 and p2lwere significantly upregulat
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3.3 In vitro Osteoblast Differentiation Assays

To study osteoblast to osteocyte differentiationvitmo; either adult mouse primary
osteoblasts from the calvaria of two week old GBwaix2cre animals or ST2 cells
were taken. After reaching confluence, cells wamadated with osteogenic medium
containing 100ng/ml BMP2 in addition to vitamin @dg3-glycerolphosphate to induce
osteoblast differentiation. RNA samples were haeesn day 0, 1, 3, 5, 7 and 14. The
samples from all individual timepoints were anatyzt indentify alterations in

different stages of osteoblast development.

3.3.1 Differentiation delay in GorabRunx2cre calvaria oseoblasts

Gene expression analyses of several osteoblagsisdedcyte markers were investigated
at different time points between day 1 and day Ad.increase of osterix (an early
osteoblast marker) was found at day 1 and day 8/ tBe increase of osterix at day 1
was significant (p=0.041). A significant downredida of osterix in GorabRunx2cre
cells was observed at day 7 (p=0.045). This osteifferentiation disorder was
diminished by day 14 where osterix levels of mwtawere comparable to controls.
Relative Bglap (Osteocalcin) expression was downregulated at ®lagnd 7. This
decrease was only at day 5 significant (p-valuedagf5 and 7; p=0.0455 and p=0.35,
respectively). Relative expression @fknlA (p21) was constantly upregulated during
osteogenic differentiation. A significant upregiwat was only seen at day 7 (p=0.01).
Relative expression ofCdkn2a (pl16) revealed no significant alterations in
GorabRunx2cre comparing to controls. T@Fwas significantly increased at day O in
GorabRunx2cre animals (p=0.021). At day 7 aftee@gtnic induction a second peak
of significant upregulation was observed (p=0.028)addition, TGF32 expression was

tested but no significant differences were obse(#egure 21.A).

ALP and Alizarin staining revealed a similar stampiintensity in GorabRunx2cre

animals and controls (Figure 21.B and C).

3.3.2 In vitro differentiation delay in siGorab ST2 cells

ST2 cells were transiently transfected with unmedifoligos specific for Gorab and
one scrambled control. After reaching confluenclisomere treated as described in
Chapter 3.3. No significant differences wmsterix gene expression were found.

Slerostin (Sost), a marker for osteocytes showed a dysregaldetween day 0 and
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day 7 with a significant reduction at day 7 (p=@PRelativeosteocalcin (Bglap) was
significantly reduced at day 7 (p=0.0455). In aidditXBP1 and XBP1 spliced gene
expressions were analysed. However, no significhahges were foundGF-42 gene
expression was significantly upreguated at day=D@11) (Figure 22.A).

Immunoblots on protein lysates from tissue culteecaled a transient knockdown of
Gorab. Gorab (47kDA) levels were reduced to a mimmat day O, day 1 and day 3
after sSiRNA knockdown. At day 7 Gorab levels wemereased with highest levels at
day 10. Moreover, osterix (45kDA) levels were iraged at day 1 in Gorab siRNA
treated samples. At day 7 after osteogenic indncpimtein levels of osterix were
decreased in cells lacking Gorab. In Gorab siRNA@as Sclerostin (24kDA) protein
levels were found increased at day 1 whereas aBdeyels were decreased comparing
to controls. No significant changes in sclerostiatg@in levels were found at day 7 and
day 14 (Figure 22.B).

ALP assay on day 5, day 7 and day 14 did not reaakignificant changes comparing
to controls. Nevertheless, at day 14 a minor redancif ALP secretion was observed in
cells lacking Gorab (Figure 22.C).

Taken together, these results indicate a maturateay in Gorab deficient cell lines.
Summarized, based on ALP and Alizarin staininghia well no significant changes
were detected but more detailed analyses usindginealPCR for relative quantification

revealed an osteoblast to osteocyte maturatiorattia.

In both, GorabRunx2cre osteoblasts and ST2 celteyia (early osteoblast marker) was
initially upregulated. However, this finding was lprsignificant in GorabRunx2cre
osteoblasts. Late osteoblast markers (bglap, ses® upregulated in early stages of
osteoblast development but in late stages both enmarkwere significantly
downregulated. In accordance to previous findifgSF{3 and p21 were continuously
upregulated. No contribution of the UPR machineBP1, XBP1s) in osteoblast

maturation was found.
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Figure 21: Osteoblast development and gene expressianalysis on 2 week GorabRunx2cre primary calvad osteoblasts (A) Differentiation was induced by
osteogenic medium containing 100ng/ml BMP2. RNA glaswere harvested on day 0, 1, 3, 5, 7 and 14e @gpression levels of several osteoblast to ogteanarkers
were investigated at different time points. A sfigaint increase obsterix was observed at day 1 (p=0.041) and a significeaitiction ofosterix was observed at day 7
(p=0.045) Osterix dysregulation was diminished by day 14. Relatisteocalcin (Bglap) expression was downregulated at day 57arithis decrease was significant at day
5 (p-values of day 5 and 7; p=0.045 and p=0.03B)atiRe expression dfdknla ( p21), was constantly upregulated from day Odily 7 during osteogenic differentiation.
A significant upregulation was only seen at dap¥0(01). TGF-41 was significantly increased at day 7 (p=0.028)jat 14 levels were comparable to controls. (B) ALP
staining on day 3 and day 7 showing no differeneivben control and mutant (C) Alizarin stainingaay 14 and day 21 showing no difference betweertraloand

mutant (n=3). Statistical analysis was performedvixytailed paired t-test. * indicates a signifitdifference (p<0.05).
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Figure 22: Osteoblast development and gPCR gene ewgsion analysis on ST2 cellA) Differentiation was induced by osteogenic fned containing
100ng/ml BMP2. RNA samples were harvested on dag,® and 7. Gene expression of several osteoldagtpcyte, ER Stress and T@FRnarkers were
investigated. An increase ofterix was detected at day 0, day 1 and day 3 but noifisiantly. Relativeosteocalcin (Bglap) expression was downregulated at day
0, 1 and 7 (significant at day 7 p=0.03T5F-51 was significantly increased at day 2 (p=0.039). s\gnificant differencesn XBP1 and XBP1spliced were
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3.4 Elevated Reactive Oxygen Species in GORAB-deficiecells

According to the free radical theory the processaging is at least partially caused by
damages due to increasing ROS levels with age efdrey, it was hypothesized that GO skin
fibroblasts and primary osteoblasts might suffesnfrincreased ROS levels and DNA

damages and therefore cause the GO phenotype.

3.4.1 Gorab deficiency leads to elevated mtROS in Gorahifix2cre bone marrow

Gorab deficient bone marrow cells were tested fitoechondrial reactive oxygen species
(mtROS) intensities. To estimate ROS productionivio of 4 week old GorabRunx2cre bone
marrow cells; mice were exposed to MitoSOX, a faahrome specific to anion superoxide
produced in the inner mitochondrial compartment.todDX red reagent is a novel
fluorogenic dye that specifically targets to thetaohondria in living cells. Oxidation of

MitoSOX by superoxide produces a red fluorescenitle an absorption/emission maximum
of 510/580. By quantification with ImageJ we couldarly find an increase in mitochondrial
ROS (mtROS) of 12.897 (SD£3.045) in control animas23.158 (SD+4.462) in mutant
mice. Summarized, GorabRunx2cre bone marrow chllsved clearly a 2-fold increase of

MtROS levels compared to controls.
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Figure 23: GorabRunx2cre bone marrow cells were ingbated with MitoSOX, an anion superoxide
specific dye produced in the inner mitochondria corpartment. (A) MitoSOX was monitored by fluorescence
microscopy and (B) signals were quantified with g@al. mtROS signals were in average 2-fold higher i
GorabRunx2cre bone marrow compared to littermatetrots. Control cells showed mtROS intensities of
12.897+3.045 and in GorabRunx2cre mutants mtRO&hégities of 23.158+4.462 were observed (n=3). Error

bars are representing SD.
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3.4.2 GO HAFs show elevated mtROS levels in 7 day postrafluent cells

To estimate ROS production in vitro, GORAB deficielmnuman fibroblasts and

GorabRunx2cre calvaria osteoblasts were exposktitdt&OX, an superoxide anion dye, and
CellROX, a general ROS indicator. Scanning was uootetl with Operetta (HCS;

PerkinElmer) and quantification by Harmony (PerkinEr). 1 and 3 days post confluence
MtROS levels were not clearly increased. Only 7sdagst confluence a significant increase
of mtROS could be detected indicating a potentillénce of the matrix to mtROS levels
(see Figure 24.A). When the cells were treated aillGF$ specific inhibitor (SB431542) no

significant difference between control and pati#@mtoblasts were measured. MtROS levels
of GO HAFs were significantly decreased when teéatgh SB431542 (p=0.023) (see Figure
24.C). However, these results support the indioatisat mtROS is only stably increased in 7

day post confluent cells suggesting a matrix cbaotion.
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Figure 24: mtROS in human fibroblast culture (HAF). (A) HAFs were incubated with a MitoSOX specific
dye. 1 and 3 day subconfluent GO and control HA&®sgnconsistent results. 7 days post confluenteHA®Gs
exhibited significantly increased mtROS levels. @)orescent images showing increased mtROS flaergs
intensities in GO HAFs. Treatment with a T@Fspecific inhibitor (SB431542) resulted in decreasgROS
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fluorescent intensities. (C) Quantification of i¢ROS in untreated HAFs showed a significant ineegia GO
HAFs whereas when treated with SB431542 the cehiébéed a significant lower fluorescent intensstiwhen
comparing to untreated GO cells (p=0.023). Erraos lase representing SD. Scale=20um.

3.4.3 GO deficient mouse osteoblasts show elevated mtROGwels in vitro

To estimate ROS production in vitro; primary ostests isolated from the calvaria of
GorabRunx2cre and Gorab;GT mice were exposed toO&tRQuantification showed
increased mean mtROS intensities per cell. GorakRure primary osteoblasts were gained
from the calvaria of 2 week old mice. Cells weredsd confluent and cultivated for 7 days
before exposed to mtROS. Primary osteoblasts gdimned GorabRunx2cre mouse displayed
1.4-fold increased mtROS levels comparing to littete controls. Gorab;GT primary
osteoblasts were gained from E18.5 embryonic mickcultured confluent for 7 days after
seeding. Gorab;GT animals showed 1.4-fold increastRiOS levels comparing to cells from

littermate controls (see Figure 25.A and FigureB25.
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Figure 25: MtROS and total ROS in mouse primary osteoblas. (A) Confocal Microscopy images shodve
an increase of mtROS in GorabRunx2cre osteoblddean fluorescent intensity were 1.4-foidcrease
comparing to littermate controls (p=0.030). (B) &mGT embryonic osteoblasts (E18.5) showed signifig
increased mtROS levels. Mean fluorescent intessitiere 1.37-fold higher than in controls (p=0.028&)
Mean CellRox intensities were comparable to litietencontrols (n=7)Statistical analysis by two tail

unpaired t-test. Error bars are representing SBleS@0um.
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3.4.4 GO deficient mouse osteoblasts show no increasetatal ROS

In addition to mtROS experiments, mouse primanealstasts were exposed to CellROX.
This reagent is a novel fluorogenic probe for meaguoxidative stress in living cells. It is
weakly fluorescent active while it's in a reducedts but it exhibits bright green fluorescent
light as soon as it is oxidized by ROS. It subsetjyebinds to DNA and has an
absorption/emission of 485/520 nm. No differencettal ROS between GorabRunx2cre and
control cells were revealed. A similar result wasingd by quantifying and comparing
Gorab;GT animals to controls. No significant diffeces in totalROS was observed (see
Figure 25.C).

3.4.5 GO patient fibroblasts show elevated TGH3 - Nox4 signaling

Since the TGH pathway was found overactivated in GorabRunx2ciee rhuman patient
fibroblasts were tested. GO HAFs showed an incré@ageSmad and Nox4 protein levels
when cultivated for 7 days post confluence. TiKignals are passed on to specific
intracellular mediators known as Smad proteins R«Enprotein levels were 2-fold
upregulated comparing to littermate controls (p3@)0 Nox4 levels were 1.7-fold higher in
GO HAFs comparing to controls (p=0.0422; FigureA2énd B). These results support the
indication, that mtROS is increased due to incr@édseFf$ and Nox4 signaling in GO.
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Figure 26: Upregulation of p-Smad and Nox4 in HAFs(A) Immunoblots showing a 2-fold upregulation of p-
Smad protein in GO comparing to controls. In GO K¥A¥ox4 was 1.7-fold upregulated comparing to cdstro
(B) ImageJ quantification of p-Smad protein normedi to Smad. Nox4 was normalized to Gapdh. Erns &ee

representing SD. Statistical analysis was perforimetivo tailed paired t-test (n=4).
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3.4.6 TGF-p inhibitor leads to a rescue effect in GO

TGF is a secreted factor and is upregulated in GOrefbee the role of TGE-in the GO
pathomechanism was further investigated. Contral patient HAFs were cultivated for 7

days post confluence in the presence of the B@thibitor kinase SB431542.

Immunoblots were performed in order to verify ardggilation of key proteins. GO patient
HAFs were compared to controls and cultivated & ghesence of 10 of TGF inhibitor
SB 431542. As shown before P-Smad and Nox4 weregufated in patient fibroblasts.
When mutant cells were treated with the TGHhibitor SB 431542 P-Smad and Nox4 were
decreased suggesting a direct regulatory effe@mRd protein levels were found 1.4-fold
increased in patient fibroblasts (see Figure 27.&fer SB431542 treatment patient
fibroblasts exhibited significantly lower p-Smadséés in comparison to untreated patient
fibroblasts. In addition, Nox4 was in average TRifupregulated in GO HAFs comparing to
controls. When cultivated with SB431542 Nox4 weigngicantly reduced in comparison to
untreated patient fibroblasts.
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Figure 27: Immunoblot on GO fibroblasts with or without TGF-p inhibitor. Protein lysates arprobed fo
Nox4, pSmad, Smad and Gapdh. Nox4 and pSare both increased in GO HAFs comparingcontrols
Cultivation for 7 days in the presence of the T Hthibitor SB 431542 leads to a reduction of Nox4
pSmad levels. (N=5) Error bars are representing SBtistical analysis was performed by two tailedqd t-
test (n=3).
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To further investigate the cell specific resporsehie TGFB inhibitor SB431542, different
key regulator genes were analysBtNA-damage transcript 4 (DDIT4) was in average 3-fold
upregulated in GO patient fibroblasts comparediatrols. This upregulation was diminished
by cultivating the cells in the presence of SB4ZLADPH Oxidase 4 (Nox4) is an enzyme
known to generate intracellular superoxides. No®$ vound in average 2-fold upregulated in
GO HAFs whereas after SB431542 treatméux4 was significantly downregulated.
However, no upregulation was observed when GO eadie cultivated in the presence of
SB431542 Superoxide dismutase 2 (SOD2), an enzyme known to transform toxic supelex
into H202 and diatomic oxygen, was reduced in GCFBlANevertheless, this reduction was
not significant. The same effect was seen whercétie were cultivated in the presence of
SB431542. No difference ifGF-f 1 gene expression was observed. Gene expression of
TGF-4 2 was in average 3-fold upregulated in GO HAFs caingato controls. This effect
was weakened when cultivated in the presence oBSB#.Serpinel, a downstream target
of TGF$ was significantly upregulated in mutants wherear & GF{$ inhibitor treatment
Serpinel gene expression was significantly dowreegd. The cell cycle regulatorl
(CDKN1A) andpl6 (CDKN2A) were both significantly upregulated in G@AFs whereas
TGF inhibitor treated samples showed lower levels{Fég27).
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Figure 28: Relative qPCR expression analyses on humarbroblasts. GO patient fibroblasts comparing
control human fibroblasts with or without T@Fnhibitor (1QuM SB 431542). Results indicate an upregule
of DDIT4 in GO human fibroblasts which could be partiallgaged by the presence of SB 431542. |
showed asignificant upregulation in GO. However, this uprigion could be significantly downregulated
the presence of TGB-inhibitor. SOD2 levels were lower in GO comparing to control fiblasts. TGF-4 2 was
significantly upregulated in GO fibroblasts but @F-4 1. Statistical analysis was performed by two te
paired t-test (n=4). Error bars are representing($p<0.05).
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3.4.7 Co-culture with GO lead to elevated mtROS levelsiicontrols

Control human fibroblasts were cultured in a sdemaculture system described in (Chapter:
Methods, Co-Culture System). One day after co-celtuas started in the presence of the
TGF$ inhibitor SB431542. MtROS levels of control celiseeded in the lower
compartments) were measured 7 days after the aftaxi-culture. MtROS levels of control
cells were 1.2-fold increased when cultured with @88Fs in comparison to a co-culture
with control cells (Figure 29). When control fibtabts were cultivated with GO fibroblasts in
the presence of SB431542 kinase no significant ftR@rease was observed suggesting a
direct connection of TGB-levels and mtROS.
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Figure 29: HAF co-culture systen. Co-Culture of control HAFs wittGO HAFs for 7 days resulted
increased MtROS levels in control cells. (p=0.03%hen the cells were treated with T@Fnhibitor
(SB431542) mtROS of Ctrl/GO was significantly dexsed (p=0.040). Ctrl/GO did not show highatRO<
levels compared to Ctrl/Ctrl when treated with T@Fhibitor. Modified and adopted from [1Q0{=6 Erro

bars are representing SD.

3.5 Influence of oxidative stress on GORAB subcellulalocalization

HeLA cells were treated with ROS producing substanion order to test the sensitivity of
GORAB to different chemicals. Untreated cells weoenpared to cells treated with hydrogen
peroxide (200uM), paraquat (ImM) and CCCP (10uMhtréhted cells showed a distinct
fluorescent signal of GORAB at the Golgi apparafisis could be shown by colocalization
with GM130, a well known cis-Golgi matrix proteilvhen Hela cells were treated with
200uM H202 the fluorescent signal at the Golgi agpes diminishes whereas paraquat or
CCCP treatment did not show any differences contp&weuntreated cells. However, UV-
light, gamma-irradiation and bleomycin did not le¢adany phenotypic alterations in HeLA

cells (data not shown).
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Figure 30: GORAB response to different ROS inducingchemicals.HelLa cells were treated with different
chemicals to trigger a specific response of GORKBuntreated HelLa cells GORAB (red) was locatethat
Golgi apparatus (GM130 in green) leading to a yelsignal. When HelLa cells were treated with 200uRO2
the signal at the Golgi diminishes. Treatment witiraquat (1mM) or CCCP (pM) did not lead to any

phenotypical differences comparing to the untreatdis.(Scale = fim)

3.5.1 GORAB detaches from the Golgi apparatus after H20O2reatment

In order to test this hypothesis, HeLA cells wereated with increasing doses H202.
GORAB localization was checked after 30 and 60 teimypost-treatment and compared to
untreated cells. After H202 treatment GORAB detactiem the Golgi apparatus. Higher
fluorescent intensities could be observed in thelaus and cytoplasm of the cells. Within
these 60 minutes the Golgi apparatus stays intadt Rab6 still localizes to the Golgi
apparatus. Nevertheless, delocalization of GORABfthe Golgi apparatus is concentration
depended. Low concentration of H202 (2 uM) leadly aa a partial delocalization of
GORAB of about 10-15%. Intermediate concentratidi) pM, showed a higher
delocalization potential of about 50%. 200 uM H2@&ds to a complete GORAB
delocalization from the Golgi apparatus after 3Gwtes (Figure 31). Since 200pM H202

resulted in the strongest effect, this conditiors welected for further investigations.
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Figure 31: GORAB delocalization is concentration dpended Low concentration of H202 (2 uM) lead to a
partial delocalization of about 10-15%. Intermeeli§20 pM) H202 concentration lead to a completeaBor
delocalization from the Golgi apparatus. 200 uM R2®sulted in a complete delocalization of Goratwfithe
Golgi apparatus in all cells. Nevertheless, thegGapparatus stayed intact, here shown by GM13@ista
(Gorab=red, GM130=green, Co-staining=yellow; SeaR0um).

To get a better understanding of the stress spe@fiponse of GORAB, high magnification
images were conducted by laser scanning microsangy-stack images were processed with
maximum intensity projection mode. In HelLa cellxlear delocalization from the Golgi
apparatus to the nucleus was observed. Most floenéssignals were detected within the
nuclear region of the cell. No fluorescent signél @ORAB remained at the Golgi.

Nevertheless, the Golgi apparatus itself stayextinthis was shown by GM130 staining.
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Figure 32: Gorab delocalization HeLa cells stained for ORAB (red) and GM13((green) were exposed
200uM H202. After 30 minutes, Gorab delocalizednfrthe Golgi apparatuand signal high fluorescer

intensities could be observed in the nucleus.

To identify the location of GORAB after H202 trea@m several colocalization stainings
were performed using different makers for cellldab compartments. LaminA/C a nuclear
lamina marker showed clearly an increased GORABaigithin the nucleus. The signal of
GORAB at the Golgi apparatus was completely dinhi@gsafter 30 minutes of 200 uM H202
treatment. Increased signals were observed in tlebems but also in the cytoplasm. In
addition, other subcompartments were tested favoadization. Moreover, GORAB did not
show any colocalization with markers specific fggdsomes, endosomes, mitochondria and

cytoskeleton (data not shown).

Gorab/
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Figure 33: Gorab delocalizationHeLa cells were treated with 200uM H202 for 30 ntitsu GORAB (red) is
under normal conditions located at the Golgi appataAfter H202 treatment, increased fluorescetarisity of

Gorab could be detected in the nuclear region witte nuclear lamingScale is 5pum).

3.5.1 Gorab delocalization in PC12 cells after NGF indued differentiation

PC12 cells were stimulated with 100ng/ml NGF fata¥s. Cells were stained each day after
NGF induced differentiation. Untreated cells digeld a Gorab signal mainly at the Golgi

apparatus. Nevertheless, 3 days after osteogetiction Gorab was found mainly located in
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the nucleus of the cells. To get a better undedstgnabout the role of Gorab in the
differentiation process of cells, MC3T3-E1 cells revestimulated with BMP2 to induce
osteoblast differentiation. Gorab was found at @wgi apparatus before and after BMP2

stimulation. No increased signal intensities inrieleus or cytoplasm were observed.

il IVivgi i

Untreated 3 days 100ng/ml NGF Untreated 3 days 100ng/ml BMP2

Gorab/GML30/DAPI

wrak

G

Figure 34:PC12 and MC3T3 before and after differenation. PC12 cells were treated with 100ng/ml NGF in
order to induce differentiation. Gorab was mairdgdted at the Golgi apparatus before stimulatioeradis
increased signal intensities of Gorab were founthénucleus after NGF treatment. In MC3T3-E1 céltsab

was located at the Golgi apparatus before and &ft@ng/ml BMP2 stimulation (Scale=20um).

To sum up, the findings of this sectiaiemonstrate that Gorab location changes after H202
treatment in several human and mouse cell lineseder, Gorab signal was more intense in

the nucleus in PC12 cells after NGF induction.

Cells from GorabRunx2cre mice and GO HAFs exhibitezteased mtROS levels whereas
totalROS levels remained unchanged. Treatment witbpecific TGH3 kinase inhibitor
(SB431542) led to lower mtROS levels. Furthermdreyas found thap-Smad and Nox4,
both downstream targets GiGF-f, were significantly upregulated but in the preseint
SB431542 expression of these genes was significaleitreased. Furthermore, co-culture
experiments show clearly that the soluble factoi~Bds responsible for increased mtROS
levels in control fibroblasts. These findings sugjgehat a.) Gorab is a sensor for H202 and
b.) Gorab knockdown leads to increased Tg5FNox4 signaling which is in charge for the
increased mtROS levels in GO.
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4. Discussion

4.1 Bone phenotype of GorabRunx2cre mutants

Inactivation ofGorab by Runx2cre mice led to a bone phenotype not anlglli major parts

of the skeleton (cranial, axial, and appendiculld), also in the two compartments in long
bones, the cortical and the trabecular bone. Anomapt part of the prematurely aged
appearance of gerodermia osteodisplastica (GOgrgatis the hypoplasia of maxilla and
mandibula with variable malformation of the teetifthree dimensional microCT

reconstructions on 2 and 4 week old GorabRunx2éce showed poor mineralization in the
suture region with a delayed closure of the fongarng#owever, no malformation of the teeth

was seen in our animals.

Moreover, one major characteristic of GO patiestshe early onset osteoporosis which is
more pronounced in the spine than in the long hohlee GorabRunx2cre animals generated
in the course of this study reflected the bone phge found in GO patients. In 4 and 12
week old GorabRunx2cre tibia and femur a reducetkbmmlume to total volume ratio, a

reduced trabecular number and trabecular thickasssell as a cortical bone thinning were
observed. Moreover, the spine of GorabRunx2cre alsishowed a severe osteoporosis with

a decrease in number of vertebral trabeculae.

In summary, the phenotype of GorabRunx2cre mutaot®sponds to a severe variant of the

GO bone phenotype.

4.1.1 The primary affected cell type leading to the GO bne phenotype

Since the GorabRunx2cre model recapitulates fdiththe GO bone phenotype it can be
assumed that the inactivation @brab occurs in those cell types and the time point atkwh
Gorab is physiologically most relevant. The inactivatimas driven by th&unx2 promoter.
Therefore, in the GorabRunx2cre mouse model inyatd hereGorab is likely to be

inactivated at the early stage of osteoblast ariteslater stage of chondrocyte differentiation.

Previously Dr. WL Chan generated GorabPrxlcre, Bood2alcre and GorabDmplcre mice
to study the knockout ofGorab at different stages of chondrocyte and osteoblast

differentiation.

In GorabCol2alcre mutants, in whidborab is specifically deleted in chondrocytes, a
trabecular bone phenotype and a pronounced shogievere observed, but the cortical bone

was not affected. This finding suggests a contidoubf the chondrocytic lineage to the
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shortening of the long bones and the trabeculae pirenotype but not to the cortical bone
phenotype. These findings could be due to lackpetHicity of the Col2al promoter. Several
recent publications have shown a transdiffereminatof growth plate chondrocytes into
osteoblasts. Interestingly, these chondrocyte-ddrissteoblasts were found on the trabecular
bone and the endocortical surfaces, but not atpéosteum. Therefore, the strinking
difference between the cortical phenotype of Go@b&lcre and GorabRunx2cre mutants
can possibly be explained by a defect in periodteale apposition in GorabRunx2. This is
also in line with the abnormal modelling of the \mog bone, which is largely due to

periosteal bone apposition.

GorabDmplcre mutants showed a reduced trabecufar \mume, but no changes in cortical
bone thickness or long bone length. Dmpl startbeoexpressed in late osteoblasts and
remains active in bone-embedded mature osteocytibough in GorabRunx2cre the
osteocytes showed strong alterations, inactivaitiothis cell type byDmpl has only mild
effects. Therefore, the most relevant physiologitaiction of Gorab must take place at

earlier stages of osteoblast differentiation.

The mouse line most closely resembling the GorakRene bone phenotype is
GorabPrxl1cre. In GorabPrxlcre anim@arab is deleted in the limb bud mesenchyme very
early in development of the long bones and theee#dfects osteoblasts, chondrocytes, the
muscle, and probably also to some degree the wegd#iough in GorabPrxlcre mutants the
knockout in the appendicular skeleton is broader lthne phenotype of GorabRunx2cre
animals was more pronounced. This might indicate the Runx2cre-driven inactivation
perturbs the osteoblasts at a more vulnerable .pAmtalternative hypothesis is simply that
the efficiency of Gorab inactivation in osteoblasts and chondrocytes ishéuigin

GorabRunx2cre than in GorabPrxl1cre animals.

Further studies have to be performed in order &t this hypothesis. Nevertheless,
immunohistochemistry would serve as an ideal mettwderify the efficiency ofGorab
inactivation. Unfortunalety, up do date, no specifiGorab antibodies for

immunohistochemistry on mouse bone samples aréabiai

4.1.2 Irregular extracellular matrix in Gerodermia Osteodysplastica

Since we found an osteoblast to osteocyte maturalitay we speculated if these osteoblasts
secrete an altered extracellular matrix which imgpahe differentiation into osteocytes.
Indeed, we were able to show that decorin and gefatwo major matrix proteins, were

highly changed in the mutant bone. Polarized lighages on MMA tibia sections of
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GorabRunx2cre and GorabPrxlcre mice revealed asased fragmentation and thinning of

collagen fibres.

Osteogenesis Imperfecta (Ol) is caused by mutaim@OL1A1 andCOL1A2 and causes a
bone phenotype characterized by brittle bones,aeeliular matrix manifestations and
abnormal TGR3 function [54]. Mutations in collagen type |1l cauaespectrum of diseases
called type Il collagenopathies [55]. Moreover atbellagens like collagen 1X, X, XI, XII are

known but have minor roles.

It is known that TGR3I binds to type I, Il, and IV collagens, as well @sbiglycan and
decorin and plays important roles in cell-to-cetlell-to-collagen, and cell-to-matrix
interactions and regulates the synthesis of ECMuidinout the body [56], [57]. Stamov et al.
could clearly show the relationship of glycosylaecorin to collagen fibril diameter. A
collagen type | to glycosylated Decorin ratio oD2Dclearly resulted in a thick and oriented
collagen network in vitro. A ratio change of 20ekulted in a fragmented collagen structure,
whereas a ratio of 2:1 resulted in a total losknefar collagen fibers [58], [59], [40].

Decorin is only one member of the small leuciné-nroteoglycan family. Other examples
are: Biglycan, Lumican, Fibromodulin, Keratocan,t€dsdherin and others. All the other
leucine-rich proteoglycans can be described inralai way as decorin. Hence, biglycan and
lumicans are associated to collagen fibers in blumg, and skin [56],[57],[60],[61].

Collagen alterations and elastic fiber abnormalitieading to impaired glycanation of
proteoglycans were also described in the progerfmde of Ehlers-Danlos syndrome [62].
Our group could show a significant reduction in #maount of dermatan sulfate but not in
other glycosaminoglycans in Gorab Genetrap anintal§orabRunx2cre and GorabPrxlcre
bone samples decreased levels of glycanated degerifound. In addition decorin staining
was increased more distally in the metaphysis ef tthia in GorabRunx2cre mice. This

finding indicates a specific defect in dermatarfegal glycanation of proteoglycans.

Homozygous decorin knockout mice are viable; tHeynsa thinning and fragility of the skin
and abnormal collagen fibrils. However, no boneruitgpe was described in DEranimals
[56]. Biglycan knockout mice have a reduced bonessnaith a progressive phenotype with
increasing age. These mice have a reduced capacpyoduce stroma cells which are the
important bone cell precursors. Homozygous anirehtsv a reduced response to TR
reduced collagen synthesis and an increase in @gepilhis phenotype is completed by a
reduced expression of terminal osteocyte markemhause calvaria [63]. Based on these

studies, the biglycan knockout mice with their ppronced bone phenotype recapitulate our
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findings in the GorabRunx2cre and GorabPrxl1cre alsnmNevertheless, in GorabRunx2cre

and GorabPrxl1cre mice no abnormalities in biglywas found.

Biglycan/Decorin double knockout animals show aritgpe which is even more prominent
than in homozygous biglycan animals [63]. GorabRune animals displayed rather an
improper glycosylation defect than a complete lo$sdecorin therefore a knockout of

glycosyltransferase gene knockout mice would réflee GO bone phenotype better.

4.1.3 Osteoblast to osteocyte differentiation delay in GrabRunx2cre

Immunohistochemistry on 4 week old GorabRunx2cré @orabPrxl1cre animals revealed a
significant increase of osterix (Sp7) positive éafl the tibia metaphysis. By 12 weeks the
tremendous increase of premature osteoblasts islonger detectable suggesting a
differentiation delay instead of a complete bloboreover, in the cortical diaphysis; more
sclerostin positive cells were found. However, uitured osteoblastic cells these findings

cannot be fully reproduced.

This indicates a) GorabRunx2cre mutant primary aistests are able to differentiate into
mature osteoblasts, they produce a similar amolw® and Alizarin as controls but with an
altered osteoblast and osteocyte marker genes sskpneb) since the calvaria is formed
through the direct ossification, no intermediateradirocytes are formed. This suggests that
the chondrocyte influence in the GO pathomechansssubtle and most of the problems in

the GO phenotype arise from the differentiatioragladf osteoblasts.

To identify the reason for the osteoblast to ostepdifferentiation delay we followed

different hypotheses. Firstly, the unfolded prote#sponse machinery (UPR) in GO was
investigated. It was reported that the UPR is a kegulator in the osterix mediated
differentiation process. Typically, in osteoblasataration and development, the capacity of
the endoplasmatic reticulum (ER) is exceeded andsEBss is triggered. ER stress is
followed by a response of the UPR, which signalsXBP1, IREL and subsequently to

osterix in order to induce osteoblast maturationwklver, this interesting hypothesis could
not be confirmed in GorabRunx2cre aadrab siRNA transfected ST2 cells. In both systems

no significant changes in XBP1, XBP1-spliced an&1fR was found [64].

Secondly, in order to test if the osteoblast teeosyte maturation deficiency is caused by
increased cell death, immunohistochemical deteatioimdicator proteins for apoptosis was
performed. To stain for apoptosis different markeese used: a.) cleaved caspase 3, which is

a critical executor of apoptosis b.) Parp and ®JNEL fluorescent staining. By 4 and 12
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weeks no significant changes in apoptosis in theapigsis of GorabRunx2cre mutants was
observed. Nevertheless, the lack of a proper pesdontrol and the weak staining intensity
make a final conclusion difficult. In vitro cultu GO patient fibroblasts displayed rather a
reduced proliferation potential with a senescemngltype than an increase in apoptosis. For
future studies, it is necessary to improve the tmrg or to find a better technique and a
positive control to detect apoptosis in bone tisséalditionally it would be important to use

an intermediate timepoint, for example 8 and/ong@ks.

Thirdly, TGFf and its downstream target p-Smad were found sogmifly increased in the
mutant mouse tibia by rtPCR and immunoblots. Moeepwe were able reproduce this
increase in mouse primary osteoblasts and humaanpdibroblasts culture suggesting a
leading role of TGH in GO.

4.1.4 The role of TGF in Gerodermia Osteodysplastica

TGF upregulation was found in a variety of cells aisdues lacking Gorab. We detected an
increased gene expression of T@RA human patient fibroblasts, GorabRunx2cre mouse
primary osteoblasts and in GorabRunx2cre tibiatggarhe downstream target p-Smad was

found increased in immunoblots of GorabRunx2cre sedliaphysis.

Bone and cartilage contain large amounts of PGHt is a known chemoattractant for
osteoprogenitor cells to recruit them to the site@w bone formation or bone remodelling
[65], [66], [67], [68], [69]. Increased TGE-signaling enhances cell proliferation and
accumulation in different tissues [70], [71] (Figu5). Moreover, TGIB-is important for the
differentiation of monocytes into osteoclasts aadpes osteoblast and osteoclast function. A

mouse model overexpressing TGE+results in an osteoporotic bone phenotype [72].

Marfan syndrome is caused by defective fibrillithat cannot bind to TGB-and therefore
leading to increased activated T@Ftissue levels [53], [73]. This accelerated TBF-
signaling leads on the one hand to an overactivaiioosteoclasts. On the other hand, high
TGF levels in the stem cell niche lead to a depletibmesenchymal stem cells in a Marfan
mouse model [74]. The different phenotype in Gorabh&e and GorabRunx2cre mutants can
possibly be explained by the fact that in both neousodels bone is the main source of
abnormally high TGH, thereby attracting osteoblasts to the bone sesfawhere their

differentiation is blocked.

Interstingly, Gorab genetrap mice die neonatallgalbse of respiratory failure, which is in

contrast to the GO patomechanism in humans. Itpsagously reported that exceeded TGF-
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B signaling results in marked lung fibrosis, whicbuld be significantly reduced by
accompanying overexpression of decorin and by itibibof Nox4 [75], [76].
Proliferation

Recruitment Matrix Production
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Figure 3E: Different Roles of TGF-p. TGF-p regulates theecruitment, proliferation, differentiation and nig
production in the developing osteoblast as welthes mineralization and bone matrix material praperir

osteocytes. (Please not: black arrow is positigelegion; red line is negative regulation).

Moreover, TGR upregulation has also been reported in a humbeutdsomal dominant
cutis laxa cases and also Ol [77],[78]. In Ol tymend Il higher ratio of phospho-Smad2 to
total Smad2 protein was measured. In addition,driglhvivo Smad2 reporter activity, as well
as a reduced binding capacity of the proteoglyaoodn was found. Anti TGB-treatment
(Antibody: 1D11) corrected the bone phenotype ithiforms of Ol [79], [80].

The osterix accumulation, the delayed differergiatiand mineralization found in
GorabRunx2cre and GorabPrxlre animals in vivo andsiiro can be tracked back to

accelerated TGB-signaling.

4.1.5 Emerging role of reactive oxygen species in GO

The free radical theory of aging states that aramiggns ages because free radicals lead to
permanent oxidative damages in cells. Studies iel€lyans showed that an organism needs a
certain amount of stress in order to perform bekiggh levels tough can damage an organism
seriously resulting in accelerated aging [81]. @ik stress is triggered by reactive oxygen
species (ROS) that generally comprises superoxidena (O2-) and hydrogen peroxide
(H202) and also Nitric oxide (NO) [82]. Mitochondria gmate damaging ROS during
oxidative phosphorylation [83]. ROS and the resgltidamages can drive a cell into
senescence [84]. Nevertheless, besides the hapuofehtial of ROS it is also an important

second messenger in lower doses. For example Iegsdof H202 is needed for collagen
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crosslinking in the bone [85]. In order to test thBuence of ROS in the premature ageing

process of GO several different approaches to anhigequestion were performed.

Firstly, totalROS and mtROS dyes were used to s#dlirthe cells of bone marrow. A
significant increase of mtROS but no increase BIROS was detected. Since the mouse
bone marrow contains a very heterogeneous grougekld a more specific approach was

performed next.

Secondly, mouse primary osteoblasts isolated frben dalvaria of genetrap (E18.5) and
GorabRunx2cre (P10) mutant mice were cultivated1fo8 and 7 days post confluence and
stained with MitoSOX. Interestingly, most consistegsults were obtained by cultivating the
cells 7 days post confluence. This showed evidghae matrix secretion plays a role in
MtROS signaling. Nevertheless, totalROS measuremesing two different markers
(CellROX, CDFDA) remained variable. Presumably, tharkers were not as stable for high
content screening as for example MitoSOX and tloeee$trong variations in the wells were
observed.

Thirdly, to address how the increase in mtROS kmitin totalROS is emerging we tested
enzymes that are involved in the ROS production deglading process. In a cell, ROS is
produced as a side product in mitochondria or psomes. Ubiquinone and NADH
dehydrogenase are the enzymatic ROS producers.f@nidy that is known to produce
superoxide and hydrogen peroxide are the NADPH asdd (Nox). They are integral
membrane proteins that enable the transport ofrelexand produce ROS in order to regulate
specifically signal transduction [86], [87]. Noxdpx2 and Nox4 are expressed in bone cells
like osteoblasts and osteoclasts [88]. In undiffeeeed mesenchymal stem cells low
expression levels of Nox4 can be found but in @stirmature cells express high levels of
Nox4. Therefore, Nox4 has been suggested to dngealifferentiation process in cells [89].

Nox4’- mice displayed higher bone mass and a reduced eunhlosteoclasts [90].

Moreover, Nox4 is strongly induced by TGF[91], [92], [93]. Hence we speculated if
exceeding TGH - Nox4 signaling happens in GO. Indeed, we werke @ show the
importance of TGH in the accumulation of mtROS in GO. T@Fmnhibitor treatment
resulted in a significant downregulation of mtRGBnce TGFB is a secreted factor we
speculated if we could increase mtROS levels inrobfibroblasts by co-culturing them with
patient cells. After 7 days of co-culture with jeati fibroblasts, controls exhibited elevated
MtROS levels in comparison to a co-culture withtoaincells. When control and GO cells

were co-cultured in the presence a specific BGRhibitor no elevated mtROS levels in
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control cells was observed. These data suggestea tble of TGF in promoting mtROS
in GO.

In collaboration with the University of Hong Kong, Talen approach to knockoGbrab in
zebrafish was performed. In vivo mtROS staining &#®&CS sorting revealed a 10-fold
increase of mtROS intensities comparing to contrioigortantly, gene expression of Nox4

was again upregulated (manuscript in preparation).

Superoxide is in general reduced by an enzymedalgperoxide dismutase (SOD) which
converts superoxide to hydrogen peroxide and mtdeaxygen. Antioxidant systems and
ROS degrading enzymes, for example catalase, S@@glatathione, are important systems
to neutralize harmful ROS molecules within a c8limilar as in GO, SOD1 deficient mice
showed high levels of intracellular ROS and a sev®me loss with impaired collagen cross
linking resulting in a fragile bone structure. Antidant treatment could rescue the bone
phenotype in mice significantly [94]. We did nondi significant changes in SOD1 but the
lack of an appropriate antibody make a final cosidn difficult. SOD2 is the main
antioxidant enzyme that scavenges ROS, particukrperoxide, in the inner mitochondria
matrix. Mice that lack SOD2 develop severe pathiel®egoon after birth that are associated
with increased mtROS levels, premature ageing aelular senescence. Embryonic
fibroblasts from SOD2 deficient mice proliferatewly and have in total more chromosomal
breaks than healthy control cells [95], [96]. Gempression 080D2 was found decreased in
patient fibroblasts comparing to controls. Howeuéis reduction was not significant (see
Figure 36).

To finally prove the contribution of ROS to the @Benotype in our group, an in vivo rescue
experiment was performed using N-Acetyl-Cysteind@), an antioxidant, to treat the bone

phenotype in GorabPrxl1cre animals. NAC treatmedtiveek old GorabPrxl1cre animals, for

8 weeks, led to a significant improvement of thebécular bone phenotype. Nevertheless,
cortical bone thinning was not changed using NACaaseatment strategy (manuscript in

preparation).

To sum up, we were able to demonstrate the incréaBOS in different in vitro and in vivo
systems in human, mouse and zebrafish. To date tkanuch evidence that the increased
ROS levels are playing a major role in the GO pathchanism. We believe that excessive

TGF$ — Nox4 signaling causes the accumulation of supaes within GO cells.
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2H-0- —Catalase _, 2H-0 + Oo

Figure 36: Relationship between ROS and reaction enzymeMolecular oxygen is reduced by NADI
oxidase (Nox4) which produces superoxide anionarasnd product. Superoxide is reduced by super
dismutase to H202 and moleauloxygen. H202 is subjected by catalase to beowater and molecul
oxygen. Red arrows and squares indicate the chdoged in patient fibroblasts. Nox4, an NADPH ox$¢
and superoxide anions were significantly increasbdreas SOD2 was found decreased (not significantly

Picture modified and adapted from [124].

4.2 Cellular senescence in GO

Cellular senescence is the irreversible replicatorest in mitotic cells. There are three
known causes of cellular senescence: a) telomeséunistion, b) DNA damages and c)
oncogens [97], [98]. Since we found elevated mtR&&Is we speculated if this ultimately
leads to increased DNA damages and subsequenitglkadlar senescence in our system.
Indeed, GO patient fibroblasts exhibited increaB&tA damages and reduced DNA damage
response (DDR), lower proliferating potential wititcreased cell size in combination with an

increased beta-galactosidase activity and increas&dnd p21 marker gene expression.

With immunohistochemistry we found a mild increa$@21 in the trabecular bone of 4 week
old mutant mice. Since the number of cells positoavep21 was rather small we speculated if
these senescent cells affect their surroundingigironcreased TGB-- Nox4 signaling. In a
recent study it was found that conditioned medivomf cells undergoing senescence contain
high levels of interleukins and TGE-Trough paracrine signaling ROS and DNA damage
response was affected in neighboring cells. Inioibibf either TGH/SMAD or IL1/NFB
pathway resulted in decreased ROS production, DBRval as in senescence [99], [100],
[101]. A decline of TGH3 signaling suppressed the development of premaemescence in

a p21 dependent manner [102], [103], [104].

Comparing to other publications p21 was mostly éased due to elevated ROS levels

through p53. Up to date we did not find altered pd&ression in vivo or in vitro.
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Nevertheless, it was previously shown that p21 eedusenenscence can also develop
independently of p53 [105].

Cellular senescence is associated with telomendesting and by damages specifically in the
telomere regions resulting in a senescent cell giype. According to our current knowledge
it is unlikely that telomere dysfunction or damageshe telomere region play a role in GO
development. For future studies, it is necessaryiniprove the conditions, find better

antibodies or a better technique to detect telordgsfunctions and/or DNA damages in the

telomere regions in patient fibroblasts.

To summarize, we believe that excessive TEeFNox4 signaling causes elevated mtROS
levels. This leads to increased DNA damages witténcells which cause ultimately cellular

senescence.

4.2.1 GO and other premature ageing disorders

Gerodermia Osteodysplastica (GO) belongs to thapyod progeroid syndromes (PS) which
are rare genetic disorders wherein symptoms resegnaspects of aging. Patients that suffer
from PS appear to be older than the normal phygicéd age. Progeroid syndromes can be
categorized in segmental progeroid syndromes witltiphe affected organs, and unimodal
progeroid syndromes with only one affected orgdi6]1Mutations in a heterogeneous group
of genes like,Lamin A/C, Werner syndrome ATP-dependent helicase (WRN), Cockayne
syndrome protein A (CSA), andCSB and repair genes likeroderma Pigmentosum group B
complementary (XBP)XPD and TTDA, lead to premature ageing in humans. Longevity in
humans is caused by a defect in following gef@R, Sokinasel and tumor protein 53 (p53)
[107].

At first glance no overlap of these genes can lbmdo The reason why this heterogeneous
group of genes causes premature ageing can bearotilg molecular downstream processes
that they have in common. Universal molecular maidms are the enhanced DNA damages
and the defective DNA damage repair, altered aalliferation behavior, increase in ROS,

and the increase in cellular senescence [108].

The three premature ageing disorders GO, Wernedregme (‘progeria of adults’, OMIM

277700) and HGPS (‘progeria of childhood’, OMIM B7®) share many similar features but
can be distinguished by some others. They all mgemmon a severe bone phenotype. This
includes a short stature and osteoporosis. In Wesyredrome the onset of the phenotypes

starts much later in adolescence. GO and HGPS gjetleé bone phenotype at birth and both
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of them have in addition a maxillary hypoplasia andndibular prognathism. The skin
phenotype is diverse in these premature ageingd#isa In GO and in HGPS the onset of the
skin phenotype is at birth whereas the skin phgreotyn Werner syndrome develops at
adolescence. The GO skin phenotype is charactewridwrinkled skin on the dorsum, the
hands and the feet. HGPS patients lose their geradages and their hair and they have
reduced subcutaneous fat tissue. The onset of kive ghenotype at adolescence is
characterized with a scleroderma like skin, losswfcutaneous fat tissue and a premature
loss of hair and graying [109], [1], [110], [111].

Hutchinson-Gilford is caused by a defect in Lami#€CAA mouse model defective in the pre-
lamin A processing enzyme ZMPSTE?24 reproduced tloggroid phenotype. Hutchinson-
Gilford mutant mice displayed a phenotype similarim GorabRunx2cre and GorabPrxlcre
mutant mice. In 5 week old ZMPSTE2#ice, growth retardation, imbalanced gait, low bone
mass and spontaneous fractures were observed [bi&jestingly, the periosteum in HGPS
mutant mice shows an analogous phenotype as irb@ar2cre and GorabPrx1cre animals.
In HGPS the thickened periosteum is buildup of ssviayers of lining osteoblasts which
replicates the bone phenotype in GO mutant micerebher, in HGPS an increase in DNA
damages and a delayed recruitment of DNA damagarrppoteins was reported which was
confirmed inGorab deficient animals [113], [114]. Upon ZPMSTE knockdocancer cells
showed significant increase of genes involved otgaglycan synthesis (chondroitin sulphate
and/or heparan sulphate). The authors suggestestae of ZMPSTE: cells by the presence
of wildtype ECM [115]. This proposes a common pogflgcan synthesis alteration in HGPS
and GO. Nevertheless HGPS mutant mice exhibitechrhigher number of DNA damages in
comparison to GO. However, three major findingsthe HGPS mouse phenotype were

different to findings inGorab deficient mice:

a) HGPS mutant mice showed a massive increase of enspdpcyte lacunae in the cortical
bone. In GorabRunx2cre and GorabPrxlcre animalsoogte shape and canaliculi
network was highly altered. Moreover, osteocyte-litells were round surrounded by
large and unmineralized lacunae.

b) In HGPS mutant mice TRAP and MMP9, which are botrkars for osteoclasts, were
significantly downregulated. I&orab conditional animals no significant difference in
osteoclasts number per bone perimeter was detettedertheless, the biological
variations in 4 week old controls and mutants wiegmendous. One human bone sample
that was tested in the lab of Prof. Dr. Amling imrhburg revealed a mild increase in

TRAP positive cells. The low patient number (n=fits the significance of this finding.
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c) In HGPS animals an increase in white adipocytes foand. In the case of HGPS it
seems there is an imbalanced differentiation pitestarting from mesenchymal stem
cells. In GorabRunx2cre and GorabPrxlcre animalghaase in adipocyte number is
found [116]. Cell lineage tracing recently revealdét bone marrow adipocytes are
largely derived from Osx+ cells [117]. However iaranodel these cells become rather
commited to the osteoblast lineage.

Resveratrol and NAC, two well-known antioxidants;reased the binding capacity of Lamin
A and SIRT1 and therefore leading to an increaseolony forming capacity, bone mineral
density and life span in ZMPSTE24nice [118]. As mentioned earlier, our group wasdbl

show a significant improvement of the trabeculaméophenotype in 4 week old

GorabPrx1cre animals upon NAC treatment.
4.3 Molecular basis of GO

4.3.1 The role of Gorabin the secretory pathway

GORAB is primarily a trans-Golgi-localized protdimat interacts with Rab6 and ARF5 [6].
The loss of correct Golgi targeting was reportedb® an essential aspect in the GO
pathomechanism [9].

Secreted and transmembrane proteins have to pasgykhthe endoplasmic reticulum (ER)
and the Golgi apparatus where they are synthesifmdded and subjected to covalent
modifications, most particularly glycosylation [J19Mutations in specific glycosylation
enzymes, nucleotide sugar transporters or recyolingganization components (Golgins,

COG Proteins) can affect glycosylation. For revise [120].

In this process, GORAB might play an essential ml¢éhe glycosylation cargo of the Golgi

apparatus since a loss of GORAB results in glyaigyh defects in the bone and most
presumably also in the skin and lung. GOR&Bression is particularly high in dividing cells

(basal cells, perichondrium) in tissues that aspoesible for growth and regeneration. The
tissues that are affected in GO have to secreteetndous amounts of matrix therefore they
are affected by the loss of Gorab.

However, loss of the trans-Golgi-localized V-type-ATPase subunit a2 leads to a wrinkly
skin syndrome called ARCL2A with a phenotype simitaGO. ARCL2A shows a distinctive

N- and O-glycosylation defect. However, up to dadeN- and O-glycosilation defect could
be found in GO patients [2], [6], [121], [122].
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4.3.2 The puzzling role of Gorab in the nucleus

In this study, we examined the subcellular locaicra of GORAB under different
circumstances. GORAB was originally described by gnoup as a Golgi interacting protein
[6], whereas other groups reported GORAB in theophtsm of hepatoma cells (SMMC-
7721) [123] or in the nucleus of neuronal PC12scglll]. Therefore, we assume the location

of GORAB might be cell type, cell cylcle and strésgel dependend.

In our hands colocalization studies under diffe@nditions showed that GORAB mostly
located at the Golgi apparatus but as soon asetherdergoes oxidative stress (triggered by
H202) the location of GORAB changes and via an unknown mechanism
immunofluorescence signals appear stronger in tlidens and cytoplasm. We were able to
reproduce this phenomenanseveral human and mouse cell lines. It has aehlpossible to
confirm a nuclear accumulation of GORAB by any otheethod. Since nuclear background
staining often also gets stronger in GORAB-defitieglls an alternative explanation is that
GORAB changes its conformation upon oxidative staa®d is therefore no longer recognized
by the antibody. In either case it can be statat @BORAB reacts to H202, which implies a

function as a sensor.

In a recent publication GORAB was describes a rardlgeracting protein in PC12 cells and
cortical neurons. The authors concluded that GORAlbits neurite outgrowth in PC12 cells
affecting morphogenesis of primary cortical neurobg decreasing p53 expression.
Furthermore, they found that GORA@an directly induce MDM2 transcription, whereas
inhibiting the function of Mdm2 [21]. These resultse questionable since 1. we found
GORARB localizing at the Golgi apparatus in PC14scbut after NGF stimulation the signal
became more prominent in the nucleus. 2. ChlP — &aqmeriments performed in our
laboratory using HelLa cells and human fibroblast$ote and after hydrogen peroxide
treatment did not show a specific chromatin intkosic but rather a very unspecific
interaction with the whole genome. One explanatarthis different result might be that our
group worked mainly with the endogenous GOR@Btein whereas in the other publication
overexpression systems were used. In our expeti@vegexpression of GORAB results in
the formation of fibrous structures possibly beeaas unspecific aggregation of the coiled-
coil domains [9]. This mislocalization of GORAB wmwverexpression systems might cause

problems in interaction experiments.

In a previous study of our lab it was shown that.Mecells and U20S cells exhibited

increasedlGF-4 gene expression after GORAB knockdown (unpublistietd). We believe
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that the upregulation ofGF-f was independent of the matrix composition becaQsthe
cells were semi-confluent and b) HelLa cells and B2@lIs are known to secrete a minimal
amount of matrix. Considering this, we speculat8@RAB acts as a transcriptional regulator
leading to an upregulation diGF-f. Further studies have to be conducted in ordegeto

insight into the role oforab inside the nucleus.

4.3.3 Summary and Outlook

In this study we characterized the skeletal phgetyf GorabRunx2cre animalsand found
skeletal abnormalities and premature osteoporosiecting the human GO syndrome.
Mutant mice displayed altered osteoblastogenesaixnabnormalities, an overactivated
TGF - Nox4 signaling, increased mtROS levels and aumalation of DNA damages. Up

to date two mechanisms aft@orab knockdown are possible:

» Firstly, loss ofGorab results in glycosylation defects leading subsetiyg¢a matrix
abnormalities and exceeded TBF Nox4 signaling. This causes high mtROS levels
leading subsequently to DNA damages. As a conseguesteoblast maturation is
delayed from terminal differentiation and in thr®gess cells might undergo cell cycle

arrest and senescence.

» Secondly, loss of transcriptional regula@®orab might lead to a direct osteoblast to
osteocyte differentiation delay. This results in altered matrix secretion by
undifferentiated osteoblasts leading to acceler&teB{3 — Nox4 signaling. Therefore
cells accumulate mtROS and DNA damages which sulesely lead to cellular

senescence.

One major point to address in the future will be gontribution of TGH to the bone
phenotype in GO. To answer this, GorabPrxlcre amdalRunx2cre will be treated
postnatally either by Losartan or by 1D11. Losartard the antibody 1D11 were both

described to inhibit TGB-and therefore increases bone mass and quality [37]

In addition, a currently ongoing project in our lading GorabPrx1creCdkn2a and ideally also
GorabPrxl1creCdknla mice will get insight into thentribution of cellular cellular
senescence to the bone phenotype in GO. To stusl\chbndrocyte trans-differentiation
impact on the bone phenotype different reporteremi®sx, Col2a) should be used to
understand the source of the accumulating oste®dgtéhe trabecular bone in 4 week old

mice.
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6. Abbreviations

L4 J TR Percent

[V S Micro

MCT i Micro Computed Tomography
A.dest.............. Acqua destilled

AgNO3............ Silver nitrate

ARCL.............. Autosomal recessive cutis laxa
ATP6VOAZ2...... ATPase, H+ transporting, lysosoi@lsubunit a2
Balap............... Osteocalcin

BPO....ccccovunnnnn. benzoylperoxide

BS ... Bone surface

BSA....o Bovine Serum Albumine

BV . Bone Volume

CDNA .............. complementary DNA+B45
Cort..oooevvvnnn. Cortical Bone

d oo day

DAPI ......coeeee. 4',6-Diamidin-2-phenylindol
DMEM ............ Dulbecco's Modified Eagle Medium
DMP1.............. Dentin matrix acidic phosphdpin 1
DNA................ Deoxyribonucleic acid
ECM................ Extracellular matrix
EDTA.............. Ethylenediaminetetraacetic acid
EM ...l Electron Microscopy

ER oo Endoplasmatic Reticulum

FBS .. Fetal Bovine Serum
flo flox

o [T gram

(o] ) I gram per Liter

GAGS ............. Glycosaminoglycans
GAPDH........... Glycerinaldehyde-3-phosphate Ribgenase
LCT0 T Gerodermia Osteodysplastica
GORAB........... Golgin RABG6-interacting Protein
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H20......cc.ooeeeee water

H202............... Hydrogen Peroxide
HAF................. Human Fibroblast

HGPS .............. Hutchinson-Gilford Progeria 8yome
IF o Immunofluorescence
KDA.....ovvveeenee kilo Dalton
M. Molar

MaX ..ccoeeveeennnnn. maximum

MJ i milligram

MiN .o minutes

Ml milliliter

MMA.......cco.e. Methylmethacrylate
N number

NM e nanometer
O.th................. Osteoid thickness

(o] overnight
Obs........eeeen. Osteoblasts

(o] ORI Degree Celsius
OCN..covvvevee Osteocalcin

OS . Osteoid surface

(G157 G Osterix

[ I p value

PBS ... Phosphate buffered saline
PFA ..o, Paraformaldehyde
PGSs...ccoooeeveennn. Proteoglycans

POBS .......c....... Primary Osteoblasts
p-Smad ............ Phospho Smad

PX i Passage X

PYCRL ............ Pyroline-5-carboxylate reductase
gPCR............... guantitative PCR

RNA ... Ribonucleic acid
ROl Region of Interest

ROS ... Reactive Oxygen Species
SD .o, Standard Deviation

SOST..ovvveenn. Sclerostin
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Trab................. Trabeculae

TRAP .............. Tartrate-resistant acid phosaba
TV s Tissue Volume

TX-100............ Tritox 100

UG.....coooeieeee Ultraglutamine
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